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What covariance mechanisms underlie green/red equiluminance,
luminance contrast sensitivity and chromatic (green/red) contrast

sensitivity?
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Abstract

In order to investigate the mechanisms underlying green/red equiluminance matches in human observers and their relationship
to mechanisms subserving luminance and/or chromatic (green/red) contrast sensitivity, we tested 21 human subjects along these
dimensions at 16 different spatial and temporal frequencies (spatial frequency, 0.25–2 c/deg; temporal frequency, 2–16 Hz) and
applied factor analysis to extract mechanisms underlying the data set. The results from our factor analysis revealed separate
sources of variability for green/red equiluminance, luminance sensitivity and chromatic sensitivity, thus suggesting separate
mechanisms underlying each of the three main conditions. When factor analysis was applied separately to green/red equiluminance
data, two temporally-tuned factors were revealed (factor 1, 2–4 Hz; factor 2, 8–16 Hz), suggesting the existence of separate
mechanisms underlying equiluminance settings at low versus high temporal frequencies. In addition, although the three main
conditions remained separate in our factor analysis of the entire data set, our correlation matrix nonetheless revealed systematic
correlations between equiluminance settings and luminance sensitivity at high temporal frequencies, and between equiluminance
settings and chromatic sensitivity at low temporal frequencies. Taken together, these data suggest that the high temporal frequency
factor underlying green/red equiluminance is governed predominantly by luminance mechanisms, while the low temporal
frequency factor receives contribution from chromatic mechanisms. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Theories of color vision typically posit three post-re-
ceptoral ‘channels’, which are derived from the sums
and differences of the three cone types. One channel,
the ‘luminance’ channel, signals a weighted sum of
long-wavelength-selective (L) and medium-wavelength-
selective (M) cones, i.e. L+M (with some debate re-
garding the contribution of short-wavelength-selective
(S) cones). Two ‘chromatic’ channels signal weighted
sums and differences of the cones. The green/red chro-
matic channel signals differences between L- and M-
cones (i.e. L–M). The tritan chromatic channel signals
differences between S-cones and the sum of L- and

M-cones (i.e. S− (L+M)). Here, we focus on only two
of the three channels, the ‘luminance’ and ‘green/red
chromatic’ channels.

Many psychophysical and neurophysiological studies
have investigated the degree to which these color sig-
nals remain separate and independent throughout the
visual pathway. In experiments using adaptation (e.g.
Krauskopf, Williams & Heeley, 1982; Bradley, Switkes
& De Valois, 1988), masking (e.g. Gegenfurtner &
Kiper, 1992; Mullen & Losada, 1994, 1999; Sankeralli
& Mullen, 1997; Giulianini & Eskew, 1998; but cf.
Switkes, Bradley & De Valois, 1988) and summation
(e.g. Cole, Stromeyer & Kronauer, 1990; Chaparro,
Stromeyer, Kronauer & Eskew, 1994; Mullen, Cropper
& Losada, 1997; Mullen & Sankeralli, 1999, but cf. Gur
& Akri, 1992) paradigms, the detection of chromatic
(green/red) stimuli at contrast threshold is neither im-
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paired nor facilitated by the presence of luminance
contrast, or vice versa. Thus, at least for experiments
that measure contrast thresholds, the general consensus
is that the mechanisms underlying detection of lumi-
nance contrast (L+M) and green/red chromatic con-
trast (L−M) are independent.

In addition to its putative role in luminance contrast
sensitivity, the L+M mechanism is also thought to
underlie the perceptual ability to make luminance
matches between two different colors. In theory, two
colors will be perceived as equally luminous — or
equiluminant — when the sum of L- and M-cone
excitation produced by one color equals the sum of L-
and M-cone excitation produced by the other color.
Typically, equiluminance is measured using heterochro-
matic flicker photometry (HFP), which involves adjust-
ing the relative intensities of two temporally alternating
colors (often at �15 Hz) until they ‘fuse’, or the
sensation of flicker is minimal. At the point of fusion,
alternation between the two colors is hypothesized to
produce a ‘silent substitution’ in the luminance (L+M)
pathway. The existence of an L+M computation is
supported by the observation that the human luminos-
ity efficiency function (Vl), which is derived primarily
from HFP data, can be modeled by a weighted sum of
the L- and M-cone fundamentals, with the weighting
factor thought to represent the L :M cone ratio in the
eye (see Lennie, Pokorny & Smith, 1993 for discussion).

Despite the suggestion that L+M mechanisms un-
derlie equiluminance judgments, there exists evidence to
suggest that chromatic (L−M) mechanisms may also
contribute under certain circumstances. For example,
tasks that involve directly assessing and matching the
brightness of two stationary colors (e.g. heterochromatic
brightness matching, HBM) are thought to rely on
signals from both L+M and L−M mechanisms. This
is in contrast to HFP, which can be modeled solely by
L+M signals. Thus, as might be expected, two colors
set to be equally bright (in an HBM task) are often not
perceived as equiluminant (in an HFP task) (e.g. Wag-
ner & Boynton, 1972; Guth & Lodge, 1973; Bauer &
Roehler, 1977; Burns, Smith, Pokorny & Elsner, 1982;
Yaguchi & Ikeda, 1983). One explanation for the dis-
crepancy between the two measures concerns the possi-
bility that different tasks (HFP vs HBM) tap into
different (L+M vs L−M) neural pathways (e.g. In-
gling & Tsou, 1988; Webster & Mollon, 1993, and see
Lennie et al., 1993). Alternatively, or in addition to this
possibility, differences may arise because stimulus con-
ditions differ between the two tasks, which in turn may
affect the relative responsiveness of L+M versus L−
M mechanisms. That is, the high temporal frequency
stimuli employed in HFP may invoke relatively greater
activity in L+M as compared to L−M mechanisms.
Conversely, the stationary (or low temporal frequency)
stimuli employed in brightness matching may invoke

relatively greater activity in L−M mechanisms. Thus,
even in a ‘minimal flicker’ paradigm like HFP, we
might expect responses in the L−M pathway to be
relatively strong (and hence contribute) when stimuli
are presented at sufficiently low temporal frequencies.
In sum, while L+M mechanisms might dominate HFP
equiluminance settings at high temporal frequencies,
L−M mechanisms might also be expected to con-
tribute at low temporal frequencies.

In order to investigate the mechanisms underlying
green/red equiluminance in human observers (as deter-
mined by HFP) and the degree to which these mecha-
nisms overlap with luminance (L+M) or chromatic
(L−M) mechanisms, we used a factor analysis ap-
proach. The methods and theories underlying this ap-
proach have been described in detail elsewhere (e.g.
Sekuler, Wilson & Owsley, 1984; Peterzell, Kaplan &
Werner, 1993, and see Peterzell & Teller, 1996 for a
non-technical and historical overview of the topic). This
technique uses individual differences across subjects as
a way of revealing the number of visual mechanisms
underlying performance across a range of stimulus con-
ditions. Specifically, when performance under different
stimulus conditions is controlled by a single visual
mechanism, subject differences observed under one con-
dition are expected to correlate with subject differences
in the other conditions. By contrast, when performance
under the different conditions is controlled by separate
mechanisms, no such correlation is expected. When
factor analysis is then applied to the correlations in the
data obtained across a variety of stimulus conditions,
the number and nature of underlying visual mecha-
nisms can be estimated. The terms ‘covariance chan-
nels’ or ‘factors’ are used to describe the visual
mechanisms estimated from this procedure, to differen-
tiate them from visual mechanisms/channels derived
from other methods.

Using this approach, we investigated the inter-depen-
dency of green/red equiluminance, luminance contrast
sensitivity and chromatic contrast sensitivity in human
psychophysical observers. (Note that we use the term
‘equiluminance’ in an operationally-defined manner,
without attributing the underlying basis to a luminance,
i.e. L+M, mechanism.) We predicted that luminance
and chromatic sensitivity would be governed by sepa-
rate sources of variability, and thus modeled by sepa-
rate covariance channels. In addition, we thought
equiluminance measures might covary with luminance
sensitivity at some, but not all, spatial-temporal fre-
quencies. Similarly, if chromatic mechanisms contribute
to equiluminance settings under certain conditions, we
expected that equiluminance measures might also co-
vary with chromatic contrast sensitivity under a differ-
ent range of spatial-temporal frequencies. To test this
hypothesis, we obtained data from 21 subjects, each of
whom provided green/red equiluminance settings, lumi-
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nance contrast sensitivity values and chromatic contrast
sensitivity values at 16 different spatial-temporal fre-
quencies. Factor analysis was then applied to the data
to investigate the number and tuning of covariance
channels underlying the results.

