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Color information is processed by the retina and lateral geniculate along principal dimensions known as the
cardinal directions of color space. Normal differences in spectral sensitivity can impact the stimulus directions
that isolate these axes for individual observers and can arise from variation in lens and macular pigment density,
photopigment opsins, photoreceptor optical density, and relative cone numbers. Some of these factors that influ-
ence the chromatic cardinal axes also impact luminance sensitivity. We modeled and empirically tested how well
tilts on the individual’s equiluminant plane are correlated with rotations in the directions of their cardinal chro-
matic axes. Our results show that, especially for the SvsLM axis, the chromatic axes can be partially predicted by
luminance settings, providing a potential procedure for efficiently characterizing the cardinal chromatic axes for
observers. ©2023Optica PublishingGroup

https://doi.org/10.1364/JOSAA.480055

1. INTRODUCTION

In the retina and lateral geniculate nucleus, chromatic infor-
mation is primarily encoded within mechanisms thought to
represent two opponent dimensions of color [1]. These dimen-
sions correspond to two physiologically distinct channels that
differentiate the cone signals of the long-wavelength-sensitive
(L) and medium-wavelength-sensitive (M) cones (LvsM) and
difference the signals of the short-wavelength-sensitive (S)
cones versus the L and M cones (SvsLM). These dimensions,
which have been termed the “cardinal axes” of color space [2],
are now very widely used to specify and examine the properties
of human color vision, and form the axes of the standard physio-
logically defined color spaces of MacLeod and Boynton [3] and
Derrington et al. [4].

Despite the importance of these axes, few studies attempt
to specify the stimulus variations that isolate them for indi-
vidual observers and instead assume a “standard observer”
based on the average of a restricted number of individuals. This
practice suffices for many applications of color science but is
undesirable when precise or observer-specific calibrations are
required and stands in stark contrast to the standard proce-
dures for calibrating for individual differences in luminance
sensitivity [5].

Normal variation in spectral sensitivity can produce individ-
ual differences in many aspects of color vision including color
matching. These spectral sensitivity variations arise from many
known physiological factors including individual differences

in the relative numbers of the different cone types, the spec-
tral peaks, optical density of cone photopigments, as well as
differences in macular pigment and lens pigment density [6,7].
Individual variations in these factors can also create challenges
for accurate color reproduction within and across devices
(e.g., monitors, projectors, printers, etc.). Specifically, problems
could arise if colors produced by one device are not accurately
reproduced for a different device across observers. For example,
modern displays have progressed to feature high dynamic range
and wide gamut lighting made possible by utilizing LEDs,
OLEDs, and lasers. These technologies use primaries with
narrowband spectra, allowing for a larger gamut containing a
greater amount of potential colors, but could also increase errors
in precise color reproduction due to the individual variation
across observers [8].

Quantifying individual differences in color vision has been
approached in a number of ways. One of these is to directly
measure the color matching functions or stimuli of interest
(e.g., cone isolating axes) for the observer. A second approach
would be to directly measure the sources of variation, for exam-
ple, determining the density of the lens or macular pigments,
and then using these to indirectly predict the color matches
for the observer. However, both approaches are laborious and
often require specialized equipment. Here, we explore a third
approach, based on direct measurements of luminance sensitiv-
ity and applying these to indirectly estimate aspects of chromatic
sensitivity. In a previous study [9], we showed that many of the
factors affecting luminance sensitivity (e.g., lens and macu-
lar pigment density) also impact spectral sensitivity, and thus

1084-7529/23/03A169-09 Journal © 2023Optica PublishingGroup

https://orcid.org/0000-0002-6656-519X
https://orcid.org/0000-0001-8262-7525
mailto:mwebster@unr.edu
https://doi.org/10.1364/JOSAA.480055
https://crossmark.crossref.org/dialog/?doi=10.1364/JOSAA.480055&amp;domain=pdf&amp;date_stamp=2023-02-23


A170 Vol. 40, No. 3 / March 2023 / Journal of the Optical Society of America A Research Article

measurements of luminance sensitivity could be used to pre-
dict some of the variations in color matching. Here, we extend
this logic to specifically examine how well one can estimate an
observers’ cardinal chromatic axes from their luminance set-
tings. We also extend our previous work by not only modeling,
but also empirically testing these predictions.

