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Figure 16.12: Discrimination ellipses for test vectors equally 
spaced in 16 directions abollt the white point. The adaptation 
point was white. 

ments on the effect of the level of light adaptation on 

discrimination thresholds at various luminance levels, 

measured chromatic discrimination at loci removed 

from the adaptation point. The observer viewed a TV 

screen that had a luminance of about 35 cd/m2, on 

which four disks were displayed simultaneously for I 

s. One of the disks was always different in some way 

from the other three test disks. The observers' task was 

to identify the odd disk. In one set of experiments the 

three test disks were excursions along one of the cardi­

nal directions while the comparison disk was also an 

excursion along the same axis but differed in ampli­

tude by the amount delta. This increment delta was 

varied in a staircase procedure to measure the thresh­

old for discrimination. In a complementary set of 

experiments, the test disks were the same but the delta 

was in the direction perpendicular to the cardinal axis 

of the test. Thresholds were smallest when the test was 

the same as the adaptation field, whether it was an 

equal-energy white or a colored field. Thresholds were 

elevated linearly in proportion to the difference 

between the test and adaptation colors when delta was 

:.lIong the same cardinal direction but remained con­

stant when the test and delta were along different car­

dinal directions (Fig. 16.11). Results having features in 

commOn with these have been reported by Loomis and 

Berger (1979); Zaidi, Shapiro, and Hood (1992); and 

Shapiro and Zaidi (1992). 

In an additional experiment, discrimination thresh­

olds were measured in 8 directions about test vectors 

in 16 directions around the equal-energy white point 

(Fig. 16.12). The theory that there are independent 

detection mechanisms along the cardinal axis predicts 

that the orientation of the major axes of the ellipses fit­

ted to these data should be parallel to the cardinal axis 

nearer the test direction except for test vectors 45 deg 

removed from the cardinal axes. These latter should be 

circles. In the first and third quadrants the ellipses tend 

to behave as expected, but in the other quadrants the 

ellipses point toward the white point, in contradiction 

to the theory. 

Chromatic induction. The method illustrated in 

Fig. 16.5 was used to measure chromatic induction 

along the three cardinal axes (Krauskopf, Zaidi, & 
Mandler, 1986). The functions relating the amplitude 

of the nulling modulation were different nonlinear 

functions of the inducing cardinal-axis amplitudes. 

These data were used to predict, by vector addition, the 

nulling amplitude and azimuth for inducing stimuli 

modulated along noncardinal directions. In general, 

the nulling modulations were predicted to be in differ­

ent directions than the inducing stimuli. The experi­

mental results deviated significantly from this 

expectation and thus implied, once again, the insuffi­

ciency of the cardinal mechanism model. 

Coherence of plaid patterns. Observations on the 

role of color in the perception of coherent motion in 

plaid patterns initially appeared to demonstrate a spe­

cial significance of the cardinal mechanisms. Adelson 

and Movshon (1982) found that pai1"s of mov,ing lumi­

nance gratings drifting in different directions tended to 

exhibit coherent motion when they had similar spatial 

frequencies and contrasts. U the components differed, 

the observers were more likely to report that one grat­

ing appeared to move, or "slip," past the other. 
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Figure 16.13: Stimuli used in paired comparison method. 
The black arrow depicts the fixed vector that was presented 
on all trials and the gray arrows the varied color directions. 
Left: Fixed direction along one cardinal axis, varied vectors 
around a second cardinal axis. Right: Fixed vector at 45 deg 
from the cardinal axis. 

Krauskopf and Farell (1990) asked whether the 
similarity rule applied to color. They found that 
observers judged the gratings to slip when they were 
composed of gratings separately modulated along two 
cardinal axes but to cohere when modulated along the 
two intermediate directions. Analytically, the interme­
diate gratings had equal vectorial components along 
the cardinal axes, and Krauskopf and Fareli speculated 
that the similarity in the two gratings' effects on the 

cardinal mechanisms resulted in the appearance of 
coherence. 

