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Under conditions of adaptation to a steady neutral field (metameric to Daylight Illuminant D65), forced-choice
thresholds for color discrimination were measured for brief targets presented to the human fovea. Measurements
were made along!45° and −45° lines in a MacLeod–Boynton chromaticity space scaled so that the locus of unique
yellow and unique blue lay at −45°. The lines were symmetrical relative to the tritan line passing through the
chromaticity of D65. Thresholds increased with distance of the probe chromaticity from D65. Thresholds were
higher for saturation discrimination than for hue discrimination. A region of enhanced discrimination was found
for thresholds measured orthogonally to the locus of unique blue and unique yellow. There may be an analogous
enhancement near the loci of unique red and unique green. © 2014 Optical Society of America
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1. INTRODUCTION
The color perception of the normal human observer depends
on a comparison of the rates of quantum catch in three classes
of cone, and therefore all physical colors—all spectral power
distributions—can be represented as two ratios. In the famil-
iar MacLeod–Boynton chromaticity diagram, for example,
the x axis represents L∕"L!M# and the y axis S∕"L!M#,
where L, M, and S correspond to the quantum catches of
the long-, middle-, and short-wavelength cones, respectively
[1]; see Fig. 1.

When an observer is asked to discriminate two colors, inde-
pendently of their luminance, he or she must ultimately de-
pend on the change in the ratios of cone excitation from
one stimulus to the other. However, discrimination thresholds
vary nonuniformly across the chromaticity diagram and they
critically depend on the chromaticity to which the observer is
currently adapted [8]. Nor do subjective hue categories map in
a simple way on to the MacLeod–Boynton diagram. In Fig. 1
we show the loci of “unique” hues, those colors that most
observers judge to appear phenomenologically unmixed: blue,
yellow, red, and green—plus white itself. An oblique line, run-
ning approximately from 475 to 575 nm, divides the diagram
into reddish and greenish regions, and comprises lights that
are pure blue, pure yellow, or white [5,6,9]. The boundary be-
tween lights that are bluish or yellowish is much less linear:
the locus of unique reds runs nearly horizontally in the
MacLeod–Boynton diagram but forms a firm angle with the
locus of unique greens [5,9].

Is there any relationship between the subjective discontinu-
ities in hue within the chromaticity diagram and the nonuni-
formities in difference limens for color? In the case of speech
perception, optimal discrimination was classically found at
category boundaries between consonants, e.g., between

b and g [10]. Might the same be true for color? In two recent
studies of color discrimination, one for parafoveal stimuli and
one for foveal stimuli, we found a region of low thresholds
close to the subjective category boundary between reddish
and greenish hues, i.e., close to the locus of pure blues, pure
yellows, and white [11,12]. These results are illustrated in
Fig. 2. Figure 2A shows foveal thresholds for an individual
observer, plotted directly in a portion of a MacLeod–Boynton
diagram: thresholds were measured along lines approximately
orthogonal to the subjective hue boundary, and each pair of
data points represents the separation of chromaticities
needed to sustain a criterion level of discrimination. In Fig. 2B
are shown (i) the average settings of unique hues for five
observers and (ii) the average positions of the minimal thresh-
olds for the same observers. There is a fair coincidence be-
tween the subjective and the performance measurements.
In other words, good discrimination occurs near the boundary
between perceptual categories. To explain these results, one
possibility would be to follow long tradition [13] and to pos-
tulate a chromatic channel that extracts a signal of the form
"S! L#∕M and gives rise to the sensations of redness and
greenness. The equilibrium state of such a channel would cor-
respond to the subjective category boundary, and we might
expect differential thresholds to be lowest at the equilibrium
state, since neural channels typically have a compressive, neg-
atively accelerated response function [14].