An advantage of this approach is that equiluminance settings
for individual observers can be and are commonly assessed by a
variety of techniques that provide rapid and accurate estimates.
These standard techniques include heterochromatic flicker
photometry [10,11] and minimum motion [12]. In contrast,
as we noted, determining the cardinal chromatic axes is rarely
undertaken, and while a number of techniques have been devel-
oped to assess individual differences in these axes, they are again
time consuming and involve specialized procedures, such as
the use of auxiliary adapting fields [13–15,15,16]. Despite this,
spectral sensitivity variations can lead to significant changes
in the stimuli that isolate the cardinal chromatic axes. These
effects were explored in detail by Smith and Pokorny [17], who
modeled the effects of different sources of variability on the
luminance and chromatic axes, and how these variations might
impact tasks, such as color discrimination. Our paper closely
follows from theirs but is specifically focused on assessing how
closely yoked the changes in the chromatic axes and luminance
axis are. A strong correlation would indicate that the chromatic
axes could be predicted from the luminance measures alone,
and thus could allow better specification of an individual’s color
vision without additional equipment or measurements.

To address these questions, we first modeled the direction
of an individual’s cardinal axes predicted by normal variations
in optical or photopigment variations and then compared
how these factors jointly affect luminance sensitivity and the
chromatic axes. We then sought to validate the model with
psychophysical measures of the stimulus directions that isolate
an individual’s cardinal opponent axes. Results from the model
indicate that routinely measured differences in luminance
can provide partial (but not complete) information about the
cone-opponent directions of an individual observer, although
in practice the predicted variations were limited to the SvsLM
axis. This suggests that exploiting luminance measurements
to predict chromatic sensitivity has the potential of leading to
better specification of the color spaces for an individual observer
and comes “for free” in experiments that are already employing
standard techniques for specifying luminance sensitivity.

2. METHODS

A. Model

We modeled variations in spectral sensitivity (fundamentals)
based on estimates of normal variability in the factors affecting
the cone fundamentals. Methods for modeling the observers
are similar to those used in previous studies [18–20]. We used
Monte Carlo simulations to generate 1000 observers, each
varying randomly over a range of ±2 standard deviations in
known factors that affect luminance and/or spectral sensitivity.
These included: (1) lens pigment density (sd= 18.7% or 0.3 at
400 nm); (2) macular pigment density (sd= 36.5% or 0.13 at
458 nm); (3) independent variation in the spectral peak (λmax)
for each cone (sd= 2.0, 1.5, and 1.3 nm for L, M, or S cones,

respectively); (4) independent variation in the optical density of
the cone pigments (sd= 0.09 for L and M, and 0.074 for S);
and (5) independent variation in the L M cone ratios (logarithm
change in the L M ratio, sd= 0.3). With the exception of L M
cone ratios, the values for the standard deviations of the factors
were based on Asano et al. [7]. The standard deviation of the
cone ratios was assumed to be a fourfold change in the ratio
based on Carroll et al. [21]. Each simulated observer was con-
structed by: (1) removing the assumed lens and macular filtering
from the Stockman and Sharpe fundamentals; (2) shifting the
absorption spectrum along the wavenumber axis to the chosen
λmax; (3) adjusting the optical density independently for each
cone assuming an initial density of 0.35; and finally (4) screen-
ing by the random values for the lens and macular pigment
density [22].