2. Methods

2.1. Subjects

Twenty-two subjects (including the three authors)
participated in these experiments. All subjects had nor-
mal or corrected-to-normal vision, and normal green-
red color vision (as assessed by the Ishihara Test for
color deficiency). Subject age ranged from 18 to 41
years (mean, 23 years; S.D., 6.5 years). One subject was
unable to provide reliable green/red equiluminance set-
tings, and thus his data were excluded from our analy-
ses. Data from 21 subjects were retained.

2.2. Apparatus

Visual stimuli were generated on a Nanao F2-21
monitor (21 in. display, 1024×768 pixels, 105 Hz)
driven by a Cambridge Research Systems (CRS) Video
Board. The 15-bit video board allowed for 32 768 dis-
crete luminance levels. The CIE (x, y) coordinates for
the monitor primaries were: red (0.625, 0.340), green
(0.285, 0.605), and blue (0.150, 0.065). The maximum
output for the monitor was calibrated to equal energy
white (CIE chromaticity coordinates=0.333, 0.333),
and the voltage/luminance relationship was linearized
independently for each of the three guns in the display,
using a Gamma Correction System (‘OptiCal 265M’,
purchased from CRS). A PR-650 SpectraColorimeter
(Photoresearch) was used for spectroradiometric and
photometric measurements of our stimuli.

2.3. Stimuli

Stimuli consisted of horizontally-oriented, chromatic
(green/red) and luminance (white/black) sinusoidal
gratings, counterphase-reversed (temporal sinusoidal) at
16 different combinations of spatial and temporal fre-
quencies (SF=0.25, 0.5, 1, and 2 c/deg; TF=2, 4, 8,
and 16 Hz). We chose to go no higher in spatial
frequency than 2 c/deg in order to avoid luminance
artifacts produced by chromatic aberration (Flitcroft,
1989; Logothetis, Schiller, Charles & Hurlbert, 1990;
Cavanagh & Anstis, 1991). Gratings subtended 5.4° of
visual angle, and were convolved with a Gaussian circu-
lar envelope (Gabor standard deviation=2.7°) to elim-
inate spatial edges. Gratings were presented with the
zero-crossing positioned in the center of the stimulus to
ensure equal number of light and dark (or green and

red) bars in the stimulus. Note that because stimulus
size was held constant across all conditions, the total
number of cycles necessarily varied across different
spatial frequencies.

All gratings (chromatic and luminance) were modu-
lated through equal energy white (CIE=0.333, 0.333)
at 28 cd/m2, and were of the same mean chromaticity
and luminance as the background. Chromatic (green/
red) gratings were created to selectively modulate activ-
ity within L- and M-cones, while keeping the S-cone
excitation constant (S-cone activation=approximately
1.0 units in MacLeod-Boynton chromaticity space, nor-
malized to equal energy white, see Boynton, 1996).
Chromatic gratings were employed for the purpose of
obtaining: (1) green/red equiluminance settings; and (2)
chromatic contrast sensitivities. Luminance (white/
black) gratings were produced by sinusoidally modulat-
ing the luminance of the white background, and were
employed for the purpose of obtaining luminance con-
trast sensitivities. The contrast of all gratings is de-
scribed in terms of the root-mean-square (r.m.s.) cone
contrast produced in L- and M-cones (described be-
low). The benefit of a cone contrast metric is that it
standardizes across apparati and laboratories, and al-
lows for the expression of chromatic and luminance
contrast in comparable units (e.g. Mullen, 1985; Lennie
& D’Zmura, 1988; Chaparro, Stromeyer, Huang, Kro-
nauer & Eskew, 1993).

2.3.1. Cone contrast calculations
Although our monitor calibration allowed us to

specify any desired cone contrast, we nonetheless used
the PR-650 SpectraColorimeter to confirm the L- and
M-cone contrasts produced by our stimuli. For Vl-
equiluminant stimuli, L- and M-cone excitations pro-
duced by the ‘green’ peak (L(g,V

l
), M(g,V

l
)) and ‘red’

peak (L(r,V
l
), M(r,V

l
)) of the gratings were obtained by

integrating the product of stimulus spectral output
(readings taken in 4 nm intervals from 380 to 780 nm)
with the Stockman, MacLeod and Johnson (1993) L-
and M-cone fundamentals for 2° stimuli. For stimuli
differing from Vl equiluminance, we obtained L- and
M-cone excitations produced by the green (Lg, Mg) and
red (Lr, Mr) peaks of the stimulus, using the following
formulas:

Lg= (G/GV
l
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l
) (1a)
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l
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where L(g,V
l
), M(g,V

l
), L(r,V

l
) and M(r,V

l
) refer to the cone

excitations produced by the green and red peaks in the
Vl-equiluminant stimulus (as determined above), GV

l

and RV
l

are the green and red luminances of those
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Vl-equiluminant stimuli (which are necessarily equal to
one another), and G and R are the green and red
luminances that are not Vl-equiluminant. The use of
this formula circumvented the need to measure the
spectral output for different green/red pairs employed
in these studies. The validity of these equations was
verified empirically for several green/red stimulus pairs.
Cone excitations were used to compute L- and M-cone
contrasts (CC): LCC= (Lg−Lr)/(Lg+Lr), MCC=
(Mg−Mr)/(Mg+Mr). From these values, root-
mean-square cone contrasts (r.m.s. CC=sqrt[(MCC

2 +
LCC

2 )/2]) were determined. For luminance stimuli, r.m.s.
cone contrasts directly correspond to conventional
Michelson contrast: [(Luminancemax−Luminancemin)/
(Luminancemax+Luminancemin)].

Note that our calculation of cone excitations relies
on the use of cone fundamentals for the ‘standard’
observer (as determined by Stockman et al., 1993).
Because cone fundamentals are expected to differ some-
what across individuals (based on differences across
subjects in lmax, photopigment optical density, as well
as lens and macular pigment), there will be some error
in cone excitations derived from a standard set of cone
fundamentals for all subjects (see Bieber, Kraft &
Werner, 1998). In addition, because relative L- versus
M-cone weights and phase-lags can vary with stimulus
parameters such as spatial-temporal frequency and
background chromaticity (e.g. Hamer & Tyler, 1992;
Stromeyer, Chaparro, Tolias & Kronauer, 1997), using
a standard set of cone fundamentals to determine the
cone excitations elicited across a range of stimulus
parameters can also introduce error into estimates.
Although we cannot rule out such error, we expect it to
be quite small since our equal energy white background
is roughly metameric (in terms of the relative excitation
of L- and M-cones) with a 570 nm light, a wavelength
which reportedly does not produce variability in the
responses of L- and M-cones as a function of spatial-
temporal frequency (Stromeyer et al., 1997).

2.4. Paradigm

2.4.1. General
For all portions of these experiments, subjects were

tested in a dark room and viewed the video display
binocularly from a chin rest situated 57 cm away.
Subjects were instructed to maintain fixation on a small
central cross, and provide perceptual reports via key-
presses on a response box. No feedback was provided.
Three main conditions were tested: (1) green/red equilu-
minance [G/R-EQUIL]; (2) luminance contrast sensitiv-
ity [LUM-CS]; and (3) chromatic contrast sensitivity
[CHROM-CS]. Data for these three main conditions
were obtained at each of 16 different spatial-temporal
frequencies. Thus, for the entire experiment, each sub-
ject provided 48 data points (16 G/R-EQUIL, 16

LUM-CS and 16 CHROM-CS), derived from a total of
at least 4000 trials. For each subject, 10–12 h were
required to complete the entire experiment, with testing
divided into 1–2 h blocks.

2.4.2. Determining green/red equiluminance in
indi6idual subjects

Standard HFP was used to obtain equiluminance
points in individual subjects. Chromatic (green/red)
counterphase gratings were centered on the fixation
cross, and the luminance ratio of the grating was
adjusted with a key press. Luminance ratio is defined as
G/R, where ‘G/R=1.0’ denotes Vl equiluminance, ‘G/
R\1.0’ denotes green more luminous than red, and
‘G/RB1.0’ denotes red more luminous than green. On
each trial, subjects adjusted the G/R luminance ratio
(interval step=1.2% change in G/R ratio) of the grat-
ing until the percept of flicker was least salient. The
chromatic gratings employed for determining equilumi-
nance produced 7.10% r.m.s. cone contrast in L- and
M-cones (at Vl equiluminance). This cone contrast
value was 5.1× the mean chromatic contrast threshold
(averaged across all spatial-temporal frequency condi-
tions), and ranged from 1.4× threshold for high fre-
quency (i.e. 16 Hz, 2 c/deg) gratings to 8.7× threshold
for low frequency (i.e. 2 Hz, 0.25 c/deg) gratings.

For each subject, equiluminance points were deter-
mined from the mean of 20 trials, separately at each of
the 16 different spatial-temporal frequency conditions
(‘outlier’ trials were excluded if they were greater than
2.5 S.D. from a subject’s mean on a particular condi-
tion). Mean equiluminance values obtained in this man-
ner were used to set the G/R luminance ratio for each
subject when tested in the CHROM-CS condition (see
below).