Yet how firmly do the results of Fig. 2B require us to pos-
tulate a channel that extracts the ratio "S! L#∕M and signals
redness and greenness? Could the results be accounted
for by the following rule? Thresholds are lower the closer
the discriminanda are to the chromaticity of Illuminant
D65. Local inspection of Fig. 2A suggests that this simple rule
is inadequate [whether “distance” is measured in terms of
L∕"L!M# or S∕"L!M# or both]. However, a clear test would
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be to perform a mirror-image version of the earlier experi-
ment, reflecting the stimuli symmetrically around a verti-
cal (tritan) line that runs through the white point in the
MacLeod–Boynton diagram. Along a line that is a mirror im-
age of the yellow–blue line, there is no equivalent category
boundary. The locus of unique red runs more horizontally.
Would there nevertheless be a minimum of thresholds near
the line that is the mirror image of the yellow–blue line (line c
in Fig. 3)? This is the test that we make in the present
experiment.

Our experiment has eight conditions. In four conditions,
thresholds are measured (as in Fig. 2A) along !45° lines in
a MacLeod–Boynton diagram, the ordinate of which has been
scaled so that the yellow–blue line lies at −45°. In the other
four conditions, thresholds are measured along −45° lines that
are mirror images of the first set. Figure 3 shows the eight
lines and their designations (A B C D for the !45° lines, a
b c d for the −45° lines). The points along each line indicate
the “referent” chromaticities at which we measured the differ-
ence limens. An additional advantage of the arrangement of
Fig. 3 is that there are 16 referent chromaticities at which
thresholds are measured in !45° and −45° directions around
the same referent point: here the L∕"L!M# and the S∕"L!M#
signals are each being modulated identically in the two
conditions but in opposite phase relationships. Moreover,
for the two lines passing through D65 we are able to compare

thresholds that are saturation thresholds (those radial to D65)
and thresholds that are hue thresholds (those in directions
orthogonal to the radial line)—a distinction that proves to
be critical.

Fig. 1. Part of the MacLeod–Boynton chromaticity diagram [1],
showing the approximate loci of unique hues. The axes of this diagram
correspond to two chromatically opponent channels that have been
identified in the primate visual system. The ordinate represents the
signal S∕"L!M#, a signal extracted by the small bistratified ganglion
cells of the retina, and the abscissa represents the signal L∕"L!M#, a
signal extracted by midget ganglion cells [2–4]. Note, however, that
the boundaries between subjective hue categories are not aligned with
the ordinates of the diagram [5–7]. “D65” indicates the chromaticity
of the standard Daylight Illuminant D65; this chromaticity was used
as the background field in our experiments. The dotted line shows
part of the spectrum locus. The line running from approximately
475–575 nm is the line of unique blues and unique yellows; the line
from approximately 520 nm to D65 is the line of unique greens,
and the line extending rightward from D65 is the line of unique reds.

Fig. 2. (a) Magnified section of a MacLeod–Boynton chromaticity di-
agram, with the ordinate scaled so that the yellow–blue line lies at
−45°. The dotted line marks part of the spectrum of monochromatic
lights. The data shown are for an individual observer in the study of
Danilova and Mollon [12]. Thresholds were measured along the !45°
lines. The pairs of data points show directly the separation of chro-
maticities needed to allow the observer to achieve a discrimination
performance of 79.4% correct. Notice that the minimal thresholds
lie close to the boundary between reddish and greenish hues, and that
thresholds on this line may be smaller than thresholds at points that
are not on the line but are closer to the chromaticity of D65. (b) Aver-
age results for five observers in the same study. The circles show the
positions of the minimal thresholds, measured by a spatial forced-
choice procedure. The triangles show the chromaticities that the
observers subjectively judged pure blue, pure yellow, or white. Error
bars are based on between-observer variance and correspond to $1
SEM. There is a rather close correspondence between the hue boun-
dary and the region of optimal discrimination.
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2. METHODS
A. Apparatus and Stimuli
Measurements were made in Cambridge, England, and in St.
Petersburg, Russia. In both laboratories, the stimuli were
presented on calibrated Mitsubishi color monitors (Diamond
Pro 2070) controlled by Cambridge Research Systems (CRS)
graphics controllers (VSG 2/3 in Cambridge, Visage in
St. Petersburg). In St. Petersburg, the monitor was set to a re-
fresh rate of 92 Hz and a resolution of 1280 × 980 pixels; in
Cambridge, the corresponding values were 100 Hz and 1024 ×
768 pixels. The VSG system allowed outputs to be specified
with a precision of 15 bits per gun, and the Visage, 14 bits.
In both laboratories, the spectral power distributions of the
monitor’s guns were measured with a JETI spectroradiome-
ter, and the screens were linearized using a photodiode device
(CRS “ColorCal” in Cambridge; “OptiCal” in St Petersburg).
The algorithms for generating colors on the CRT screen were
identical in the two laboratories.