The observers had little difficulty making the judg­
ments, and the results were very clearcut. However, 
further experiments in which the observers made judg­
ments of relative coherence of pairs of patterns re­
vealed that this explanation was insufficient (Kraus­
kopf, Wu, & Fareli, 1996). The basic design of their 
experiments is iliustrated in Fig. 16.13. The stimuli 
were pairs of drifting gratings sinusoidally modulated 
in selected color directions about the equal-energy 
white background. In each of two 1-s intervals a grat­
ing modulated in a fixed direction in color space (Fig. 
16.13, black arrow) was superimposed on a randomly 
selected grating modulated in one of five varied direc­
tions (gray arrows) whose orientation was orthogonal 
to that of the fixed grating. The observers' task was to 
choose which of the two pairs seemed to cohere less. 
Prior to the experiments detection thresholds were 
measured along the cardinal axes so that stimulus con­
trast could be expressed in individual threshold units. 
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Figure 16.14: (A) Fitting the results with a Gaussian. 
Abscissa is the elevation of the variable component grating. 
Ordin.ate is the relative proportion with which each palring 
was judged as less coherent compared with the other pair­
ings. (B) Individual differences in isoluminant planes esti­
mated from coherence jUdgments. Each observer is repre­
sented by the same symbol in the two columns. Instrumental 
coordinates are used in both plots. 

The frequency with which the observers selected 
the pairing containing each of the variable directions 
as less coherent was plotted against the azimuth (or 
elevation) of the variable component (Fig. 16.14A). 
Such plots were well fit by Gaussians whose means 
provided measures of the least coherent pairs. The ele­
vations of gratings that produced the least coherence 
when paired with a grating modulated in luminance 
are plotted in Fig. 16.14B. Individual observers show 
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Figure 16.15: Azimuth of the vector resulting in minimal 
coherence (ordinate) when paired with fixed vectors 
(abscissa). The points are the results of individual runs, and 
their distribution gives an impression of the reliability of the 
measurements. Individual observer coordinates. Variations 
in (A) luminance and S-(L+M), (B) luminance and L-M, 
and (C) the isoluminant plane. 

reliable differences in their isoluminant planes (the 

standard error of the means was 0.5 deg or less for all 

individual points). Therefore, in the main experiments 

the stimuli for each observer were computed in their 

own color space including a correction for the tilt of 
the isoluminant plane. 

The results of perfonning this experiment for 12 

fixed directions in the isoluminant plane are plotted in 

Fig. 16.15C. In this plane patterns are judged mini­

mally coherent when the directions of modulation dif­

fer by approximately 90 deg from one another, 
independent of the absolute directions of the modula­

tions. On the other hand, when the experiment was 

repeated in the planes through each of the isoluminant 
cardinal axes and the luminance axes (Figs. 16.15A & 
16.15B) the results were those expected for two inde­
pendent mechanisms. 

In an auxiliary experiment, the same paired com­
parison procedure was applied to pairs of isoluminant 
gratings, separated by 90 deg, to determine which pair 
was least coherent. Observers chose ones that were 
close to the cardinal axes. Thus, just as in the habitua­

tion experiments, there appears to be a primacy of the 
cardinal mechanisms. 

If the similarity rule held for color and there were 
only two cardinal mechanisms in the plane, then for 
fixed vectors lying between -45 and +45 deg of one 
cardinal axis the least coherent perception should be 
obtained when the variable vector is modulated along 
the other cardinal axis. However, this does not happen 
for stimuli lying within the isoluminant plane. There­

fore, cardinal mechanisms are not sufficient to account 
for the results in this plane but do seem adequate for 
the other two major planes of color space. In the isolu­
minant plane patterns cohere to the degree that the 
component gratings share common higher order mech­
anisms, but in the vertical planes there seem to be only 
isoluminant mechanisms and a luminance mechanism. 

However, the question must be considered an open one 
in view of the evidence from noise-masking experi­

ments (Gegenfurtner & Kiper, 1992), where stimuli 
1il10dulated at an elevation of, say, 45 deg were masked 

more by a masker modulated at the same elevation 
than by one modulated at 135 deg. 
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Psychophysics and electrophysiology macaque lateral geniculate (LON). The preferred 

directions fell into clusters that, while varying over a 

Cardinal directions and LGN cells. Recordings wide range of elevations, projected rather narrowly 
of the responses of single units in the lateral geniculate onto the two cardinal directions on the isoluminant 
nucleus (LON) of macaque by DeValois, Abramov, plane (Fig. l6.l6D). One difficulty is that LON cells 

and Jacobs (1966) and Wiesel and Hubel (1966) re­ show no sign of fatigue no matter how strongly they 

