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In psychophysical experiments, discrimination thresholds were measured in different directions around points in

the MacLeod–Boynton chromaticity diagram, while the eye was maintained in a state of constant adaptation to a

metamer of D65. A spatial forced-choice procedure was used: a brief (150 ms) disk divided into four sectors was

presented, and the observers’ task was to detect the sector that differed from the other three. The diameter of the

test disk varied from 32 min to 2.4
�

of visual angle. Sensitivity was probed at several different referent positions in

the chromaticity diagram, including the adapting chromaticity. The data for each referent were fitted with ellipses.

In the case of the largest test size (2.4
�

diameter), ellipses were predominantly oriented so that their longer axis

was aligned with the line connecting the center of the ellipse to the chromaticity of D65 (the adaptation point).

Along such radial lines, colorimetric purity varies, and the orientation of the ellipses reflects reduced sensitivity to

saturation differences compared to hue differences. With decreasing test size, the ellipses change their orientation

so that their longer axis is rotated toward a tritan direction, and the detection of changes in chromaticity depends

primarily on the activity of long- and middle-wave cones. However, these general principles must be modified in

several ways according to the region of the chromaticity diagram that is being probed.
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1. INTRODUCTION

Several classical studies suggested that chromatic discrimina-
tion deteriorates as the sizes of the stimuli are reduced. This
was the case for measurements along the spectrum locus, i.e.,
wavelength discrimination (e.g., [1]), and for measurements
in the interior of chromaticity space (e.g., [2,3–5]). However,
almost all these studies face an interesting problem: the size of
the targets is likely to be confounded with the degree to which
the observer is adapted to the local region of chromaticity space
in which the targets lie.

Craik [6] classically showed that luminance discrimination
is optimal close to the current adaptation level, and thresholds
rise rapidly when the discriminanda differ from that level.
An analogous phenomenon is found for color discrimina-
tion [7–10]. Consider the implications of this finding for the
discrimination ellipses of MacAdam, described in Ref. [11]
in 1942. MacAdam’s measurements were made at 25 points
in the CIE chromaticity diagram. Although the target fields
were surrounded by a neutral white field, the observer would
have become adapted—at least partially—to the region of the
reference chromaticity, as he adjusted the centrally viewed com-
parison field. When a different reference chromaticity was being
used, the observer would be in a different state of adaptation.

Thus, the MacAdam ellipses cannot represent human color
discrimination, as it stands at any single time; they will, for
example, give far too large a value if they are used to estimate the
number of discriminable colors, and it is inappropriate to use
them to derive uniform color spaces.

Now, consider experiments on discrimination as a function
of size. Brown [2] used matching fields of either 12 or 2 degrees
of visual angle and measured discrimination by the method
of average error, i.e., by the standard deviation of successive
matches. The matched colors were red, green, blue, and white;
the surrounding fields could be red, green, blue, white, or black.
Discrimination was better in all cases for the larger fields; sig-
nificantly, it was only in the case of the smaller stimuli that a
surrounding field of a different color had a detrimental effect
on discrimination. The best discrimination in these cases was
obtained either with a dark field or with a surrounding of the
same hue as the referent stimulus. We can readily suppose that
a 12� field allowed the observer to become fully adapted to
the chromaticity region being tested, whereas in the case of
the 2� field, his state of adaptation was partly determined by
the surroundings. The problem becomes even more obvious in
measurements made in 1959 by MacAdam [3], who compared
discrimination for fields of either 3 minutes or 4.4 degrees of arc.
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In the former case, the fields to be compared were 6 min apart.
A neutral surround field was present in both cases. Clearly, since
eye movements were unconstrained, there would be relatively
little adaptation to the color of the smaller test stimuli, and the
observer’s state of adaptation would be predominantly deter-
mined by the neutral field, whatever the region of chromaticity
space that was being tested. In the case of the 4.4� field, by
contrast, the observer would be predominantly adapted to the
discriminanda themselves.

To sidestep these problems, the present experiments followed
the procedure introduced by Krauskopf and Gegenfurtner [8]:
the retina is held in a state of neutral adaptation, and chromatic
discrimination is probed at different points in the chroma-
ticity diagram using very brief stimuli that should themselves
minimally perturb the state of adaptation. In addition, we
introduced small luminance pedestals, concurrent with the test
stimuli, in order to better isolate chromatic channels [12].