The target field subtended 3° of visual angle and was di-
vided into four sectors, one of which differed in chromaticity
from the other three (see inset Figure 3). It was presented for
150 ms on a steady white background that had the chromatic-
ity of CIE Illuminant D65 [15] and a luminance of 10 cd:m−2.
The sectors of the target array were separated by thin lines
that had the chromaticity and luminance of the background.
Fixation was guided by a diamond array of dark dots sur-
rounding the area in which the target was presented. The dis-
play was viewed binocularly from a distance of 57 cm.

Chromaticities were specified in a MacLeod–Boynton dia-
gram constructed from the cone sensitivities of DeMarco
et al. [16]. 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 signals [17]. The scale of the vertical
ordinate of a MacLeod–Boynton diagram is arbitrary: we
scaled our diagram so that a line running through 574 nm
and the chromaticity of Illuminant D65 lay at −45°. Under
the conditions of our experiments, this “yellow–blue line” rep-
resents the set of colors that are neither reddish nor greenish
(as empirically measured in our earlier studies [12]).

The target field had an average luminance that was 30%
greater than that of the background when expressed in the
L!M units of our space; but to ensure that the observers
could not discriminate the sectors on the basis of differences
in sensation luminance, we jittered independently the L!M
value of each sector by $1% (in steps of 0.2%).

Although our targets were designed to remain approxi-
mately constant in photopic luminance, they necessarily var-
ied in scotopic luminance. Could the results be affected by rod
intrusion, despite the fact that the targets were brief, small,
and centrally presented? By multiplying the actual spectral
power distributions of the discriminanda by the scotopic lumi-
nosity function, we calculated that the maximal modulations
of the rod signals at threshold were 5%–7% and most were
much smaller, whereas the Weber fraction for rods is of
the order of 30% [18]. Rod intrusion is therefore unlikely.

B. Procedure
Observers were asked to indicate by pushbuttons which quad-
rant of the target differed in chromaticity from the other three.
Auditory feedback was given after each response. In any one
experimental run, discrimination was measured along one of
the eight lines of Fig. 3. Experimental runs were grouped into
sets of eight, and within one set, the eight lines were tested in
random order. There were six sets of experimental runs, the
first set being treated as practice and not included in the
analysis. Thus any given threshold for a given subject is based
on five independent repetitions.

At the beginning of each experimental run, observers
adapted to the neutral background field for 1 min before be-
ginning measurements. Within one experimental run, thresh-
olds were measured at a number of reference chromaticities.
For lines A B C and a b c, there were six referents, and, owing
to gamut limitations, for lines D and d there were five. These
reference chromaticities were never themselves presented,
but the chromaticities to be discriminated (the discriminanda)
lay on the same line, straddling the reference point. Any one
quadrant of the target could be the discrepant quadrant, and it
was selected randomly. The discrepant quadrant could differ
from the referent in either direction, and the remaining three
quadrants then differed in the opposite direction. The chro-
matic separation of the discriminanda was increased or de-
creased symmetrically around the reference chromaticity
according to the observer’s accuracy. The staircase procedure
tracked 79.4% correct [19], and the separation between each
of the discriminanda and the referent was adjusted in logarith-
mically equal steps. The reference and test chromaticities
were expressed in terms of the abscissa of the MacLeod–
Boynton diagram (i.e., the L∕"L!M# or l, coordinates). At
any one point on the staircase, one of the discriminanda
had an l coordinate lt1, and the other had an l coordinate
lt2, where lt1 was equivalent to the reference coordinate lr
multiplied by a factor a and lt2 was equivalent to lr divided
by a, where a is always >1.0. After three correct responses,