Once an observer was created, we calculated the luminance
match, expressed as the angle of tilt of the equiluminant plane
in the Derrington–Krauskopf–Lennie color space [4], relative
to the standard observer plane. This space is not standardized,
and the degree of tilt depends on the scaling assumed for the
LvsM and SvsLM axes. For our analyses, we used the following
scaling:

LvsM= 2754 ∗ (lmb − 0.6568),

SvsLM= 4099 ∗ (smb − 0.01825),

LUM= 100 ∗ LUMtest/LUMref

where lmb and smb are the MacLeod–Boynton coordinates from
which the coordinates of the nominal white point (correspond-
ing to illuminant C ) are subtracted, and the values are then
scaled by factors chosen so that the LvsM and SvsLM units
roughly correspond to multiples of detection threshold [3,16].
For the current space, an azimuth of 0 deg corresponds to the
+L direction in the LvsM axis, and 90 deg in azimuth corre-
sponds to the +S direction in the SvsLM axis. An elevation of
zero degrees corresponds to the nominal equiluminant plane,
and an elevation of 90 deg is achromatic/white (CIE 1931 chro-
maticity of x = 0.31; y = 0.316). The luminance was scaled
to correspond to 100 times the Weber contrast of the stimulus,
again so that changes in luminance or chromaticity were roughly
equated for multiples of threshold. The calculations estimated
the tilt of the equiluminant plane and the corresponding rota-
tions on the LvsM and SvsLM axes within the plane in terms
of these scaled units for each observer. Note that for both the
modeling and the psychophysics, the chromatic stimuli were
varied on the plane of the standard observer and not for the
plane adjusted for the luminance sensitivity of the individual.

B. Psychophysics

We implemented two psychophysical experiments to empir-
ically determine the tilt of the equiluminant plane and the
location of the opponent axes for a set of observers. A minimum
motion paradigm [12] was used for determining individ-
ual equiluminant settings/tilt of the equiluminant plane.
Participants performed a 2AFC task to judge whether a grat-
ing appeared to drift either upward or downward, with the
luminance difference within the chromatic grating varied in
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a staircase. The equiluminance balance was determined by
averaging the last 10 of 13 reversals of two interleaved staircases.
The stimuli had a nominal mean photometric luminance of
20 cd/m2 and subtended 2 deg at a viewing distance of 114 cm.
The patterns were 0.5 c/deg horizontal square-wave gratings and
reversed in spatial and temporal quadrature at 2.5 Hz. Settings
were made for chromatic gratings defined by two chromatici-
ties that were ± 80 contrast units along the nominal LvsM or
SvsLM axes. The Michelson contrast of the achromatic grat-
ing was 10%. Two to four measurements were made for each
opponent axis.

A contrast-matching paradigm with selective chromatic
adaptation was used to define the cardinal directions. This
method is based on the procedure described in Webster et al.
[16]. The stimulus appeared as two (1× 2)-deg adjacent rectan-
gles (one top and one bottom) delimited from the background
by solid black borders. Chromatic adaptation was implemented
using a THOUSLITE LEDCube illuminant falling on a spec-
trally flat background, producing adaptation to short (peak
∼425 nm) or long (peak∼635 nm) wavelength LEDs to reduce
the sensitivity of the S cones or the L and M cones, respectively.
Under these conditions, perceived contrast should therefore
depend primarily on the cones under weaker adaptation. For
example, in the presence of the shortwave adapting field, the S
cones are more strongly adapted, and thus stimulus contrasts
should mainly reflect the activity of the L and M cones. The
chromatic direction of the stimulus can then be varied to find
the point at which the perceived contrast is lowest, and this
should correspond to the axis that minimizes the differences in
the L and M cone signals. For this task, the choice of the adapt-
ing background is not critical since, for example, the isolation
of the S axis depends primarily only on the change in S-cone
sensitivity. Moreover, Webster and Mollon [15] showed that
the L M and S axes empirically defined by this technique are
also orthogonal with respect to a separate task based on contrast
adaptation, suggesting the chromatic adaptation technique is
successful in isolating the correct axes. In addition, other work
has shown this technique agrees with other paradigms for isolat-
ing the tritanopic axis, such as transient tritanopia and minimal
border [17]. To better estimate the threshold maxima, we used
a comparison task as in Ref. [16] where stimuli defined by two
different chromatic angles were presented at the same chromatic
contrast, and the observer judged which had a higher perceived
contrast. The null should then occur when the pair of directions
straddle the SvsLM axis so that their perceived contrast is equal.
The angles of the stimulus pair were varied within the nominal
equiluminant plane and not corrected for the individual’s lumi-
nance (since the luminance sensitivity is strongly affected by the
chromatic adapting background and because the isolation is at
the level of the cone responses).