Discrimination ellipses were measured for several regions
of the MacLeod–Boynton chromaticity diagram [13] and for
three different sizes of the stimulus array. The data presented
are the averages for six observers who completed all the con-
ditions. However, for every reference chromaticity, at least 10
observers were tested; and the summary data are available in
Supplement 1.

Discrimination was tested for a referent at the chromaticity
of the adapting field (metameric to Illuminant D65) and for ref-
erents that lay along significant lines in the MacLeod–Boynton
diagram, including the tritan line passing through D65 (i.e., a
line along which only the short-wave cone signal is varying), a
horizontal line along which only the relative excitation of long-
wave and middle-wave cones varies, and a line that corresponds
approximately to the yellow–blue axis of the color space (see
Fig. 1). Since there is a particular interest in the comparison of
hue discrimination and saturation discrimination [14–18], at
each referent chromaticity, thresholds were explicitly measured
along a line of varying colorimetric purity (i.e., a line passing
radially through D65 and through the referent being measured)
and along a line orthogonal to this line.

2. METHODS

A. Apparatus and Calibration

The stimuli were presented on a calibrated Mitsubishi Diamond
Pro 2070 22 in. CRT monitor set at a resolution of 1024 ⇥ 768
pixels and a frame rate of 100 Hz. The monitor was controlled
by a Cambridge Research Systems (CRS, UK) VSG2/3 graphics
board, which allows chromaticities to be specified with a pre-
cision of 15 bits per gun. The output of each gun was obtained
with a silicon photodiode (OptiCal, CRS) to linearize gamma
functions. The spectral power distribution for each gun at
maximal output was measured with a JETI spectroradiometer
model Specbos 1201 (JETI Technische Instrumente GmbH,
Jena, Germany) to generate a matrix that converted the required
L-, M-, and S-cone excitations into R, G, and B voltages.

B. Stimuli

The stimuli were disks, separated into four sectors by thin lines
of the same chromaticity as the neutral background (a metamer

of D65): three sectors were of the same chromaticity, and one
differed. The separating lines serve to make the sectors distinct
from each other and to achieve optimal performance: both in
the fovea and in the parafovea, small gaps improve discrimina-
tion compared to adjacent or to spatially well-separated stimuli
[19,20]. The average luminance of the disk was 30% higher than
that of the background, but each sector was independently and
randomly jittered in L + M within ±5%, with a step of 0.2%
to ensure that the observers could not base their judgments on
differences in luminance between the sectors. The stimulus was
presented for 150 ms. Viewing was binocular from 57 cm.

The stimuli were specified in a MacLeod–Boynton chroma-
ticity diagram [13] constructed from the 2� cone fundamentals
of DeMarco et al . [21]. The diagram represents a plane of equal
luminance for the Judd (1951) observer, where luminance is
equal to the sum of the L- and M-cone excitations. Figure 1
shows a section of the diagram, where R, G, and B represent the
chromaticities of the guns of the CRT monitor, and the black
dotted line indicates part of the spectrum locus. The chromatic-
ities that can be reproduced on the screen are located within the
triangle with apices R, G, and B, but luminance is limited by the
maximal outputs of each gun. The diagram was scaled so that
the line representing chromaticities that appear neither reddish
nor greenish [22] has a slope of 135�. Throughout this paper,
the orientation of the ellipses and of relevant lines in the diagram
will be specified in degrees, where 0� corresponds to the right
horizontal from the adaptation point.

The three diameters of the disks were 32 angular minutes, 48
angular minutes, and 2.4 angular degrees. The smaller stimuli
cover the central part of the fovea, where the density of S-cones
is low [23], and the largest size is slightly larger than the standard
2� stimulus. It should be noted that the area of each sector was 1/4
of the area of the disk.