Fig. 3. Magnified section of a MacLeod–Boynton diagram showing
the eight lines along which thresholds were measured in the current
experiment. The ordinate is scaled so that the boundary between red-
dish and greenish hues (the “yellow–blue” line) lies at −45°. The test
lines running at !45° are designated A B C D, and those running at
−45°, a b c d. Part of the monitor gamut is shown. “D65” indicates the
chromaticity of Illuminant D65, the chromaticity of the background in
the experiments. Inset top right: spatial arrangement of the target
stimulus.
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the value (a–1) was reduced by 10%, and after each incorrect
response it was increased by 10%. The staircase terminated
after 15 reversals, the last 10 reversal points being averaged
to give the threshold. Within one experimental session, the
reference stimuli were tested in random order.

C. Observers
All five observers had normal color vision as tested by the
Cambridge Colour Test [20,21]. Observers 1 and 2 were the
authors JM and MD, respectively. The other observers were
highly practiced, but were naïve as to the purpose of the
measurements. Observers 2, 4, and 5 are female. All observers
except observers 2 and 4 were tested in Cambridge. The ex-
periments in both Cambridge and St. Petersburg were ap-
proved by the Psychology Research Ethics Committee of
the University of Cambridge.

3. RESULTS AND DISCUSSION
In Fig. 4 we show the average results for our five observers.
Discrimination thresholds are represented as dashes directly
in the MacLeod–Boynton diagram, in the way that Wright [22]
classically used dashes to represent thresholds in the CIE x, y
chromaticity diagram. The dashes in Fig. 4 correspond to
twice the separation of the discriminanda that is needed to
sustain a correct discrimination rate of 79.4%.

A. Distance from the White Point
Our observers were adapted to a steady neutral field meta-
meric to CIE Illuminant D65. A very clear result apparent
in Fig. 4 is that thresholds increase systematically with the dis-
tance of the referent chromaticity from the chromaticity of
this adapting field. Consider, for example, the uppermost pair
of dashes in Fig. 4 (at the intersection of lines A and a).

Here the thresholds are more than 2.5 times those at the
chromaticity of D65, even though the referent has the same
L∕"L!M# coordinate as D65. Only the level of S excitation
distinguishes the two discrimination tasks.

In Fig. 5 we plot the 46 average thresholds directly against
the Euclidean distance of the referent stimulus from the chro-
maticity of D65 in our space. Since the scaling of the ordinate
of the MacLeod–Boynton space is arbitrary, the exact value of
the Euclidean distance is specific to the scaling used in the
present experiment. Nevertheless, from Fig. 5 it is clear that
there is a very strong relationship between the magnitude of
the threshold and the distance of the referent from the chro-
maticity of D65. The Spearman correlation coefficient is 0.753
and is highly significant (p < 0.001). (We give the rank-order
correlation to emphasize that our conclusion is qualitative.)

Optimal discrimination at the adapting chromaticity is a fa-
miliar finding in studies of chromatic discrimination [8,23–25].
But the effect may be especially strong when there is little op-
portunity for adaptation to the target chromaticity during the
threshold measurement [8]. In the present experiment, sensi-
tivity is very briefly probed by our 150 ms targets, and the
adaptive state of the eye is likely to be dominated by the
D65 background field.

The strong increase of chromatic thresholds with distance
from the adapting chromaticity may be seen as an analogue of
Craik’s [26] finding for instantaneous luminance discrimina-
tion: although the human eye can achieve a Weber fraction
of <1% for luminance over many log units of background lu-
minance, this sensitivity is possible only if the observer is al-
lowed to adapt to each new background level. In any one state
of adaptation, there is a limited dynamic range of discrimina-
tion, centered on the background level. This result is usually

Fig. 4. Average thresholds shown directly as dashes in a section of a
MacLeod–Boynton chromaticity diagram. The dashes represent the
separation of the discriminanda needed to sustain a threshold perfor-
mance of 79.4%. For visibility in the figure, the measured values
have been doubled. The identification of the !45° and −45° lines is
as in Fig. 3.