Ten volunteers (seven male and three female) aged 24–65 yr
participated as observers. All reported normal or corrected-
to-normal acuity and no other inclusion/exclusion criteria
were employed. The project was approved by the Institutional
Review Board of The University of Nevada, Reno, and writ-
ten informed consent was obtained from each participant.
Observers were adapted to either the short or the long wave-
lengths while viewing a stimulus monitor through a beam
splitter such that a uniform chromatic field was superimposed

over the view of the monitor. For the long-wavelength (red)
adaptation, the chromaticity coordinates were x = 0.69,
y = 0.30 with a luminance 53 cd/m2. For the short (blue)
wavelength adaptation, the chromaticity coordinates were
x = 0.16 and y = 0.04 with a luminance of 18 cd/m2. The
participants viewed the pair of rectangular patches presented
simultaneously above and below a fixation cross. The colors of
the patches were nominally equiluminant and had a contrast of
80 units. They were separated by 10 deg in chromatic angle and
were varied during the experiment to “straddle” the opponent
axis being tested. The participants judged which of the two
stimuli appeared higher in contrast. The mean color of the
patches was then rotated in a staircase while maintaining the
10-deg separation until the pair of colors appeared to be the
same contrast. The individual’s opponent axes were taken as the
mean hue angle of the two comparison stimuli at the point of
perceived equal or matching contrast, determined by the average
of the past 10 of 13 reversals of the staircase. Observers repeated
the task with both foveal and near-peripheral (4 deg right and
left) fixation with two to four settings made for each condition.
Results reported are based on the mean settings for each observer
and condition.

3. RESULTS

As noted, variations in luminance and spectral sensitivity arise
from many factors. The effects of variations in each of the indi-
vidual factors on the tilts versus rotations of the cardinal axes are
illustrated in Fig. 1, which plots the range of variation in each
cardinal axis predicted by a variation over ±2 standard devia-
tions in the value for each source of variation. Table 1 instead
lists the magnitude of the angle changes for a±1 standard devi-
ation change in each variable. For the table and all of the plots,
a value of 0 deg corresponds to the nominal axes for a standard
2-deg observer. The ordinate gives the degrees of rotation within
the chromatic plane away from the nominal axis for each cardi-
nal axis (SvsLM or LvsM). The abscissa gives the amount of tilt
away from the nominal equiluminant plane. In Fig. 1, only one
factor was varied at a time, while the remaining were fixed at the
standard observer. The figure shows that most of the predicted
variations arise from the lens and macular pigment or the cone
ratios with the variations in photopigment optical density or
spectral peak contributing comparatively little to the effects.

The variations in lens and macular pigment density primarily
affect the rotation of the SvsLM axis (top row). While both
influence the relation between luminance and chromatic axes
in similar ways, changes in the lens or macular pigment density
do produce distinguishable changes in how the equiluminant
plane itself tilts (i.e., the relation between S tilt and L M tilt—
not plotted in the figures). These differences are shown in a
previous paper where we show that these factors can be poten-
tially estimated based on the differences in how they bias the
equiluminant plane [9].