Discrimination thresholds were measured around 10 referent
chromaticities (ellipse centers), as shown in the MacLeod–
Boynton diagram [Fig. 1(a)] and in the CIE 1960 uv diagram
[Fig. 1(b)]. The first referent was D65 itself (gray triangle in
Fig. 1). For this referent, only hue discrimination was mea-
sured, owing to the chosen procedure. For the two referents
on the vertical line through D65 in the MacLeod–Boynton
diagram (downward triangles in Fig. 1), purity discrimination
depends only on signals from S-cones. For the two referents on
the horizontal line through D65 (diamonds in Fig. 1), purity
discrimination depends only on signals from L- and M-cones.
Two referents were placed on the line that runs at 135�. This
line is important, as it separates the human chromaticity space
into greenish hues and reddish hues [24–26]. Purity discrimi-
nation for the two stimuli along this line (circles in Fig. 1)
corresponds to concurrent increases in the ratios M/(L + M)
and S/(L + M), whereas these ratios are out of phase for hue
discrimination. One referent was located on the line running
through D65 at 45� (upward triangle in Fig. 1), where purity
discrimination corresponds to in-phase changes in L/(L + M)
and S/(L + M) [15]. Two referents (squares in Fig. 1) were
placed on a second oblique line running at 165� between the
upper left and lower right quadrants of the MacLeod–Boynton
space, since in natural scenes, a high density of chromaticities
fall in these quadrants [27]. The chosen locations of the referents
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Fig. 1. (a) A section of the MacLeod–Boynton diagram showing the chromaticities of the monitor guns (R, G, and B) and locations of the ref-
erent chromaticities around which discrimination thresholds were measured. Circles represent the referents located on the line connecting unique
yellow and unique blue, which passes through D65 at 135�; the upward triangle represents a referent on the line passing D65 at an angle 45�; the
downward triangles represent the referents located on the vertical line through D65; the diamonds represent referents located on the line that runs
horizontally through D65; and the squares represent referents located on the oblique line passing through D65. Inset: a screenshot of the central part
of the screen with the stimulus. In this example, the upper sector differs from the other three: the difference between the sectors is exaggerated for illus-
tration purposes. Four black dots around the stimulus helped observers to fixate the center of the screen. (b) Locations of the 10 referent chromaticities
in the 1960 uv diagram.

along the selected lines depended on the monitor gamut and the
luminance available.

C. Procedures

In separate sets of experiments, discrimination thresholds were
measured for each referent point in the chromaticity diagram.
The three sizes were tested in randomly interleaved sessions.
The measurements for different referent chromaticities were
completed on different experimental days.

Every session tested discrimination along eight lines through
the referent chromaticity with angles from 0� to 157.5�, with a
step of 22.5�. In a forced-choice procedure, on each presenta-
tion, the observer was asked to identify the sector that differed
in chromaticity from the other three and to press the corre-
sponding button on a response box. The referent itself was never
presented; instead, the two chromaticities (discriminanda)
straddled the referent point. The chromatic separation of the
discriminanda was increased or decreased symmetrically along
a chosen line around the referent, according to the observer’s
accuracy. The observers were given auditory feedback after they
had responded. The staircase procedure tracked a 79.4% correct
response rate on the psychometric function [28]. After three cor-
rect responses, the separation of chromaticities was reduced by
10%, and after each incorrect response it was increased by 10%.
The staircase procedure was terminated after 15 reversals, the
last 10 reversal points being averaged to give the threshold. This
technique gives 16 values around the reference chromaticity:
each pair of points along one line through the referent represents
the threshold distance between two chromaticities.

D. Observers

A total of 31 observers participated in the experiments. Six
observers completed all three sizes for all 10 referent chroma-
ticities, and their data are presented in the main body of the
paper. An additional 25 observers completed measurements for
only a few references in the full set of 10 referent chromaticities.

For each referent chromaticity, data were collected for 10–13
observers. The observers were randomly assigned to one or
more of the references. The average data for all the observers are
presented in Supplement 1.

All observers had normal color vision as tested with the
Ishihara plates (illuminated by a Macbeth Daylight Lamp) and
with the OSCAR test [29]. The study was conducted under
the tenets of the Declaration of Helsinki. The experimental
measurements were made in the Vision Laboratory of the
Department of Psychology, University of Cambridge, and
were approved by the Cambridge Psychology Research Ethics
Committee.

3. RESULTS

Figures 2–7 present the results for each referent chromaticity. In
each case, the 16 symbols show the thresholds along each of the
eight lines that were tested for each referent chromaticity. The
paired chromaticities lying on the same line passing through
the referent chromaticity are those that can be discriminated
by an observer at the level of 79.4% correct response rate [28],
according to the 3:1 staircase procedure (see Section 2).

The shapes formed by 16 dots are close to elliptical, and
therefore were fitted with ellipses using the direct least squares
method of Fitzgibbon et al . [30].