Fig. 5. Relationship between discrimination threshold and the
Euclidean distance of the referent stimulus from D65. Thresholds
are expressed as the factor by which the discriminanda must differ
from the reference chromaticity to sustain the criterion level of cor-
rect responses. Distance is expressed in terms of the scaling adopted
in this paper for the S∕"L!M# axis of the MacLeod–Boynton diagram.
Notice the strong overall increase in thresholds according to the dis-
tance from the chromaticity to which the observer is adapted. In ad-
dition, the data points have been coded in terms of the angle formed
between (i) a radial line from D65 to the referent chromaticity and
(ii) the direction in which the threshold was measured. Cases where
the angle is<45° are represented by open circles, and cases where the
angle is ≥ 45° are represented as open triangles. The former can be
regarded as predominantly measures of saturation thresholds, and the
latter as predominantly measures of hue thresholds (see text).
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thought to reflect a shift in the equilibrium points of the neural
channels used for the discrimination [14]. Recording from
individual cells in the lateral geniculate nucleus of macaques,
De Valois et al. [27] observed behavior of this kind for chro-
matically opponent units. Psychophysical results from incre-
ment threshold measurements are also consistent with the
principle that chromatically opponent channels have com-
pressive response functions and only a limited range of good
discrimination [28–30].

If an observer is allowed to adapt to the particular color
being tested, then good discrimination may be found over a
larger range of the chromaticity diagram [8]. In classical ex-
periments on color discrimination, such as those of MacAdam
[31], and Wright [22], the adaptive state is likely to been differ-
ent when measurements were made at different loci in the CIE
chromaticity diagram. In MacAdam’s experiments, a large
neutral surround was present, but the observer would neces-
sarily become adapted to the chromatic region of the steady
stimulus that was being used in the current match. MacAdam’s
celebrated “discrimination ellipses” have sometimes been
used to estimate the total number of colors that can be distin-
guished. We agree with Krauskopf and Gegenfurtner [8] that
these estimates are misleadingly high: data such as those of
Fig. 4 suggest that the human observer is likely to distinguish
relatively few hues in any given state of adaptation.

B. Discrimination as a Function of S-Cone Excitation
Our stimulus matrix (Fig. 3) was constructed so that we could
measure thresholds at a number of referent stimuli that had
the same L∕"L!M# coordinate but different S coordinates. It
is apparent from Fig. 4 that thresholds in our experiments de-
pend on the level of S-cone excitation as well as on the ratio of
L- and M-cone excitation. This is made explicit in Fig. 6, where

threshold factors are plotted for lines B and b. Thresholds for
referents with the same L∕"L!M# coordinate plot vertically
above one another in this figure. Such pairs of referents differ
only in the level of S-cone excitation—and in the phase rela-
tionship of the S signal and the L∕"L!M# signal. Clearly the
level of S excitation, and its sign, have a large effect on the
thresholds, and our results cannot be interpreted solely in
terms of a chromatic channel that extracts the ratio of L-
and M-cone signals.

C. Saturation Discrimination versus Hue Discrimination
A general trend apparent in Fig. 4 is that discriminations in
directions approximately radial to D65 are poorer than dis-
criminations in tangential directions. In traditional terms, this
is the distinction between saturation discrimination and hue
discrimination. The !45° and −45° lines passing through D65
(lines C and c) in Fig. 4 offer the purest comparison of thresh-
olds for saturation and hue: thresholds measured along each
line correspond to saturation discrimination and orthogonal
thresholds correspond to hue discrimination. In an ANOVA
we formally compared saturation and hue thresholds for refer-
ents that lie along lines C and c. The factors were observer,
type of threshold (saturation versus hue), direction of line
(!45° or −45°), and distance from the white point (two levels
1, 2). There were significant effects of observer (F %4& ' 7.9,
p ' 0.001), type of threshold (F %1& ' 101.7, p < 0.001), and
distance from the white point (F %1& ' 168.8, p < 0.001),
but not of direction of line. There was, however, a signifi-
cant interaction between direction of line and type of thresh-
old (F %1; 1& ' 24.4, p < 0.001), and also between distance
from the white point and type of threshold (F %1; 1& '
16.8, p ' 0.001).