2.4.3. Contrast sensiti6ity paradigm
Contrast sensitivity was determined for both lumi-

nance and chromatic stimuli, at each of the 16 different
spatial-temporal frequencies. To this end, a Best-PEST
staircase procedure (Lieberman & Pentland, 1982) was
employed in a spatial two-alternative forced-choice
paradigm. On each trial, the stimulus appeared centered
2.5° to the left or right of fixation, and the subject
reported its location via a key press on a response box.
Stimuli were presented for 300 ms, with contrast
ramped on and off in a cosine fashion within the first
and last 100 ms. The staircase procedure continued
until the subject had completed at least 120 trials for
each stimulus condition. Contrast sensitivity measure-
ments were divided into four different blocks. Each
block contained four chromatic stimuli (chosen ran-
domly out of the 16 different spatial-temporal frequen-
cies) and four luminance stimuli (also chosen randomly
out of the 16 spatial-temporal frequencies), for a total
of eight stimulus conditions per block.
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Fig. 1. Geometric means obtained from 21 subjects tested at each of
16 spatial-temporal frequencies, for three different stimulus condi-
tions. (A) Green/red equiluminance. Here, a log G/R ratio of zero
denotes Vl equiluminance. Across all conditions, subjects tended to
require more green to match the red, as evidenced by mean log G/R
ratios greater than zero. We do not attribute any significance to this,
but rather believe it is a simple consequence of the particular stimulus
parameters used in our experiments (i.e. size and placement of
stimuli, background chromaticity, etc.). (B) Luminance contrast sensi-
tivity. (C) Chromatic contrast sensitivity. In order to facilitate com-
parison between spatial-temporal frequency conditions, standard
deviations are not plotted. Standard deviations were, on average, 0.02
log units for the equiluminance data, 0.13 log units for luminance
data, and 0.15 log units for chromatic data.

2.5. Correlational and factor analyses

Covariance analyses of individual differences (i.e.
factor analyses) were performed on the correlations
from the data (as previously described, e.g. Peterzell,
Kaplan & Werner, 1995; Peterzell & Teller, 1996) to
determine the degree of dependence versus indepen-
dence of green/red equiluminance, luminance sensitivity
and chromatic sensitivity, as well as the tuning of
spatial and temporal channels within the three main
conditions. Because frequency histograms of subject
data conformed to normal distributions when log-trans-
formed, all analyses were performed on log values.

As a first step in our factor analysis, a principal
component analysis (PCA) was performed on the corre-
lational data. Scree tests, x2 statistics, and visual in-
spection were used to determine the minimum number
of statistically-significant components (i.e. with eigen-
values greater than 1.0). A chosen number of orthogo-
nal components were then rotated to ‘simple structure’
using the Varimax criterion (Gorsuch, 1983), which
maximizes the number of zero factor loadings. Factor
analyses were performed (using identical statistical pro-
cedures) on the following: (1) the entire data set; (2)
G/R-EQUIL data alone; (3) CHROM-CS data alone;
and (4) LUM-CS data alone. In addition, in order to
determine the effects of age, this parameter was also
included in some of our analyses.

3. Results

3.1. Means

Geometric mean data from 21 subjects are presented
in Fig. 1, separately for G/R-EQUIL, LUM-CS and
CHROM-CS, with values plotted as a function of both
spatial and temporal frequency. For the G/R-EQUIL
condition (Fig. 1a), equiluminance settings varied
across the different spatial-temporal frequency combi-
nations, in accordance with results from previous stud-
ies (e.g. Cushman & Levinson, 1983; Cavanagh,
MacLeod & Anstis, 1987; Livingstone & Hubel, 1987;
Logothetis & Charles, 1990; Dobkins & Albright,
1993). Specifically, equiluminance settings varied signifi-
cantly with temporal frequency (F(3,60)=7.6, PB
0.001), with more green required to match the red as
temporal frequency was increased. In addition, while
there was not a significant main effect of spatial fre-
quency, there was a significant interaction between
spatial and temporal frequency (F(9,180)=4.169, PB
0.001), due to a significant effect of spatial frequency on
equiluminance settings at 2 Hz. We return to a poten-
tial explanation for the effects of spatial-temporal fre-
quency on equiluminance settings in Section 4.
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Fig. 2. Correlation matrix for the entire data set (three main conditions by 16 spatial-temporal frequencies). Upper-right triangle : Pearson r values.
Lower-left triangle : correlation matrix coded by gray scale. (Negative correlations are distinguished by the addition of white diagonal lines).

Mean contrast sensitivities for LUM-CS and
CHROM-CS data are shown in Fig. 1b and c, respec-
tively. As expected from previous studies (e.g. Robson,
1966; Kelly, 1971; Burr & Ross, 1982; Mullen, 1985;
Mullen & Boulton, 1992; Derrington & Henning, 1993;
Gegenfurtner & Hawken, 1995; Dobkins, Lia & Teller,
1997; Peterzell & Teller, 2000), luminance contrast sen-
sitivity exhibited bandpass tuning with sensitivity peak-
ing at intermediate spatial and temporal frequencies,
while chromatic contrast sensitivity exhibited lowpass
tuning for both spatial and temporal frequency.

3.2. Correlation matrix

As a first step in our factor analysis, we calculated
correlations across the 21 subjects for the 48 different

data points (i.e. three main conditions by 16 spatial-
temporal frequencies). The values in this matrix also
allowed us to visualize consistent trends in the correla-
tions prior to conducting the factor analysis. The result-
ing correlation matrix is presented in Fig. 2, with the
values partitioned for the three main conditions. The
upper-right portion of the matrix provides the numeri-
cal Pearson r values, while the lower-left portion pre-
sents these values coded by intensity. A high correlation
value between two stimulus conditions indicates that
subject data obtained for one stimulus condition were
highly correlated with (i.e. predictive of) data obtained
for the other stimulus condition. This could be in the
form of a positi6e correlation (i.e. higher values in one
condition predicted higher values in the other) or a
negati6e correlation (i.e. higher values in one condition
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predicted lower values in the other). Low (near zero)
values indicate that there was little correlation between
conditions.

As can be observed in the correlation matrix, the
highest correlations were found within each of the
three main conditions (i.e. G/R-EQUIL, LUM-CS,
CHROM-CS). For example, correlations were positive
and uniformly high within the CHROM-CS condition,
indicating that a subject who was more sensitive than
others at one spatial-temporal frequency was typically
more sensitive at all spatial-temporal frequencies. A
generally similar pattern was observed for the LUM-
CS condition, although relatively low correlations were
observed between high (i.e. 16 Hz) and low (i.e. 2–4
Hz) temporal frequencies. This pattern suggests the
existence of separate temporally-tuned mechanisms for
LUM-CS, which is supported by the results of our
factor analyses (below). For G/R-EQUIL data, this
effect of temporal frequency was even more pro-
nounced. Here, high positive correlations were found
separately at low (i.e. 2–4 Hz) and at high (i.e. 8–16
Hz) temporal frequencies, yet correlations between the
two temporal frequency ranges were quite low. This
pattern in the correlation data indicates that a sub-
ject’s equiluminance point at 2 Hz could be used to
predict her equiluminance point at 4 Hz, but not at 8
or 16 Hz (or vice versa).

Compared to the correlations observed within condi-
tions, correlations across the three main conditions
were typically much lower, indicating that performance
in one condition (e.g. LUM-CS) was not, in general, a
good predictor of performance in the other two condi-
tions (e.g. G/R-EQUIL or CHROM-CS). Noted ex-
ceptions to this can be found, however. For example,
G/R-EQUIL data at higher temporal frequencies (8
and 16 Hz) correlated moderately with LUM-CS at
these same temporal frequencies (which can be ob-
served by the relatively higher numbers and lighter
squares in the high temporal frequency region of the
G/R-EQUIL vs LUM-CS matrix). This indicates that
a subject who, relative to others, required more green
to match the red also tended to exhibit higher lumi-
nance contrast sensitivity. In addition, there existed
moderate and systematic negati6e correlations between
G/R-EQUIL and CHROM-CS at lower temporal (i.e.
2 and 4 Hz) and lower spatial (i.e. 0.25 and 0.5 c/deg)
frequencies. This indicates that a subject who required
green more luminous than red (relative to others)
tended to exhibit lower-than-average chromatic con-
trast sensitivity under these spatial-temporal condi-
tions. We return to the potential significance of these
correlations across the three main conditions in Sec-
tion 4. (Also note that there were negative correlations
between G/R-EQUIL and LUM-CS, although these
values were smaller and less consistent. In addition,
note that positive correlations between LUM-CS and
CHROM-CS were generally low and not systematic.)

In sum, these results demonstrate that the highest
correlations exist within the three main conditions, al-
though some systematic correlations do appear to exist
across conditions. To investigate these relationships
further, we turn to the results of factor analysis, a
procedure that investigates statistically the covariance
structure of the data.