On the basis of average results for six observers, Table 1 gives
values for the longer and shorter axes of the ellipses and their
orientations for three sizes of the tests. Table S1 (Supplement 1)
gives the corresponding data for all the participating observers.

For all the referents, in agreement with earlier studies, larger
test fields yield smaller discrimination thresholds—the dis-
tances of the dots from the referent chromaticity are the smallest.
With decreasing size, the distances from the referent increase,
indicating the increase in discrimination thresholds (Figs. 2–7).

However, the shape of the ellipses changes with size in differ-
ent ways for different referent chromaticities. In the case of each
referent, a one-way ANOVA was conducted with target size as
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factor. If the normality test failed, a Kruskal–Wallis test on ranks
was performed.

A. Discrimination Ellipses Centered at D65

Figure 2 shows average data and fitted ellipses for the referent
located at the adapting chromaticity D65. Chromaticity dis-
crimination around this neutral point in the color space is of
special interest (e.g., [31–33]). As the size of the test increases,
the fitted ellipse changes its orientation from nearly vertical to
almost diagonal. A one-way repeated measurement ANOVA
confirms significant changes in orientation: F[2] = 15.72, p <
0.001. The orientation of the major axis is 101.5� for the small-
est size, but 147.5� for the largest size (see Table 1, ellipse 1).
If the ellipse were aligned with the diagonal, its orientation
would be 135�. For the group of six observers, the ellipse is
not exactly aligned with this diagonal but is rotated slightly
counterclockwise relative to the blue–yellow line in the scaled
MacLeod–Boyton diagram. The larger group of observers shows
the same pattern (see Supplement 1, Fig. S1).

The ellipses also change their shape and become more circu-
lar with an increasing test size: the ratio between the long and the
short axes of the ellipse changes from 2.92 (diameter 32 min) to
2.16 (diameter 48 min) and to 1.45 (diameter 2.4�).

B. Discrimination Ellipses Centered on the Vertical
Line through D65 (Running at 90� in the Diagram)

Figure 3(a) shows results for the referent lying below D65 but
on the (vertical) tritan line that passes through D65. For the
largest test, the ellipse takes a form close to a circle, but with a
decreasing test size, the ellipses become more and more aligned

Fig. 2. Discrimination around D65, the adapting chromaticity
(R1). The dashed lines correspond to the two cardinal directions of the
MacLeod–Boynton diagram. The solid line has a slope of �1 (135�

counterclockwise from the right horizontal) in our scaled diagram
(see Section 2). The three ellipses correspond to the three sizes of test
stimulus, and the data points are averages of six observers. In this and
subsequent figures, the inset shows the position of the referent in the
MacLeod–Boynton diagram.

with the tritan line through D65. For the smallest target, the
ellipse is rotated slightly away from the tritan line (see also
Table 1, ellipse 4). A Kruskal–Wallis test did not show a signifi-
cant variation in the orientations of the fitted ellipses for the six
observers: H[2] = 3.19, p = 0.203. However, the larger group
of 12 observers shows a significant variation (see Supplement 1).

Figure 3(b) presents the results for the referent placed on the
same line, but with its center above D65 at a higher value of
S/(L + M). When the diameter of the test is 2.4�, the ellipse
is aligned with the tritan line through D65, but when the size
becomes smaller, the ellipse becomes more elongated, and its
longer axis is slightly rotated counterclockwise (see Table 1,
ellipse 5), as was in the case of the first ellipse along the same line
[Fig. 3(a)]. A one-way ANOVA showed significant variations in
the orientations of the fitted ellipses: F[2] = 11.6, p < 0.001.

C. Discrimination Ellipses Centered on the
Horizontal Line through D65

Two referent points were placed on the horizontal line through
D65: one has an L/(L + M) value lower than that of D65
[Fig. 4(a)], and for the second one, it is higher [Fig. 4(b)]. For
these points, discrimination of saturation depends only on the
excitation of the L- and M-cones. For the referent where the
L/M ratio was lower than that for the adapting chromaticity,
D65, the largest target yields a nearly horizontally oriented
ellipse [Fig. 4(a)], but the ellipse is not exactly aligned with the
horizontal axis (Table 1, Referent 4). With a decreasing test
size, the ellipse rotates so that the data points for the smallest
test are fitted by a nearly vertical ellipse. A Kruskal–Wallis test
confirms significant changes in the orientation for these ellipses:
H[2] = 11.47, p = 0.003. For the second referent point on the
same line, where the L/M ratio is higher than for the adapting
chromaticity D65, the largest size gives an ellipse aligned with
the horizontal line [Fig. 4(b), Table 1, Referent 5]. The smaller
tests give data points that are fitted with ellipses rotating toward
the tritan line through the referent point, and the smallest size
produces an ellipse oriented obliquely at an angle of 136.7�,
which is close to the orientation of the blue–yellow line (135�)
in our scaled MacLeod–Boynton diagram. This rotation is
significant: F[2] = 61.35, p < 0.001.