Changes in the L M cone ratios instead affect the direction
of the LvsM axis (bottom row), while having no effect on the
SvsLM axis. The reason for this influence is that the change in
cone ratios alters the luminance (L +M) sensitivity. The LvsM
axis is also commonly referred to as the “constant-S” axis, along
which signals in the S cones do not vary [2]. However, the actual
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Fig. 1. Influence of each individual factor on the degrees of chromatic rotation (y axis) and tilt of the equiluminant plane (x axis). Top row shows
effects of lens and macular pigment density variation. Second row shows effects of photopigment optical density changes for L, M, and S cones.
Third row shows impact of spectral peak shifts for L, M, and S cones. Bottom row shows L/M cone ratios.

Table 1. Magnitude of Angle Changes in Tilt or Rotation of the Cardinal Axes Predicted by a Change in (±) One
Standard Deviation in Each of the Individual Sources of Modeled Physiological Variation

S Tilt LM Tilt S Rotation LM Rotation
+1/− 1 SD +1/− 1 SD +1/− 1 SD +1/− 1 SD

L optical density −0.02/0.02 −0.03/0.03 0.2/−0.2 0.02/−0.03
M optical density −0.03/0.03 −0.04/0.03 −0.49/0.48 0.03/−0.03
S optical density 0/0 0/0 0/0 0.01/−0.01
L peak shift −0.03/0.03 −0.33/0.34 0.31/−0.27 0.25/−0.25
M peak shift 0.02/−0.02 0.16/0.15 0.34/−0.41 0.12/−0.11
S peak shift 0/0 0/0 0/0 0.07/−0.06
Macular pigment 0.5/−0.74 −0.35/0.36 2.33/−3.12 0.48/−0.42
Lens density 0.17/−0.22 −0.35/0.37 0.89/−0.99 0.34/−0.27
L/M ratios 0/0 −2.07/1.04 0/0 0.94/−1.15
All factors 0.77/−0.8 −3.97/1.98 3.23/−5.08 2.38/−2.29
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axis corresponds to “constant S/(L +M)” since it is the axis
for which the S signals remain constant at constant luminance.
Since the cone ratios affect the value of L +M along the axis,
the level of S-cone activity must also change to keep S/(L +M)
constant. (This is also the case within the equiluminant plane
for the observer since this intensity adjustment also affects the S
cone responses to the stimuli, and thus does not affect the ratio
of S to L +M). In contrast, changes in the cone ratios do not
affect the SvsLM axis because this axis instead corresponds to the
axis along which L/(L +M) is constant, and this equivalence
holds regardless of the L M ratio and consequent change in
luminance sensitivity. We consider further below the implica-
tion of nulling the S versus the S/(L +M) signals to define the
LvsM axis.

In the remaining analyses, we consider the potential com-
bined effects of random variations in all of the factors. Since the
different factors affect the axes in different ways, the luminance
tilts and chromatic rotations are less tightly coupled than for
the individual factors (Fig. 1), but strong covariations are still
predicted. These are shown in Fig. 2, which presents the results
from both the modeled (simulated) and the empirically mea-
sured observers to show the relationship between the variations
in luminance (x axis) and the cardinal chromatic axes (y axis).
The magnitudes of luminance tilt and chromatic rotation in the

SvsLM axis are strongly correlated for the simulated observers
(r = 0.88). This correlation was weaker for the actual observer,
although still evident (both fovea and periphery r = 0.56,
p = 0.06; just fovea r = 0.69, p < 0.001) [Fig. 2(a)].