For the pairs of “saturation” (radial) and “hue” (tangential)
thresholds on lines C and c, the saturation threshold for a
given referent is on average 140% of the hue threshold. For
any one of these pairs, the reciprocal modulation of L and
M signals is around the same referent value but is combined
in opposite phases with the S signal. The phase with which the
two cardinal directions are combined has clear effects on
the measured thresholds. So it is impossible to conclude that
the cardinal axes act independently in chromatic discrimina-
tion. Previous results suggest the same conclusion [32].

How systematic is the superiority of hue discrimination
over saturation discrimination? Is it possibly a general law
that hue discrimination is better than saturation discrimina-
tion at any point in the chromaticity diagram for a given state
of adaptation? A preliminary, but suggestive, answer is given
by Fig. 5. Here we have coded our thresholds at every referent
chromaticity in terms of the angle between (i) a radial line
from D65 to the referent chromaticity and (ii) the direction
along which the threshold is measured. In the figure the open
circles represent angles of less than 45° from the radial and
the open triangles represent angles equal to or more than
45° from the radial. The former points are closer to being sat-
uration thresholds, and the latter closer to hue thresholds—at
least in the scaling that we have adopted for the chromaticity
diagram. It is clear from Fig. 5 that saturation thresholds tend
to be higher than hue thresholds. A more systematic study of
radial versus tangential thresholds is warranted.

The superiority of hue discrimination over saturation
discrimination is curious, and its neural basis remains to be

Fig. 6. Thresholds for lines B and b plotted against the L∕"L!M#
coordinate of the referent stimulus. Thresholds are expressed as
the factor by which the discriminanda must differ from the referent
chromaticity to allow a 79.4% rate of correct responses. The curves
fitted to the data are inverse third-order polynomials and have no
theoretical significance. Notice the asymmetry of the two functions,
and the large differences in thresholds measured for referents with the
same L∕"L!M# coordinate but different S∕"L!M# coordinates.
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determined. An ecological explanation might be offered by the
fact that natural surfaces typically reflect to the eye a specular
component (representing the illuminant) as well the body
color that derives from selective absorption by pigment
molecules within the material. This was first pointed out by
Monge in 1789 [33,34], and in some modern theories of color
constancy it has suggested a way in which the visual system
might recover the chromaticity of the illuminant by chromatic
triangulation [35]. A typical surface is represented not by a
point in chromaticity space but by a distribution of chroma-
ticities that lie along a line between the body color of the
surface and the color of the illuminant The chromaticity of
any given point on the surface moves to and fro along this
line as the angle between the observer and the object varies.
The lines under discussion here are, of course, lines of varying
saturation. In identifying objects, we may rely more on the
direction of the line (i.e., the hue of the surface) than
upon the exact position of the chromaticity along the line
(i.e., the saturation), since the latter is more variable in normal
experience.

D. Comparison of !45° and −45° Lines
A central question in our study was whether color discrimina-
tion thresholds are symmetrical for !45° and −45° lines.
Our stimulus matrix (Fig. 3) was constructed so that each
referent value on lines A B C D has an equivalent referent
on mirror-image lines a b c d. We formally tested the
question of symmetry with a two-way ANOVA with factors
direction (−45° versus !45° lines) and referent (the 23
individual thresholds tested on each set of lines). Both
direction and referent were highly significant (F %1& ' 0.48.3,
p < 0.001; F %22& ' 38.8. p < 0.001), as was their interaction
(F %1; 22& ' 4.3, p < 0.001). We conclude that color discrimina-
tion along the lines a b c d is not symmetrical to that along
the lines A B C D.