D. Discrimination Ellipses Centered on the
Blue–Yellow Line (Running at 135� in the Scaled
MacLeod–Boynton Diagram)

Two referents were placed on the line passing through D65 with
a slope of 135� (the blue–yellow line, see Section 2) in the scaled
MacLeod–Boynton diagram. Colorimetric purity varies along
this line. Figure 5 shows the results. The ellipses centered at a
low L/(L + M) value change their size when the size of the test
changes, but not their orientation [Fig. 5(a); see also Table 1,
Referent 6]. A one-way ANOVA confirms this observation: The
variation in orientation of the three fitted ellipses is not signifi-
cant: F[2] = 0.187, p = 0.831. The ellipses centered at a high
L/(L + M) value change both their size and their orientation
[Fig. 5(b); Table 1, Referent 7]. A one-way ANOVA confirms
significant differences between the orientations of the fitted
ellipses for different sizes: F[2] = 8.86, p = 0.003.
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Fig. 3. (a) Results for the referent chromaticity (R2) located on the vertical line through D65 in the yellow–green section of the diagram.
(b) Analogous results for the referent chromaticity (R3) located on the vertical line through D65 in the violet–pink region of the diagram.

Fig. 4. (a) Results for the referent chromaticity (R4) located on the horizontal line through D65 in the bluish–greenish section of the dia-
gram. (b) Analogous results for the referent chromaticity (R5) located on the same horizontal line, but in the reddish orange region of the
MacLeod–Boynton diagram.

E. Discrimination Ellipse Centered on the Line
Running at 45� through D65

Figure 6 presents the data for the referent point on the line run-
ning at an angle of 45

�
with both L/(L + M) and S/(L + M)

coordinates higher than that of the adapting chromaticity D65.
Here, perception of saturation depends on the signals of the
two cardinal mechanisms added in-phase. For the largest test
diameter, the fitted ellipse is not aligned with the purity line:
its orientation is 72.7� instead of 45� (Fig. 6; see also Table 1,

Referent 8). With a decreasing size, the fitted ellipses rotate
counterclockwise, becoming almost vertical for the medium
size and then tilting anticlockwise away from the tritan line. A
similar counterclockwise tilt from the tritan line was already
observed for the referent point placed on the horizontal line
running through D65 when the referent chromaticity has
L/(L + M) value higher than that of the adapting chromaticity
D65 [see Fig. 5(b)]. A one-way ANOVA shows that the rotation
is significant: F[2] = 31.16, p < 0.001.
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Fig. 5. (a) Results for the referent chromaticity (R6) located in the blue section of the diagram. The solid oblique line has a slope of 135�.
(b) Analogous results for the referent chromaticity (R7) located in the yellow section of the diagram.

Fig. 6. Results for the referent chromaticity (R8) located on the
line through D65 running at the angle +45� in the pink section of the
diagram.

F. Discrimination Ellipses Centered on the Oblique
Line Running at 165� through D65

Two referent chromaticities were placed on an additional
oblique line through the neutral point (Fig. 7). One point has an
L/(L + M) value lower than that of the adapting chromaticity
D65 [Fig. 7(a)], and the second one has a higher L/(L + M)
value [Fig. 7(b)].

For the largest test size, the referent point (R9) with an
L/(L + M) value lower than that of D65 shows an ellipse
aligned with the colorimetric purity line. This ellipse changes its

form to nearly circular with decreasing size and then becomes
almost vertical for the smallest size [Fig. 7(a)]. A one-way
ANOVA fails to show significant changes in the orientation of
the fitted ellipses: F[2] = 3.61, p = 0.052, but with the larger
group of observers, this factor is significant (see Supplement 1).