3.3. Factor analyses

3.3.1. Factor analysis of entire data set
The results from our factor analysis of the entire

data set are presented in Fig. 3. Shown are the factor
loadings obtained for a three-factor solution, which
was chosen because it yielded systematic and highly
interpretable results. As in previous analyses (e.g. Gor-
such, 1983; Peterzell et al., 1995; Peterzell & Teller,
1996), our criterion for significance was a factor load-
ing of 90.4. Thus, factor loadings with values greater
than or equal to �0.4� are plotted for each of the 48
data points (three main conditions by 16 spatial-tem-
poral frequencies). The results of this analysis yielded
separate factors for each of the three main conditions
of the experiment. Specifically, Factor 1, which ac-
counted for 37% of the overall variance, loaded pri-
marily onto LUM-CS values at all but four
spatial-temporal frequencies, yet explained almost no
variability in the two other conditions (with the excep-
tion of a few scattered points in the CHROM-CS
condition). Factor 2 accounted for an additional 22%
of the variance, and loaded exclusively onto the G/R-
EQUIL condition at all spatial-temporal frequencies.
Likewise, Factor 3, which accounted for 11% of the
variance, loaded onto all spatial-temporal frequencies
in the CHROM-CS condition.

In sum, this pattern of results suggests the existence
of separate neural mechanisms underlying each of the
three conditions — G/R-EQUIL, LUM-CS and
CHROM-CS. It is important to point out that this
separability is not an artifact of choosing a three-fac-
tor solution, as the three factors are completely uncon-
strained in the analysis. Moreover, choosing a greater
than three-factor solution had no effect on our find-
ings; when we allowed a four-, five- or six-factor solu-
tion to emerge (all of which were significant based on
our scree plots), frequency-tuning began to emerge
within a condition, yet the three main conditions con-
tinued to remain separate. We should also point out
that the absence of cross-condition factors (i.e. be-
tween the three main conditions) should not be at-
tributed to an overall failure of our factor analysis
approach, since strong and systematic factors were
observed within each of the three main task conditions.
This positive result, we believe, clearly demonstrates
that our methods are strong enough to reveal covari-
ance factors.
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3.3.2. Factor analyses for each condition
To investigate the potential for spatial-temporal tun-

ing, factor analyses were conducted separately for each
of the three main conditions. The results are plotted in
Fig. 4. When factor analysis was performed on G/R-
EQUIL data, two significant temporally-tuned factors
were found (Fig. 4, top panel). Factor 1, accounting for
68% of the variance, loaded onto low temporal frequen-
cies (2–4 Hz), whereas Factor 2 (20% of the variance)
covered high temporal frequencies (i.e. 8–16 Hz). In an
earlier pilot study employing slightly different stimulus
conditions (i.e. relatively larger stimuli, a yellow back-
ground, SF range=0.3–2.2 c/deg, TF range=1–19
Hz, Gunther, Peterzell & Dobkins, 1997) we also found
frequency-tuned factors underlying green/red equilumi-
nance, which were quite consistent with the ones ob-
served in the present study. Thus, these now replicated
findings suggest the existence of multiple temporally-

tuned mechanisms underlying green/red equiluminance
settings.

Similar to the case for G/R-EQUIL data, our factor
analysis conducted on LUM-CS data revealed two
temporally-tuned factors. Factor 1 covered lower tem-
poral frequencies (2–8 Hz, 59% of the variance), while
Factor 2 covered higher temporal frequencies (8–16
Hz, 13% of the variance), with overlap between factors
at 0.25 c/deg, 8 Hz. For the CHROM-CS condition, a
single factor (accounting for 64% of the variance)
loaded onto all spatial-temporal frequencies.

3.3.3. Effects of age
When subject age was included in our analyses, we

found a fairly strong positive correlation between age
and G/R-EQUIL data at high temporal frequencies
(8–16 Hz: mean correlation=0.47), but essentially no
correlation at low temporal frequencies (2–4 Hz: mean

Fig. 3. Factor loadings from a three-factor solution using Principal Component Analysis (with factors rotated to simple structure) on the entire
data set. White and black squares represent positive and negative factor loadings, respectively. Squares are scaled in size according to their value.
Small gray squares represent factor loadings that fell below the criterion for significance (factor loadingB �0.4�). Note that separate factors were
obtained for each of the three main conditions (see text for further details).
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Fig. 4. Factor loadings obtained from analysis of each condition
alone (see text for details). Factor loadings are represented as in Fig.
3. Unlike Fig. 3, separate factors are grouped by different patterns,
separately within each main condition.

correlations between age and LUM-CS were extremely
low under all conditions (2–4 Hz: mean correlation=
0.10, 8–16 Hz: mean correlation=0.04, overall
mean=0.07). We did, however, find a moderate posi-
tive correlation between age and CHROM-CS that was
fairly consistent across all spatial-temporal frequencies
(mean correlation=0.21), suggesting that older subjects
tended to be more sensitive than younger subjects. This
result is a bit surprising because contrast sensitivity has
been shown to worsen with age (e.g. Tyler, 1989;
Mayer, Dougherty & Hu, 1995; Knoblauch, Barbur &
Vital-Durand, 1995, and see Werner et al., 1990 for a
review).

In summary, the results from our analysis of age
show moderate effects on performance, with the
strongest (and least surprising) effects of age seen for
G/R-EQUIL data. The fact that age affects G/R-
EQUIL, but not LUM-CS, data indicates that age
cannot account for the moderate positive correlations
seen between these two conditions (see correlation ma-
trix, Fig. 2). Likewise, age cannot account for the
moderate negati6e correlations seen between G/R-
EQUIL and CHROM-CS data (see Fig. 2), since this
effect is opposite to that which would be predicted
based on the positi6e correlation observed for both age
versus G/R-EQUIL and age versus CHROM-CS. In
addition, when age was included in the factor analysis
of the entire data set and four factors were allowed to
emerge, the first three factors were identical to the
factors in our original three-factor solution (with each
factor covering one of the three main conditions), and
the fourth factor loaded exclusively onto age (with a
factor loading of 0.62). When we attempted a three-fac-
tor solution with age included in the analysis, age did
not load significantly onto any factor (i.e. no factor
loadings \ �0.4�). Based on these results, we believe that
age cannot account for the relationships observed be-
tween the three main conditions.

4. Discussion

These results are discussed in several contexts. First,
we address the potential effects of chromatic aberra-
tion. Second, we discuss spatial and temporal factors
underlying the data, and relate our findings to those of
previous studies. Third, we discuss the relationship
between our three main conditions (green/red equilumi-
nance, luminance contrast sensitivity and chromatic
contrast sensitivity), as revealed by our factor analyses
and correlation data. Fourth, we discuss potential un-
derlying neural substrates for our results, with a partic-
ular focus on contribution from parvocellular and
magnocellular pathways. On a final note, we discuss the
evidence for the possibility that L :M ratios (which are
directly related to green/red equiluminance settings)

correlation=0.07). Thus, as expected based on the
yellowing of the lens with age (e.g. van Norren & Voss,
1974; Werner, Peterzell & Scheetz, 1990), older subjects
required relatively more green to match the red than
did younger subjects (at least for high temporal fre-
quencies). With respect to the LUM-CS condition, we
found no evidence for age affecting performance, as
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may place constraints on both luminance and chro-
matic contrast detection.

4.1. Chromatic aberration

Although our use of spatial frequencies 52 c/deg
should preclude the existence of luminance artifacts
arising from chromatic aberration of the eye (Flitcroft,
1989; Logothetis et al., 1990; Cavanagh & Anstis,
1991), we nonetheless address the potential effects of
this phenomenon had it existed. First, because our
stimuli were presented near the fovea, the effects of
transverse (i.e. lateral) chromatic aberration are ex-
pected to be negligible. Longitudinal chromatic aberra-
tion, on the other hand, can produce luminance
contrast on the retina if a subject accommodates to one
of the two endpoint colors of the grating instead of to
the midpoint/background color. For example, accom-
modating to the red peak of the chromatic grating will
cause the green portion to be de-focused and thus
attenuated in contrast. It is important to remember,
however, that subjects were required to set the green/
red grating to be equiluminant (using HFP). Thus, if
differential accommodation occurred (for example, to
red), the equiluminance procedure would allow the
subject to compensate by increasing the luminance of
the green. This resulting green/red value would then be
appropriately used in the chromatic contrast sensitivity
condition. Moreover, had subjects been using lumi-
nance contrast (as a result of chromatic aberration) to
detect the green/red gratings, we would have expected
systematic correlations between luminance and chro-
matic contrast sensitivity at high spatial frequencies, a
pattern that is not seen in the correlation matrix or
factor analyses. For these reasons, we feel confident
that, even had chromatic aberration existed, it did not
contribute to our results.