The predicted correlation for tilt and rotation in the LvsM
axis was also strong for the simulations (r = 0.88) but in this
case was not significant for the measured observers (r = 0.28,
NS) as shown in Fig. 2(d). The simulation data also predict that
the S axis tilt should moderately correlate (r = 0.63) with the
chromatic rotation of the LvsM axis [Fig. 2(b)]. However, the
behavioral data do not uphold this prediction and are instead
poorly correlated (r = 0.26, NS). It can be seen in Fig. 2(c) that
the simulated data show no meaningful correlation between
the LvsM axis tilt and the SvsLM axis chromatic rotation
(r = 0.22), while the behavioral data show a slight moderate
correlation (r = 0.46 [p = 0.03]). The empirically defined
rotations of the LvsM axis were also consistently displaced
from the standard observer. We are not sure of the basis for this,
but a bias in the same direction was found in previous studies
using different variants of the isolation method with different
observers and hardware [16].

Figure 3 depicts the correlations for tilt and rotation for
each axis in the behavioral data but for the separate foveal and
peripheral conditions. Note that the axes in Fig. 3 represent

Fig. 2. Behavioral (orange) and modeled (blue) data showing correlation between degrees of chromatic rotation (y axis) and tilt of the equilumi-
nant plane (x axis). (a) The magnitudes of luminance tilt and chromatic rotation in the SvsLM axis were strongly correlated for modeled observers,
and weakly correlated for behavioral observers. (b) Modeled data predicted a weak correlation for S axis tilt with LvsM chromatic rotation. (c) Neither
the modeled nor behavioral data showed correlations between LvsM axis tilt and the SvsLM chromatic rotation. (d) The correlation of tilt and rota-
tion in the LvsM axis were strong for modeled observers but not significant for the measured observers.
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Fig. 3. Correlations for tilt (x axis) and rotation (y axis) for each axis
in the behavioral data. The top figure represents foveal conditions and
shows a moderate correlation between luminance tilt and chromatic
rotation for the SvsLM axis (blue plotted line). The LvsM axis showed
no correlation (orange plotted line). In the peripheral condition (bot-
tom), the LvsM axis showed a moderate correlation between tilt and
rotation, while the SvsLM axis showed no correlation.

rotation along the chromatic axis (Y ) and tilt of the equilumi-
nant plane (X ) for both LvsM (denoted as orange) and SvsLM
(denoted as blue) axes. In the foveal condition, the SvsLM axis
shows a moderate correlation (r = 0.69, p < 0.05), while
the LvsM axis was uncorrelated (r = 0.04, NS). However, in
the peripheral condition the LvsM axis was moderately corre-
lated (r = 0.68, p < 0.05), while the SvsLM axis showed no
correlation (r = 0.14, NS).

Note that the strength of the relationship between the tilt and
the rotation may be underestimated from the linear correlation
if the relationship is instead nonlinear [as evident in Fig. 2(d)
for LvsM tilt versus rotation]. Moreover, for these linear correla-
tions, we treated the tilt of the equiluminant plane as a separate
parameter along each axis (i.e., as the tilt of SvsLM axis or the

Fig. 4. Relationship between the luminance tilts of the SvsLM and
LvsM axes from the equiluminant plane for both modeled (blue) and
behavioral (orange) data. Both the model and the behavioral data show
minimal correlations between tilts for either axis.

tilt of the LvsM axis). However, the tilt of the plane in color
space requires two parameters (angles, here) in addition to the
fixed white point for a unique determination. If the information
provided by the two different axes is perfectly correlated, the
information would be redundant, and only one tilt measure
would be needed. A similar situation exists regarding the loca-
tion of the chromatic axes. If the variation in the locations of the
LvsM and SvsLM chromatic axes within the equiluminant plane
are highly correlated, then the tilt of the equiluminant plane
could predict the rotation of both axes. If, however, the LvsM
and SvsLM parameters for the rotations and equiluminant tilts
are independent of each other, then measuring the luminance
tilts of both axes would provide additional information that

Fig. 5. Relationship between the chromatic rotations of the SvsLM
and LvsM axes within the equiluminant plane for both modeled (blue)
and behavioral (orange) data. For rotations of both cardinal axes, the
model predicts a weak correlation. Behavioral data are uncorrelated for
both axis rotations.
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Table 2. Correlation Matrices and Multiple Regression Results
a