In the case of the referent with an L/(L + M) value higher
than that of D65, the fitted ellipse for the largest test is rotated
slightly away from the purity line, toward the horizontal line: its
angle is 159.8� [Fig. 7(b); see also Table 1, Referent 10]. With
a decreasing size, the ellipse becomes wider and rotates toward
the vertical line, continuing rotating in the same direction for
the smallest size, but not actually reaching a vertical orientation
[Fig. 7(b)]. A one-way ANOVA showed that the fitted ellipses
differ significantly in orientation: F[2] = 62.16, p < 0.001.

4. DISCUSSION

Discrimination ellipses were measured under a constant state of
adaptation at 10 locations in the scaled MacLeod–Boynton dia-
gram and for three sizes of the test field. Figure 8 shows, in single
plots, all 10 ellipses for the smallest size and for the largest size.
To make the ellipses for the 2.4� targets clearly visible, they have
been magnified by a factor of four (Fig. 8, right panel). For the
32 min targets (Fig. 8, left panel), the ellipses are plotted without
magnification.

A. General Properties of the Discrimination Ellipses

Two general principles describe the ellipses:

(i) For large targets, the long axes of the ellipses often point
away from the neutral point, i.e., they correspond—
approximately—to the direction of increasing colorimetric
purity (the correlate of the subjective dimension of
saturation).

https://doi.org/10.6084/m9.figshare.28089998
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Fig. 7. (a) Results for the referent chromaticity (R9) located on a line running at 165� through D65 (solid line), in the greenish blue section of the
diagram. (b) Results for the second referent chromaticity (R10) on the same line, but in the red–orange section of the chromaticity diagram.

Table 1. Parameters of the Fitted Ellipses for Six Observers Who Completed the Full Set of 10 Chromaticitiesa

Diameter 32 min Diameter 48 min Diameter 2.4
�

Ellipse L1 L2 ✓ L1 L2 ✓ L1 L2 ✓

1. D65 (0.6552) 0.00768 0.002632 101.5 0.003221 0.001488 105.3 0.00076 0.000523 147.5
2. Vert (0.018) 0.008262 0.002653 100.2 0.00334 0.001588 98.0 0.000713 0.000704 74.3
3. Vert (0.1) 0.017378 0.003492 101.6 0.016157 0.002647 99.6 0.00980 0.001444 91.0
4. Horiz (0.62) 0.008074 0.004765 83.7 0.004066 0.003313 57.2 0.002114 0.000718 7.0
5. Horiz (0.75) 0.012644 0.006901 136.7 0.006769 0.003868 160.5 0.003013 0.000994 1.8
6. 135� (0.6) 0.014595 0.005536 108.9 0.01030 0.003268 110.1 0.005242 0.001571 111.8
7. 135� (0.667) 0.005711 0.002687 106.0 0.002996 0.001695 113.3 0.000941 0.000606 146.7
8. 45� (0.68) 0.011102 0.003762 105.3 0.005844 0.002610 97.3 0.002358 0.001377 72.7
9. 165� (0.62) 0.006903 0.004755 100.76 0.003456 0.002932 145.2 0.0018274 0.000785 159.8
10. 165� (0.67) 0.006126 0.002686 108.5 0.002873 0.0018 124.75 0.001049 0.000422 173.1

aThe leftmost columns give the number of the referent chromaticity and the L/(L + M) coordinate of the referent chromaticity [for the two referents placed on the
vertical line (ellipses 2 and 3), the values are S/(L + M)]. For each ellipse, the lengths of the two axes (L1 and L2) and the orientation of the longer axis from the right
horizontal (✓ ) are given.

This first principle has its antecedent in Judd’s “super-
importance of hue differences”: Suprathreshold color
differences estimated along a line of increasing colorimet-
ric purity are smaller than would be predicted from the
hue differences measured in an orthogonal direction at
the same point in the color space [34]. When the referent
chromaticities lie on the vertical or horizontal lines in the
MacLeod–Boynton diagram (Figs. 3 and 4) and when—
according to classical theory—the hue and saturation
thresholds depend on independent chromatic signals, it is
straightforward to explain the higher thresholds for satura-
tion: the hue threshold, in such cases, depends on a channel
that is near its equilibrium point (as set by the neutral-
adapting field), whereas the purity (saturation) threshold
depends on a channel that is polarized. In other cases, where
hue and saturation thresholds each depend on both the
classical channels, we have suggested that correlated noise
could account for the elevation of saturation thresholds

[15]. However, this explanation does not account for our
finding that, when full ellipses are measured, the ellipse is
not perfectly aligned with the line of increasing purity but
is often rotated in a tritan direction (e.g., Fig. 5), and we
consider an alternative hypothesis below.