We also performed such an ANOVA for just the 16 referents
in the matrix (Fig. 3), where thresholds are measured in the
−45° and !45° directions at the same point in chromaticity
space. The factors were again direction (−45° versus !45°
lines) and referent (the 16 individual thresholds tested on
each set of lines). Both factors were again highly significant,
as was their interaction. In this case, for each referent—at
each point in the chromaticity space—the analysis is compar-
ing thresholds for modulations that differ only in the phase
with which L/M and S are combined. Yet there are significant
differences between thresholds measured in −45° and !45°
directions—although it is not always the same phase of S
and L/M that is favored.

E. Color Discrimination and Subjective Category
Boundaries
Figure 7A shows thresholds measured along the four !45°
lines A B C D plotted against the L∕"L!M# value of the refer-
ent. The ordinate represents the factor by which the discrim-
inanda must each differ from the referent to sustain 79.4%
correct performance. The data are averages for five observers,
and the functions fitted to the data are inverse third-order pol-
ynomials. For each line, a vertical arrow in the diagram indi-
cates the average positions of the stimulus that subjectively
appeared neither reddish nor greenish in our previous mea-
surements [12]. These results confirm our previous finding

that forced-choice performance thresholds are minimal near
the subjective category boundary.

Figure 7B shows the corresponding thresholds for the four
−45° lines, a b c d. The results for line c, which passes through
the chromaticity of D65, are almost symmetrical to those for
the counterpart line, C, and in both cases, of course, discrimi-
nation is optimal at the L∕"L!M# value of the adapting back-
ground—lower indeed than in any other conditions. Lines D
and d, which intersect at a chromaticity below that of D65,
also show a high degree of symmetry. However, lines a and
b exhibit results that are less obviously symmetric to those

Fig. 7. (a) Thresholds for lines A B C D plotted against the L∕"L!M#
coordinate of the referent stimulus. Ordinate as in Fig. 6. The vertical
arrows show the L∕"L!M# coordinates at which each line crosses the
subjective yellow–blue line measured in the earlier study of Danilova
and Mollon [12]. Note that these arrows coincide closely with the min-
imal thresholds measured in the present experiment. (b) Analogous
results for the mirror-image lines a b c d. The vertical arrows indicate
the approximate L∕"L!M# coordinates of the unique red–green lo-
cus, in this case based on estimates from the literature.
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of their counterparts A and B; for example, thresholds on line
a continue to fall to the highest L∕"L!M# value tested. By
vertical arrows we indicate the L∕"L!M# values at which
lines a b c d cross the loci of unique red and unique green
(cf. Fig. 1). We have taken these approximate values from
the literature (e.g., [5]), and we did not obtain phenomenologi-
cal estimates of unique red and unique green in the present
experiment. However, there is a suggestive alignment of
the threshold minima with the estimated hue boundaries,
and this second coincidence of performance and phenomenal
measures deserves further investigation.

4. CONCLUSIONS
1. If chromatic discrimination is probed without dis-

turbing the state of adaptation, the single most important
factor in determining thresholds is the distance, in the chro-
maticity diagram, of the probe from the adapting chromaticity.

2. Thresholds measured along radial 45° lines from the
adapting chromaticity (i.e., saturation thresholds) are higher
than thresholds measured orthogonally to these lines (i.e., hue
thresholds). It may be a general rule that saturation thresholds
are larger than hue thresholds.

3. Thresholds measured along !45° lines are not sym-
metrical to those measured along −45° lines.

4. Good discrimination is found in the vicinity of the
boundary between reddish and greenish hues (i.e., when
thresholds are measured orthogonally to the unique-yellow/
unique-blue locus.)

5. There may also be a region of good discrimination in
the vicinity of the boundary between yellowish and bluish
hues (i.e., when thresholds are measured orthogonally to
the unique-red/unique-green locus.)
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