vealed chromatic opponency to be a property of many are driven. Of the VI cells illustrated in Figs. 16.16A­

cells. Quantitative measurements of the responses of C, only the nonoriented units (Fig. 16.16A) show a sig­

cells in the LON to modulations of light in different di­ nificant response to chromatic stimuli. Their distribu­

rections in color space provided precise estimates of tion of preferred color directions is not as concentrated 

the preferred directions of individual units and thus the as in the LON (Lennie, Krauskopf, & Sclar, 1990), but 

weights they assigned to the three classes of photore­ there remains some residual concentration of units 

ceptors (Derrington, Krauskopf, & Lennie, 1984). having preferred responses near the cardinal azimuths. 
Initially there appeared to be a striking concordance Although habituation is seen in the cortical area VI 

between the results of the habituation experiments of (Lennie, Lankheet, & Krauskopf, 1994), it would be 
Krauskopf, Williams, and Heeley (1982) and the pre­ premature to conclude that this is the substrate for the 
ferred directions of single parvocellular units in the psychophysical habituation phenomena. 
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Krauskopf and Li (1996) measured amplitude 

thresholds for the detection of oscillatory motion of 

Gabor patches as a function of contrast for targets 

defined by lum.inance modulation and by isoluminant 

modulation along the L-M cardinal axis. Stimuli were 
presented on a TV monitor that generated an 8.5-deg 

square field maintained at a mean luminance of 

approximately 35 cd/m2. A two-alternative forced­

choice constant stimulus procedure was used to gener­
ate the data shown here. The targets occupied a central 
4-deg square and were presented for 1 s with an inter­
stimulus interval of 250 ms. In one interval, randomly 
chosen, the target oscillated horizontally at 1 Hz, while 
in the other interval it was stationary. 

In one case a single Gabor target was moved rela­
tive to a uniform background, labeled "Gabor" in Fig. 

16.18. In the other case, labeled "Vernier," only the 
lower half of the rectilinear Gabor patch moved, the 
upper half serving as a reference. The ordinate plots 
the log amplitude of the oscillation at threshold and the 
abscissa the log contrast relative to the maximum 
obtainable in the display. 

The threshold amplitude for detecting motion of the 
single-luminance-modulated patch is independent of 
contrast, a result that was repeatedly obtained and con­
firms a conclusion of McKee, Si'lverman, and 
Nakayama (1986). Thresholds for isoluminant stimuli 
were generally much higher and improved markedly 
with increased contrast. No correction for detectability 
can make the luminance and chromatic curves super­
impose. The difference in the form of the dependence 
on contrast strongly suggests that a different mecha­
nism mediates the detection of motion for luminance 
and isoluminant stimuli. We speCUlate that motion of 
the luminance targets is mediated by the magnocellu­
lar motion mechanism. When only the lower half of 
the target moves, thresholds for both chromatic and 
luminance targets are improved and similarly depen­
dent on contrast, suggesting that they are now detected 
by a similar, parvocellular, system. 

Higher order color mechanisms 

Conclusions 

While some evidence suggests the existence of 

three second-stage mechanisms mediating color 
vision, critical analysis of that evidence, reinforced by 

a variety of experiments, leads to the conclusion that 
there is a larger number of mechanisms tuned to a vari­

ety of directions within, at least, the isoluminant plane 
of color space. 

Some of the experiments reviewed here not only 
reveal mechanisms selective to multiple directions in 
the isoluminant plane, but they also reveal no mecha­
nisms outside the isoluminant plane other than those 
selective to the luminance cardinal direction. Conceiv­
ably, these experiments have sampled the luminance 
information carried by the magnocellular pathways. 
This holds open the possibility that the parvocellular 
representation of color space might provide an effec­
tively continuous selectivity of hue, saturation, and 
brightness. 

Whether this parvocellular representation is isotro­
pic as well as continuous is unclear. The physiological 
data show anatomical variations, with the LGN neu­
rons being more abundantly tuned to cardinal direc­
tions and cortical neurons being more uniform in their 
preferred directions. The psychophysical data also 
show task-dependence, with the cardinal directions 
being weighted somewhat more heavily than other 
directions in some, but not all, experiments. The ana­
tomical variation and task dependence suggest a mul­
tistage decompression from the retina through the 
cortex of a few color space dimensions into a continu­
ous isotropic representation. 
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