R2 Model R2 Behavior

SvsLM tilt LvsM tilt SvsLM rotation SvsLM tilt LvsM tilt SvsLM rotation

LvsM tilt 0.25 LvsM tilt 0.008
SvsLM rotation 0.77 0.05 SvsLM rotation 0.31 0.22
LvsM rotation 0.4 0.77 0.2 LvsM rotation 0.065 0.081 0.005

Multiple regression (Model) Multiple regression (Behavior)
Adjusted R2 (combined LvsM and SvsLM tilt) Adjusted R2 (combined LvsM and SvsLM tilt)

SvsLM+ LvsM tilt SvsLM+ LvsM tilt

SvsLM rotation 0.83 SvsLM rotation 0.43
LvsM rotation 0.83 LvsM rotation 0.062

aSingle parameter correlations from Figs. 2 and 4 (upper panels) compared to multiple-regression results using both LvsM and SvsLM axis tilts simultaneously to pre-
dict the rotation of each of the hue axes (lower panels). Left and right panels show model and behavioral data, respectively. Multiple regression model for predicting the
SvsLM and LvsM axes compared to the predictions from tilts along a single axis, for simulations and behavioral results.

should better predict the rotations of each axis. Figures 4 and 5
assess these covariations by showing the predicted and observed
relationships between the luminance tilts along either axis
(Fig. 4) and the rotations within the chromatic plane (Fig. 5).
For both the tilts and rotations, the model and behavioral mea-
sures suggest that the changes along the two axes are not tightly
coupled.

Because the LvsM and SvsLM rotations and tilts are partially
if not largely independent, then the combined information
from the two axis tilts might better predict both rotations,
and thus more completely specify an individual’s color space.
Consequently, we combined the information from the two axis
tilts to examine how much, if at all, the predictions of the hue
axes were improved. Table 2 compares the single parameter
correlations from Figs. 2 and 4 (upper panels) with the corre-
lations using both LvsM and SvsLM axis tilts simultaneously
to predict the rotation of each of the hue axes (lower panels).
However, the multiple-regression results for the model appear
to show only marginal improvement in the ability to predict
the location of both the SvsLM (R2

= 0.83 versus 0.77 for S
tilt alone) and the LvsM values (R2

= 0.83 versus 0.77 alone).
The behavioral correlations are slightly stronger for the SvsLM
rotation although the correlation for the LvsM axis remains very
weak. Specifically, using the tilts along both axes to predict the
rotations accounted for R2

= 0.43 and R2
= 0.06 percent of

the variance in the rotations for the SvsLM and LvsM hue axes,
respectively.

Overall, the results suggest that luminance tilts are partially
predictive of the individual differences in the SvsLM axis, while
failing to predict both the mean offset and uncorrelated changes
along the LvsM axis. As noted, our model does not account
for the mean differences. However, a potential basis for the
discrepancy in the correlation is that the model is in fact cor-
rectly predicting the LvsM axis for different observers, while
the behavioral settings are not. As discussed above, the mod-
eled LvsM axis is defined by the axis of constant S/(L +M).
However the adapting procedure we used was instead designed
to measure constant S-cone responses since it is based on
strongly desensitizing the L and M cones, a procedure which
should also strongly bias their relative sensitivity [23]. We there-
fore reran the model with all of the factors but so that the LvsM
axis was based on constant-S responses. This should remove
most of the predicted variability in the LvsM rotations [since
as Fig. 1 showed, these are primarily driven by the L M ratios,
which affect S/(L +M) but not S]. The results are shown
in Fig. 6, and, in this case, the lack of a predicted correlation
between the LvsM axis tilt and the rotation are now consistent
with the observations. The implication is that the adapting
paradigm we used is more effective for defining the SvsLM axis
than the LvsM axis, at least, for participants with large biases in
their L M cone ratios.