4.2. Temporal and spatial channels underlying contrast
detection

Several previous studies have demonstrated temporal
and spatial channels underlying contrast detection of
luminance and chromatic contrast. With respect to
temporal channels for luminance detection, results from
masking, summation and temporal frequency discrimi-
nation paradigms point to the existence of two to four
temporal-frequency-tuned channels (King-Smith & Ku-
likowski, 1975; Tyler, 1975; Mandler & Makous, 1984;
Moulden, Renshaw & Mather, 1984; Anderson & Burr,
1985; Lehky, 1985; Tyler, 1989; Hammett & Smith,
1992; Hess & Snowden, 1992; Metha & Mullen, 1996).
In addition, results from previous studies employing
factor analyses on luminance contrast sensitivity data
also suggest the existence of two to three temporal
channels (Mayer et al., 1995; Billock & Harding, 1996;

Peterzell, Dougherty & Billock, 1996a; Peterzell, Kelly,
Chang, Gordon, Omaljev & Teller, 1996b; Peterzell,
Chang, Kelly, Hartzler & Teller, 1997a; Peterzell,
Dougherty & Mayer, 1997b). In the present study, our
factor analyses revealed two temporal factors underly-
ing luminance contrast detection (one loading onto 2–8
Hz, the other loading onto 8–16 Hz, see Fig. 4, middle
panel), thus supporting the general consensus that at
least two mechanisms underlie temporal sensitivity for
luminance stimuli.

For chromatic stimuli, the number of temporal chan-
nels underlying contrast detection has been relatively
less explored. In one recent study employing temporal
frequency detection and discrimination techniques, two
temporal channels (one lowpass, one bandpass) ap-
peared to underlie chromatic (green/red) sensitivity
(Metha & Mullen, 1996). By contrast, our factor analy-
ses revealed only a single temporal factor underlying
chromatic contrast sensitivity (Fig. 4, bottom panel).
Clearly, more studies in the chromatic domain will be
required to resolve this issue.

With respect to spatial channels, the results of our
factor analyses were somewhat surprising because they
yielded no spatial factors for either luminance or chro-
matic contrast sensitivity data across the range of spa-
tial frequencies tested (0.25–2 c/deg). These results are
at odds with the sizeable literature obtained from mask-
ing, summation and adaptation paradigms, which sup-
ports at least two spatial channels below 2 c/deg for
both luminance (e.g. Tolhurst, 1973; Greenlee, Mag-
nussen & Norby, 1988) and chromatic (e.g. Losada &
Mullen, 1994; Mullen & Losada, 1994) stimuli, and for
both stationary and counterphase-reversing gratings
(see Graham, 1989 for a review). Previous factor ana-
lytic studies using stationary luminance-modulated grat-
ings have reported multiple factors consistent with the
masking, summation and adaptation literature (Sekuler
et al., 1984; Peterzell & Teller, 1996, 2000). By contrast,
studies that have applied factor analysis to data ob-
tained for counterphase luminance-modulated gratings
report only a single spatial covariance channel below 2
c/deg (Billock & Harding, 1996, data re-analyzed by
Peterzell et al., 1996), as is the case in the present factor
analysis. For chromatic stimuli, results from the factor
analyses of Peterzell and Teller (1996, 2000) agree with
our findings of a single spatial covariance
channel below 2 c/deg. As such, the factor analytic
results for both stationary and counterphase chromatic
gratings, although consistent with each other, are in-
consistent with results obtained using more traditional
methods.

It should also be pointed out that the factor analysis
approach may yield fewer factors than do other meth-
ods (e.g. adaptation) if the channels revealed by these
other techniques are, in fact, correlated. That is, a
single covariance channel may represent a group of
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intercorrelated channels that reveal their individual
identities in adaptation studies (see Peterzell & Teller,
1996 for further discussion). This could occur if all
channels are manufactured from common inputs, for
example, from common subcortical inputs to different
classes of frequency-tuned cortical cells, and adaptation
occurs at the cortical level only. In order to more
directly test this possibility, it will be important to
systematically evaluate results obtained under different
paradigms (e.g. the factor analysis approach vs an
adaptation paradigm), being careful to use identical
stimulus conditions and subjects across studies.

4.3. Relationship between green/red equiluminance,
luminance contrast sensiti6ity and chromatic contrast
sensiti6ity

When our factor analysis was performed on the
entire data set, we found three main factors, each
loading separately onto one of the three main condi-
tions: green/red equiluminance, luminance contrast sen-
sitivity and chromatic contrast sensitivity (Fig. 3). The
independence between luminance contrast sensitivity
and chromatic (green/red) sensitivity observed in our
data set confirms reports from previous psychophysical
studies that have employed adaptation, masking or
summation paradigms (Krauskopf et al., 1982; Bradley
et al., 1988; Cole et al., 1990; Gegenfurtner & Kiper,
1992; Chaparro et al., 1994; Mullen & Losada, 1994,
1999; Mullen et al., 1997; Sankeralli & Mullen, 1997;
Giulianini & Eskew, 1998; Mullen & Sankeralli, 1999).
In addition, recent studies employing the factor analysis
approach have also observed separability between lumi-
nance and chromatic contrast sensitivity for static grat-
ing stimuli (Peterzell, Chang & Teller, 2000; Peterzell &
Teller, 2000), and for steady-state sweep-VEP contrast
sensitivity obtained with counterphase gratings (Pe-
terzell et al., 1996, 1997). In sum, the results across
diverse studies strongly support the existence of sepa-
rate mechanisms underlying the detection of luminance
and green/red chromatic contrast.

At first glance, the finding of separability between
contrast sensitivity and green/red equiluminance set-
tings in our factor analysis may seem somewhat surpris-
ing, since we expected that green/red equiluminance
would at least be served by a luminance (i.e. L+M)
mechanism, if not by both a luminance and chromatic
(i.e. L−M) mechanism. There are two main possibili-
ties why our factor analysis may not have extracted a
common factor between green/red equiluminance and
(luminance or chromatic) contrast sensitivity. One, the
signals underlying the different perceptual phenomena
may be processed within a common neural pathway,
yet be extracted at different le6els of visual processing.
For example, green/red equiluminance may be deter-
mined very early in visual processing, by the inputs of

L- and M-cones to retinal ganglion cells. Contrast
sensitivity, on the other hand, may be largely deter-
mined at the cortical level, by gain control mechanisms
(e.g. Ohzawa, Sclar & Freeman, 1985), temporal filter-
ing of signals (e.g. Lee, Pokorny, Smith, Martin &
Valberg, 1990) or the variability of firing rate (e.g.
Tolhurst, Movshon & Dean, 1983). If this were the
case, the mechanisms underlying equiluminance and
contrast sensitivity might be limited by separate sources
of variability. This, in turn, might allow the measures
to remain separate in our factor analyses.

Alternatively, a relationship may exist between the
measures, yet not at a statistically significant level as
would be required to be pulled out by our factor
analysis. We tend to believe this second alternative,
because the correlation matrix revealed interpretable
results, with systematic positive and negative correla-
tions between green/red equiluminance and contrast
sensitivity (see Fig. 2). Specifically, at high temporal
frequencies, higher-than-average G/R ratios were corre-
lated with higher-than-average luminance contrast sen-
sitivity. At low temporal frequencies, higher G/R ratios
were correlated with lower-than-average chromatic con-
trast sensitivity. Although one could argue that these
cross-condition correlations were moderate at best (i.e.
mean positive correlation=�0.35, mean negative cor-
relation=�−0.20), it is the pattern of correlations (as
opposed to the absolute numbers) that is revealing.

Interestingly, similar to the way in which these cross-
condition correlations were observed separately at low
vs. high temporal frequencies, the results from our
analyses of green/red equiluminance data also revealed
separate mechanisms underlying performance at low
(2–4 Hz) vs. high (8–16 Hz) temporal frequencies (seen
in the correlation matrix of Fig. 2 and the factor
loadings of Fig. 4, top panel). Taken together, these
findings suggest that the high temporal frequency mech-
anism underlying green/red equiluminance settings is
related to luminance sensitivity, while the low temporal
frequency mechanism is related to chromatic sensitivity.
This pattern of results is consistent with the finding that
the Vl function (derived mainly from HFP data ob-
tained at high temporal frequencies, i.e. �15 Hz) can
be modeled by a simple weighted sum of L- and
M-cone signals. Likewise, the possibility that chromatic
(L−M) mechanisms contribute to the low temporal
frequency factor underlying equiluminance data is con-
sistent with the observation that matches made between
two stationary colors (in a heterochromatic brightness
matching task) can be modeled by contributions from
both L−M and L+M mechanisms. Our results are
also consistent with a study by Webster and Mollon
(1993) demonstrating that chromatic adaptation alters
equiluminance settings at low, but not high, temporal
frequencies. Like the present study, their findings sup-
port the existence of separate mechanisms (presumably
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L−M vs L+M) dominating equiluminance settings at
low versus high temporal frequencies (also see Lennie et
al., 1993).