(ii) For small targets, almost all ellipses are aligned approxi-
mately vertically in the MacLeod–Boynton diagram, i.e.,
in the tritan direction: discrimination is poorest when it
depends on the short-wave cones alone.

Although all thresholds increase as the target size is reduced,
this is especially true for discriminations in the tritan direc-
tion. “Foveal tritanopia” and “small-field tritanopia” have long
been recognized properties of human vision (e.g., [35–37]). A
clear explanation is found in the sparsity of short-wave cones
throughout the retina and in the complete absence of such
receptors in the very center of the fovea [23]. “Foveal tritanopia”
is a misleading term, since the area from which short-wave
cones are excluded is much smaller than the fovea, or indeed the
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Fig. 8. Fitted ellipses are plotted for the largest and for the smallest sizes of the test. Left panel (32 min targets): the true ellipses are plotted for the
smallest size. Right panel (2.4� targets): the ellipses are magnified four times compared to the actual measurements.

foveola, and typically corresponds to a visual angle of ⇠20 min
[38,39]; but this region must be a major factor in the elevated
tritan thresholds for our smallest targets, which were of 32
angular minutes and were centrally fixated.

B. Possible Role of Non-Cardinal Chromatic
Channels

One set of discrimination thresholds were measured around
the adapting chromaticity, which was a metamer of D65. The
MacLeod–Boynton diagram was scaled so that the line connect-
ing unique blue and unique yellow was at the angle 135�. Our
procedure did not allow the measurement of purity discrimi-
nation thresholds at D65, as in each direction, we used targets
and distractors on opposite sides of the referent, and thus our
observers always performed a hue discrimination.

If discrimination depended on two independent cardi-
nal chromatic channels, corresponding to the axes of the
MacLeod–Boynton chromaticity diagram, then we might
expect the data points to be described by only one of three
forms: a vertical ellipse, a horizontal ellipse, or a circle. In fact,
the empirical results for the largest field (Fig. 2, 2.4�) are fitted
by an ellipse with a negative tilt. The orientation is not exactly
135�; it is 147.5� (150� for the larger group of observers, see
Supplement 1), but of course, the exact orientation depends on
the arbitrary scaling of the ordinate of the diagram.

Discrimination ellipses of negative slope at the white point
have often been reported previously [31,33,40–44], although
not always [8]. One possible explanation for the negative slope
is that the early visual system contains a channel that draws
synergistic inputs from long- and short-wave cones and a signal
of opposite sign from middle-wave cones. Such a channel has
previously been postulated on the basis of psychophysical results
(e.g., [8,22,45]), and in classical electrophysiological literature,
there are occasional reports of cells with the required properties
(e.g., [46,47]). The existence of such cells has been rendered
plausible by recent connectomic work on the human fovea,
suggesting that large bistratified ganglion cells and inner midget

ganglion cells could receive the appropriate input connections
[48,49] and by measurements of the light responses of indi-
vidual ganglion cells of the macaque eye in vivo, using calcium
imagining and adaptive optics [50].

An (L + S) versus M channel would explain the form of the
central ellipse at D65. It would also explain our earlier find-
ing of a locus of minimal thresholds that runs with a negative
slope, close to the locus of unique blues [22,45]. Krauskopf
and Gegenfurtner [8] postulated such a channel to explain the
negative tilt of their discrimination ellipse in the upper left
quadrant of their color space. Yet, why are our ellipses in this
region [Fig. 5(a)] tilted clockwise from the 135� line along
which only colorimetric purity varies? One interesting possibil-
ity is that the short-wave cone contribution to an (L + S) versus
M channel is compressive in this region, making smaller and
smaller contributions to the combined L + S signal.

There have also been recurrent suggestions of an (M + S) ver-
sus L retinal channel [46,47,50]. It is possible that a channel of
this type accounts for the form of the large-field ellipse that lies
on the 45� line (Fig. 6). It would be again necessary to postulate
that the contribution of the S-cone signal is attenuated when the
absolute S-cone signal is high.