Fig. 6. Modeled relationship between the chromatic rotations of the SvsLM and LvsM axes within the equiluminant plane when the LvsM axis is
based on constant S-cone activity rather than constant S/(L +M). All factors were otherwise varied in the same way and over the same range (± 2
SD) as in Fig. 2.
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4. DISCUSSION

As noted, there are large variations in normal color vision
(Webster and MacLeod [6]; Asano et al . [7]), and these are
important for specifying color for individual observers for
different display devices (Smith and Pokorny [18]). With
advances in display technology and applications, an increasingly
important question is thus what the most accurate, practical,
or efficient methods might be for calibrating displays for an
individual. In a previous study, we showed that luminance set-
tings can be used to partially predict and thus reduce errors in
individual color matching functions because the luminance and
spectral sensitivities are affected by common factors [9]. The
rationale for that approach is that the factors affect luminance in
different ways, and thus the values for different factors (e.g., lens
or macular pigment density or cone ratios) can potentially be
estimated from the pattern of tilt on the equiluminant plane.
In turn, once these factors are estimated, they could be used to
approximate the spectral sensitivity of the observer and thereby
predict their color matches. Estimating three factors, such as
both preretinal filters versus the cone ratios, would require three
independent measurements of luminance sensitivity, which
would instead be difficult to disentangle from only the two axes
of tilt considered here or in conventional luminance measures
[24]. While not articulated in our previous analysis, sufficient
measures could, for example, be achieved for a single three-
primary display by assessing the pattern of luminance tilt in both
the fovea and the periphery (to separately estimate the macular
pigment density).

Here we have extended this analysis to show that equi-
luminance settings can also lead to specific improvements
in the specification of the cardinal chromatic axes defining
color coding—and directly from the degree and pattern of
the luminance tilt without the intervening step of modeling
the observer’s spectral sensitivity. While improvements to the
technique and algorithm itself could lead to more accurate
predictions, our goal was to show, in principle, that significant
improvement over the standard observer (which is commonly
assumed for the cardinal axes) is already potentially available to
any study that is already correcting for an individual’s equilumi-
nant settings, a procedure that has itself become commonplace.
The present results suggestthat the SvsLM axis can be more
accurately characterized for an individual simply from the
observer’s luminance sensitivity. While a number of techniques
have been described for empirically specifying the cardinal axes
[15], our method again has the potential to improve the estimate
of the SvsLM and LvsM lines without requiring a separate pro-
cedure or auxiliary equipment, and as such is both efficient and
practical.

The predictions were partially corroborated in direct mea-
surements of the luminance tilts and chromatic axis rotations,
although the empirical measurements did not reveal a significant
effect for predicting the LvsM axis rotation. Also, we showed
that the predictive capacity was marginally improved if the equi-
luminant settings along two axes were used in the prediction.
As also noted, we only evaluated the simple linear correlations
between the variables. In actual practice, the predictions could
potentially be improved by incorporating the nonlinearities

in the relationships between the luminance and the chromatic
angle changes as evident in Fig. 2 for the LvsM axis.

The discrepancies in the predictions for the LvsM axis were
likely to result, in part, from the different criteria that the model
and measurements used for defining this axis—and, specifically,
whether the axis corresponded to constant S-cone activity (as in
the adaptation protocol) or constant S-cone activity for lights
of constant luminance (as in the model). These are equivalent
for the standard observer, but our analyses show that they can
depart for individual observers with different cone ratios so that
the notion that the LvsM axis is synonymous with a constant-S
axis is not generally valid. Barring a psychophysical procedure
that can null the S/(L +M) signals (as opposed to S alone),
our analyses suggest that the luminance variations may, in fact,
provide a predictive estimate of the LvsM chromatic axis for
observers with biased cone ratios, and a prediction which again
is easily retrieved from psychophysical measurements that are
already standard and easy to obtain.
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