We should emphasize here that the task in our
experiment (i.e. to minimize flicker in the stimulus) was
constant across all spatial-temporal frequency condi-
tions. Thus, the contribution of separate mechanisms to
equiluminance settings is expected to be due to different
temporal frequencies differentially affecting the relative
activations of L−M vs L+M pathways, as opposed
to task demands differentially tapping into one path-
way versus the other (see Shioiri & Cavanagh, 1992 for
a similar argument). This change in the relative activa-
tions of L−M versus L+M pathways could explain
why equiluminance settings tend to vary with temporal
frequency (as observed in the present and previous
studies). In addition to this possibility, the effect of
temporal frequency on equiluminance settings may be
due to phase-lags and/or relative cone weights between
L- and M-cones that vary with temporal frequency (see
Hamer & Tyler, 1992; Smith, Lee, Pokorny, Martin &
Valberg, 1992; Stromeyer et al., 1997). As mentioned
earlier in Section 2, the use of an equal energy white
background in our experiments is expected to produce
small (if not negligible) variability in phase-lags or cone
weights. Nonetheless, we cannot rule out the possibility
that this factor contributed to the observed effects of
temporal frequency on equiluminance settings.

4.4. Contributions from magnocellular 6ersus
par6ocellular pathways

In order to elucidate potential neural substrates un-
derlying our psychophysical results, we turn to the
known response properties of neurons in the macaque
visual system. Comparisons between macaque and hu-
mans are justified based on the known similarities
between the visual systems of the two primates (e.g. De
Valois, Morgan, Polson, Mead & Hull, 1974a; De
Valois, Morgan & Snodderly, 1974b). In particular, we
focus on the properties of two distinct subcortical path-
ways — parvocellular and magnocellular — which
originate in the retina and remain segregated up
through layer 4C of area V1 (see Merigan & Maunsell,
1993 or Dobkins & Albright, 1998 for a review). (There
also exists a third pathway, the ‘koniocellular’ (K)
pathway, which is less studied and appears to respond
selectively to stimuli that modulate the S-cones, e.g.
Irvin, Casagrande & Norton, 1993; Martin, White,
Goodchild, Wilder & Sefton, 1997. This pathway is not
relevant to this discussion.) Although there exists sub-
stantial evidence to suggest that the magnocellular
pathway receives additive (i.e. L+M) cone input while
the parvocellular pathway receives chromatically-oppo-
nent (i.e. L−M) cone input, the notion of complete
dichotomy of function has been called into question on

several grounds. First, both cell types are known to
respond to both chromatic (green/red) and luminance
stimuli (e.g. Lee et al., 1990), suggesting that neural
pathways for chromatic and luminance processing are
not completely segregated. Second, stimulus parameters
(such as spatial-temporal frequency and background
chromaticity) can produce phase-lags between L- and
M-cones and/or between center and surround mecha-
nisms, which in turn can alter the additive or subtrac-
tive nature of L- and M-cone input to the two cell
types (e.g. Gouras & Zrenner, 1979; Derrington,
Krauskopf & Lennie, 1984; Smith et al., 1992 and see
Stromeyer et al., 1997).

Given these complications, it is perhaps surprising
that psychophysical evidence supports independence be-
tween chromatic and luminance contrast detection. One
way this apparent discrepancy has been reconciled rests
on the fact that magnocellular cells are far more sensi-
tive to luminance contrast than are parvocellular cells,
while parvocellular cells are much more sensitive to
chromatic contrast than are magnocellular cells (e.g.
Hicks, Lee & Vidyasagar, 1983; Derrington & Lennie,
1984; Lee et al., 1990). Thus, since the most sensitive
system presumably underlies contrast detection at
threshold, it is reasonable to assume that magnocellular
and parvocellular pathways provide the neural sub-
strate for luminance and chromatic contrast sensitivity,
respectively (see Lee et al., 1990; Smith, Pokorny, Davis
& Yeh, 1995; Dobkins, Anderson & Lia, 1999). This
notion is not universally accepted, however. An oppos-
ing point of view proposes that the parvocellular subdi-
vision subserves both chromatic and luminance
detection, with the signals for the two types of contrast
‘de-multiplexed’ at the level of visual cortex (e.g. In-
gling & Martinez-Uriegas, 1983; Lennie & D’Zmura,
1988; De Valois & De Valois, 1993; Billock, 1995;
Mullen et al., 1997). Note that this idea rests on the
assumption that, despite the superior luminance sensi-
tivity of single magnocellular cells, the far more numer-
ous parvocellular cells (outweighing magnocellular cells
in number by eight-fold) could, as a population, govern
luminance sensitivity revealed perceptually. The parvo-
cellular pathway’s role in luminance sensitivity is par-
tially supported by the results of lesion studies in
macaques, which show impaired luminance contrast
sensitivity for low temporal frequencies/high spatial
frequencies after parvocellular lesions. By contrast,
magnocellular lesions produce large impairments for
high temporal frequencies/low spatial frequency stimuli
(e.g. Merigan & Maunsell, 1990; Merigan, Katz &
Maunsell, 1991). Given the controversy surrounding
this issue, it is currently unclear whether the indepen-
dence of luminance and chromatic contrast sensitivity
can be mapped neatly onto magnocellular and parvo-
cellular substrates, respectively.
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With regard to the neural substrates for green/red
equiluminance settings, results from several neurophysi-
ological studies have shown that magnocellular, but not
parvocellular, cells exhibit minimal responses when the
luminance ratio between two colors is near human Vl

equiluminance (Lee, Martin & Valberg, 1988; Kaiser,
Lee, Martin & Valberg, 1990; Logothetis et al., 1990;
Valberg, Lee, Kaiser & Kremers, 1992, and see
Dobkins & Albright, 1995 for similar results obtained
from the middle temporal area of visual cortex). Be-
cause magnocellular responses mirror the perceptual
phenomenon of ‘minimal saliency’ at equiluminance,
this pathway has been implicated as providing the
neural substrate for equiluminance. (It is interesting to
point out that the lack of correspondence between
parvocellular and perceptual responses implies that par-
vocellular responses are either ignored or attenuated by
filters at the cortical level, see Lee et al., 1990). Given
the evidence from psychophysical studies for L−M
contribution (at low temporal frequencies), however, a
total lack of parvocellular input to equiluminance set-
tings would be surprising. This can perhaps be recon-
ciled by proposing that previous neurophysiological
studies missed a contribution from parvocellular (L−
M) cells, either because they used relatively high tem-
poral frequencies and/or because the parvocellular
contribution is small and difficult to detect. Alterna-
tively, parvocellular cells may not be required to ac-
count for the psychophysical results if magnocellular
cells, in fact, respond in a chromatically-opponent (L−
M) fashion at low temporal frequencies (e.g. Smith et
al., 1992; Stromeyer et al., 1997).

4.5. Do L:M ratios place constraints on luminance and
chromatic contrast sensiti6ity?

In theory, an individual who exhibits a relatively high
G/R equiluminance ratio is predicted to have a rela-
tively high number of L- to M-cones (i.e. L :M cone
ratio) in the eye. This prediction is based on a simple
L+M model of green/red spectral sensitivity, i.e. two
colors are expected to be equiluminant when the
weighted sums of L- and M-cones signals produced by
the two colors are equated. This weighting factor,
which represents the L :M cone ratio in the eye, is
thought to be approximately 2:1 in humans (see Lennie
et al., 1993). The validity of this model has been
supported by several studies demonstrating that, within
individual human subjects, L :M cone ratios derived
from green/red spectral sensitivity data correspond
quite closely with those obtained using methods that
directly ‘count’ cone types in the eye (e.g. Vimal, Poko-
rny, Smith & Shevell, 1989; Wesner, Pokorny, Shevell
& Smith, 1991; Sharpe, Kremers, Knau, Berendschot &
Usui, 1998; Brainard, Roorda, Yamauchi, Calderone,
Metha, Neitz et al., 2000, and see Jacobs & Deegan,

1997; Dobkins, Thiele & Albright, 2000 for relevant
experiments in macaques).