C. Why Are the Ellipses Rotated from the Tritan Line
for Very Small Fields?

The ellipse shown for the largest field at a chromaticity on
the tritan line above D65 is perfectly aligned with the tritan axis
[Fig. 3(b)]. This result gives confidence that our average observer
corresponds to the DeMarco–Pokorny–Smith observer [21]
and that our calibrations are correct. We might traditionally
suppose that the L versus M channel is in equilibrium, while the
S versus (L + M) channel is driven into a saturating region of its
response function.

However, as the field size is reduced, the ellipse shows a
small but clear anti-clockwise rotation from the tritan line. To
understand why this might be, we must acknowledge that the
DeMarco–Pokorny–Smith fundamentals, from which our

https://doi.org/10.6084/m9.figshare.28089998
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MacLeod–Boynton diagram is constructed, are those of a 2�

observer. The spectral sensitivities of the cones (estimated at the
cornea) will change when the targets become smaller. First, the
density of the macular pigment will be higher [51–54]. Second,
owing to the increased length of cones in the foveolar bundle,
the optical density of the cones will increase [55], and in conse-
quence, the absorption spectra of the cones will be broadened
[56,57]. The relative effects of these factors could be examined
analytically by varying the retinal position that is probed or by
making independent psychophysical estimates of the macular
pigment density and the cone optical density in individual
observers.

For the present, as an illustration, we model how an increase
in macular pigment would alter the orientation of those ellipses
on the tritan line through D65 that corresponds to targets
of 32 min [see, e.g., Figs. 2, 3(a), and 3(b)]. In each case, we
take our empirically recorded RGB values for the individual
threshold points and replot them for the same DeMarco–
Pokorny–Smith 2� observer, assuming that the observer is
viewing the physical stimuli through an additional filter, with
the absorbance spectrum of macular pigment, and assuming no
change in the optical density of the cones themselves. Our mod-
eling suggests that a 60% increase in the macular pigment would
yield an ellipse that is oriented vertically, i.e., along a tritan line.
In each panel of Fig. 9, the left-hand ellipse is replotted from
our earlier figures, and the right-hand ellipse shows where the
data points would plot for the same DeMarco–Smith–Pokorny
observer, if that observer was viewing through a 60% additional
density of the macular pigment. Intermediate additions of the
macular pigment give intermediate tilts.

Why does the macular pigment change the orientations
of the ellipses, and why do the ellipses move downward and
rightward in the MacLeod–Boynton chromaticity diagram?
The macular pigment maximally absorbs light in the region of
460 nm. To explain the downward shift of the modeled ellipses
seems straightforward: the additional macular pigment must
necessarily attenuate the excitation of the short-wave cones and
so shift the stimuli downward along the y axis, which represents

S/(L + M). However, it is also the case that the ratio of sensi-
tivity of middle-wave to long-wave cones is maximal close to
460 nm for the DeMarco–Pokorny–Smith observer. This is
required by tritanopic color–matching functions [35,58,59].
The higher the S/(L + M) coordinate of our stimuli, the more
power is in the 460 nm region of the broadband stimuli emitted
by the CRT. Increasing the density of the macular pigment will
thus disproportionately attenuate the excitation of middle-wave
cones, and so increase the L/(L + M) coordinates of our stim-
uli. This will rotate each ellipse clockwise and will shift it bodily
rightward.

We can also ask what would be the effect of such an additional
macular pigment on the ellipse along the 135� line in the upper
left-hand quadrant of the MacLeod–Boynton diagram. This
ellipse, like that for large targets, has an orientation interme-
diate between a tritan (vertical) line and a line of increasing
colorimetric purity [Fig. 5(a)]. Interestingly, the ellipse for small
targets rotates only slightly when a 60% increase in the macular
pigment is modeled, although it does move downward and
rightward, as expected from the reasoning above. This is shown
in Fig. 10, where we also plot the transformation that would be
expected for the corresponding ellipse along the 135� line in the
bottom right quadrant of the MacLeod–Boynton diagram.

This strictly illustrative modeling shows how variation in
the optical density of the macular pigment might alter the dis-
crimination ellipses for small, foveolar targets. The increase in
density required by our modeling is compatible with several
psychophysical estimates of the spatial profile of the macular
pigment (e.g., [60,61]). However, further understanding will
require analytical experiments and a consideration of variations
in the optical density of the cones themselves.
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