Given that green/red spectral sensitivity is, in fact, a
reasonable indicator of L :M cone ratios (i.e. higher
green/red equiluminance settings reflecting higher L :M
ratios), we can address how L :M ratios might place
constraints on both luminance and chromatic contrast
sensitivity. In our correlation matrix (Fig. 2), we ob-
served positi6e correlations between green/red equilu-
minance settings and luminance contrast sensitivity,
yet negati6e correlations between green/red equilumi-
nance settings and chromatic contrast sensitivity. This
indicates that subjects with higher L :M cone ratios
(relative to others) are at an advantage for detecting
luminance contrast, yet at a disadvantage for detecting
chromatic contrast. For chromatic (green/red) stimuli,
sensitivity is thought to be implemented on the neu-
ronal level by cells that receive chromatically-oppo-
nent (i.e. L−M) cone input. Whether or not this
wiring arises as a consequence of selective or stochas-
tic processes (e.g. Lennie, Haake & Williams, 1991;
Reid & Shapley, 1992; Calkins & Sterling, 1996), an
L :M ratio near 1:1 should be most advantageous for
pairing L-cones with M-cones. Conversely, a high
(and thus imbalanced) L :M ratio would yield the
worst chances for chromatic opponency, and in turn,
lower chromatic sensitivity. Thus, the correlation be-
tween higher G/R ratios (indicative of higher L :M
ratios) and lower chromatic contrast sensitivity seen in
our data may reflect variation in the degree of chro-
matic opponency across subjects, as dictated by L :M
cone ratios.

By contrast, with regard to luminance contrast sensi-
tivity, a greater degree of cone homogeneity (i.e.
higher L :M cone ratios) might be considered more
advantageous. Consider the case of a heterogeneous
L- and M-cone mosaic. Due to differential spectral
sensitivities across cone types, a homogeneous (i.e.
zero-contrast) field might produce small differences in
cone signals across a patch of retina, which would be
confusable with signals arising from a low-contrast
luminance stimulus. Here, the visual system must dis-
ambiguate differences in cone signals that are due to
luminance variation in the stimulus from differences
that are due to variation in spectral sensitivity across
cone types. In theory, this could be achieved by ‘nor-
malizing’ to the signal jitter produced by differential
cone spectral sensitivities. By contrast, a homogenous
cone mosaic would avoid the need to disambiguate
the source of differential signals, and would conse-
quently detect luminance variation more efficiently.
Thus, the correlation between higher G/R ratios (in-
dicative of higher L :M ratios) and higher luminance
contrast sensitivity seen in our data may reflect this
sort of phenomenon. Experiments in our laboratory
are underway to investigate this issue further.



K.R. Dobkins et al. / Vision Research 40 (2000) 613–628626

Acknowledgements

This work was supported by NIH grant EY12153
(KRD), NIH grant EY06706 (DHP), and a Fight-for-
Sight Summer Fellowship SF98019 (KLG). We thank
Dr Thomas Wachtler, Dr Charles Stromeyer and one
anonymous reviewer for helpful comments on the
manuscript.

References

Anderson, S. J., & Burr, D. C. (1985). Spatial and temporal selectiv-
ity of the human motion detection system. Vision Research, 25,
1147–1154.

Bauer, H. D., & Roehler, R. (1977). Brightness generation in the
human visual system. Colour-brightness: a contribution of corti-
cal colour channels to brightness sensation. Vision Research, 17,
1211–1216.

Bieber, M. L., Kraft, J. M., & Werner, J. S. (1998). Effects of known
variations in photopigments on L/M cone ratios estimated from
luminous efficiency functions. Vision Research, 38, 1961–1966.

Billock, V. A. (1995). Cortical simple cells can extract achromatic
information from the multiplexed chromatic and achromatic sig-
nals in the parvocellular pathway. Vision Research, 35, 2359–
2369.

Billock, V. A., & Harding, T. H. (1996). Evidence of spatial and
temporal channels in the correlational structure of human spa-
tiotemporal contrast sensitivity. Journal of Physiology (London),
490, 509–517.

Boynton, R. (1996). History and current status of a physiologically
based system of photometry and colorimetry. Journal of the
Optical Society of America A, 13, 1609–1621.

Bradley, A., Switkes, E., & De Valois, K. (1988). Orientation and
spatial frequency selectivity of adaptation to color and luminance
gratings. Vision Research, 28, 841–856.

Brainard, D. H., Roorda, A., Yamauchi, Y., Calderone, J. B., Metha,
A., Neitz, M., Neitz, J., Williams, D. R., & Jacobs, G. H. (2000).
Functional consequences of the relative number of L and M
cones. Journal of the Optical Society of America A (in press).

Burns, S. A., Smith, V. C., Pokorny, J., & Elsner, A. E. (1982).
Brightness of equal-luminance lights. Journal of the Optical Soci-
ety of America, 72, 1225–1231.

Burr, D. C., & Ross, J. (1982). Contrast sensitivity at high velocities.
Vision Research, 22, 479–484.

Calkins, D. J., & Sterling, P. (1996). Absence of spectrally specific
lateral inputs to midget ganglion cells in primate retina. Nature,
381, 613–615.

Cavanagh, P., & Anstis, S. (1991). The contribution of color to
motion in normal and color-deficient observers. Vision Research,
31, 2109–2148.

Cavanagh, P., MacLeod, D. I., & Anstis, S. M. (1987). Equilumi-
nance: spatial and temporal factors and the contribution of
blue-sensitive cones. Journal of the Optical Society of America A,
4, 1428–1438.

Chaparro, A., Stromeyer, C. F. I., Huang, E. P., Kronauer, R. E., &
Eskew, R. T. J. (1993). Colour is what the eye sees best. Nature,
361, 348–350.

Chaparro, A., Stromeyer, C. F. I., Kronauer, R. E., & Eskew, R. T.
J. (1994). Separable red-green and luminance detectors for small
flashes. Vision Research, 34, 751–762.

Cole, G. R., Stromeyer, C. F. I., & Kronauer, R. E. (1990). Visual
interactions with luminance and chromatic stimuli. Journal of the
Optical Society of America A, 7, 128–140.

Cushman, W. B., & Levinson, J. Z. (1983). Phase shift in red and
green counterphase flicker at high frequencies. Journal of the
Optical Society of America, 73, 1557–1561.

De Valois, R. L., & De Valois, K. K. (1993). A multi-stage color
model. Vision Research, 33, 1053–1065.

De Valois, R. L., Morgan, H. C., Polson, M. C., Mead, W. R., &
Hull, E. M. (1974a). Psychophysical studies of monkey vision. I.
Macaque luminosity and color vision tests. Vision Research, 14,
53–67.

De Valois, R. L., Morgan, H., & Snodderly, D. M. (1974b). Psycho-
physical studies of monkey vision. 3. Spatial luminance contrast
sensitivity tests of macaque and human observers. Vision Re-
search, 14, 75–81.

Derrington, A. M., & Henning, G. B. (1993). Detecting and discrim-
inating the direction of motion of luminance and colour gratings.
Vision Research, 33, 799–811.

Derrington, A. M., & Lennie, P. (1984). Spatial and temporal con-
trast sensitivities of neurones in lateral geniculate nucleus of
macaque. Journal of Physiology (London), 357, 219–240.

Derrington, A. M., Krauskopf, J., & Lennie, P. (1984). Chromatic
mechanisms in lateral geniculate nucleus of macaque. Journal of
Physiology (London), 357, 241–265.

Dobkins, K. R., & Albright, T. D. (1993). What happens if it changes
color when it moves? Psychophysical experiments on the nature of
chromatic input to motion detectors. Vision Research, 33, 1019–
1036.

Dobkins, K. R., & Albright, T. D. (1995). Behavioral and neural
effects of chromatic isoluminance in the primate visual motion
system. Visual Neuroscience, 12, 321–332.

Dobkins, K. R., & Albright, T. D. (1998). The influence of chromatic
information on visual motion processing in the primate visual
system. In T. Watanabe, High-le6el motion processing — compu-
tational, neurobiological and psychophysical perspecti6es (pp. 53–
94). Cambridge: MIT Press.

Dobkins, K. R., Lia, B., & Teller, D. Y. (1997). Infant color vision:
Temporal contrast sensitivity functions (tCSFs) for chromatic
(red/green) stimuli in 3-month-olds. Vision Research, 37, 2699–
2716.

Dobkins, K. R., Anderson, C. M., & Lia, B. (1999). Infant temporal
contrast sensitivity functions (tCSFs) mature earlier for luminance
than for chromatic stimuli: evidence for precocious magnocellular
development? Vision Research, 39, 3223–3239.

Dobkins, K. R., Thiele, A., & Albright, T. D. (2000). Comparison of
red-green equiluminance points in humans and macaques: evi-
dence for different L:M ratios between species. Journal of the
Optical Society of America, A (in press).

Flitcroft, D. I. (1989). The interactions between chromatic aberration,
defocus and stimulus chromaticity: implications for visual physiol-
ogy and colorimetry. Vision Research, 29, 349–360.

Gegenfurtner, K. R., & Kiper, D. C. (1992). Contrast detection in
luminance and chromatic noise. Journal of the Optical Society of
America A, 9, 1880–1888.

Gegenfurtner, K. R., & Hawken, M. J. (1995). Temporal and chro-
matic properties of motion mechanisms. Vision Research, 35,
1547–1563.

Giulianini, F., & Eskew, R. T. J. (1998). Chromatic masking in the
(DL/L, DM/M) plane of cone-contrast space reveals only two
detection mechanisms. Vision Research, 38, 3913–3926.

Gorsuch, R. L. (1983). Factor analysis (2nd ed.). Hillsdale, NJ:
Erlbaum.

Gouras, P., & Zrenner, E. (1979). Enhancement of luminance flicker
by color-opponent mechanisms. Science, 205, 587–589.

Graham, N. V. S. (1989). Visual pattern analyzers. New York: Oxford
University Press.

Greenlee, M. W., Magnussen, S., & Norby, K. (1988). Spatial vision
of the achromat: spatial frequency and orientation-specific adap-
tation. Journal of Physiology (London), 395, 661–678.



K.R. Dobkins et al. / Vision Research 40 (2000) 613–628 627

Gunther, K. L., Peterzell, D. H., & Dobkins, K. R. (1997). What
mechanisms underlie red/green isoluminance matches at various
spatial and temporal frequencies? In6estigati6e Ophthalmology and
Visual Science, 38(4), S892.

Gur, M., & Akri, V. (1992). Isoluminant stimuli may not expose the
full contribution of color to visual functioning: Spatial constrast
sensitivity measurements indicate interaction between color and
luminance processing. Vision Research, 32, 1253–1262.

Guth, S. L., & Lodge, H. R. (1973). Heterochromatic additivity,
foveal spectral sensitivity and a new color model. Journal of the
Optical Society of America, 63, 450–462.

Hamer, R. D., & Tyler, C. W. (1992). Analysis of visual modulation
sensitivity: V. Faster visual response for G- than for R-cone
pathway? Journal of the Optical Society of America A, 9, 1889–
1904.

Hammett, S. T., & Smith, A. T. (1992). Two temporal channels or
three? A re-evaluation. Vision Research, 32, 285–291.

Hess, R. F., & Snowden, R. J. (1992). Temporal properties of human
visual filters: number, shapes and spatial covariation. Vision Re-
search, 32, 47–59.

Hicks, T. P., Lee, B. B., & Vidyasagar, T. R. (1983). The responses of
cells in macaque lateral geniculate nucleus to sinusoidal gratings.
Journal of Physiology (London), 337, 183–200.

Ingling, C. R., & Martinez-Uriegas, E. (1983). The relationship
between spectral sensitivity and spatial sensitivity for the primate
R. g X-Channel. Vision Research, 23, 1495–1500.

Ingling, C. R., & Tsou, B. H. (1988). Spectral sensitivity for flicker
and acuity criteria. Journal of the Optical Society of America. A, 5,
1374–1378.

Irvin, G. E., Casagrande, V. A., & Norton, T. T. (1993). Center/sur-
round relationships of magnocellular, parvocellular, and koniocel-
lular relay cells in primate lateral geniculate nucleus. Visual
Neuroscience, 10, 363–373.

Jacobs, G. H., & Deegan II, J. F. (1997). Spectral sensitivity of
macaque monkeys measured with ERG flicker photometry. Visual
Neuroscience, 14, 921–928.

Kaiser, P. K., Lee, B. B., Martin, P. R., & Valberg, A. (1990). The
physiological basis of the minimally distinct border demonstrated
in the ganglion cells of the macaque retina. Journal of Physiology
(London), 422, 153–183.

Kelly, D. H. (1971). Theory of flicker and transient responses: II.
Counterphase gratings. Journal of the Optical Society of America,
61, 632–640.

King-Smith, P. E., & Kulikowski, J. J. (1975). Pattern and flicker
detection analysed by subthreshold summation. Journal of Physi-
ology (London), 249, 519–548.

Knoblauch, K., Barbur, J. L., & Vital-Durand, F. (1995). Develop-
ment and aging of chromatic sensitivity. In6estigati6e Ophthalmol-
ogy and Visual Science, 36, 5910.

Krauskopf, J., Williams, D. R., & Heeley, D. W. (1982). Cardinal
directions of color space. Vision Research, 22, 1123–1131.

Lee, B. B., Martin, P. R., & Valberg, A. (1988). The physiological
basis of heterochromatic flicker photometry demonstrated in the
ganglion cells of the macaque retina. Journal of Physiology (Lon-
don), 404, 323–347.

Lee, B. B., Pokorny, J., Smith, V. C., Martin, P. R., & Valberg, A.
(1990). Luminance and chromatic modulation sensitivity of
macaque ganglion cells and human observers. Journal of the
Optical Society of America A, 7, 2223–2236.

Lehky, S. R. (1985). Temporal properties of visual channels measured
by masking. Journal of the Optical Society of America A, 2,
1260–1272.

Lennie, P., & D’Zmura, M. (1988). Mechanisms of color vision.
Critical Re6iews in Neurobiology, 3, 333–400.

Lennie, P., Haake, P. W., & Williams, D. R. (1991). The design of
chromatically opponent receptive fields. In M. S. Landy, & J. A.
Movshon, Computational models of 6isual processing (pp. 71–82).
Cambridge, MA: MIT Press.

Lennie, P., Pokorny, J., & Smith, V. C. (1993). Luminance. Journal of
the Optical Society of America A, 10, 1283–1293.

Lieberman, H. R., & Pentland, A. P. (1982). Microcomputer-based
estimation of psychophysical thresholds: the best PEST. Beha6iour
Research Methods & Instrumentation, 14, 21–25.

Livingstone, M. S., & Hubel, D. H. (1987). Psychophysical evidence
for separate channels for the perception of form, color, move-
ment, and depth. Journal of Neuroscience, 7, 3416–3468.

Logothetis, N. K., & Charles, E. R. (1990). The minimum motion
technique applied to determine isoluminance in psychophysical
experiments with monkeys. Vision Research, 30, 829–838.

Logothetis, N. K., Schiller, P. H., Charles, E. R., & Hurlbert, A. C.
(1990). Perceptual deficits and the activity of the color-opponent
and broad-band pathways at isoluminance. Science, 247, 214–
217.

Losada, M. A., & Mullen, K. T. (1994). The spatial tuning of
chromatic mechanisms identified by simultaneous masking. Vision
Research, 34, 331–341.

Mandler, M. B., & Makous, W. (1984). A three channel model of
temporal frequency perception. Vision Research, 24, 1881–1887.

Martin, P. R., White, A. J., Goodchild, A. K., Wilder, H. D., &
Sefton, A. E. (1997). Evidence that blue-on cells are part of the
third geniculocortical pathway in primates. European Journal of
Neuroscience, 9, 1536–1541.

Mayer, M. J., Dougherty, R. F., & Hu, L. T. (1995). A covariance
structure analysis of flicker sensitivity. Vision Research, 35, 1575–
1583.

Merigan, W. H., & Maunsell, J. H. (1990). Macaque vision after
magnocellular lateral geniculate lesions. Visual Neuroscience, 5,
347–352.

Merigan, W. H., & Maunsell, J. H. (1993). How parallel are the
primate visual pathways? Annual Re6iew in Neuroscience, 16,
369–402.

Merigan, W. H., Katz, L. M., & Maunsell, J. H. (1991). The effects
of parvocellular lateral geniculate lesions on the acuity and con-
trast sensitivity of macaque monkeys. Journal of Neuroscience, 11,
994–1001.

Metha, A. B., & Mullen, K. T. (1996). Temporal mechanisms under-
lying flicker detection and identification for red–green and achro-
matic stimuli. Journal of the Optical Society of America, A, 13,
1969–1980.

Moulden, B., Renshaw, J., & Mather, G. (1984). Two channels for
flicker in the human visual system. Perception, 13, 387–400.

Mullen, K. T. (1985). The contrast sensitivity of human colour vision
to red-green and blue-yellow chromatic gratings. Journal of Phys-
iology (London), 359, 381–400.

Mullen, K. T., & Boulton, J. C. (1992). Absence of smooth motion
perception in color vision. Vision Research, 32, 483–488.

Mullen, K. T., & Losada, M. A. (1994). Evidence for separate
pathways for color and luminance detection mechanisms. Journal
of the Optical Society of America A, 11, 3136–3151.

Mullen, K. T., & Losada, M. A. (1999). The spatial tuning of color
and luminance peripheral vision measured with notch filtered
noise masking. Vision Research, 39, 721–732.

Mullen, K. T., & Sankeralli, M. J. (1999). Evidence for the stochastic
independence of the blue–yellow, red–green and luminance detec-
tion mechanisms revealed by subthreshold summation. Vision
Research, 39, 733–746.

Mullen, K. T., Cropper, S. J., & Losada, M. A. (1997). Absence of
linear subthreshold summation between red–green and luminance
mechanisms over a wide range of spatio-temporal conditions.
Vision Research, 37, 1157–1165.

Ohzawa, I., Sclar, G., & Freeman, R. D. (1985). Contrast gain
control in the cat’s visual system. Journal of Neurophysiology, 54,
651–667.

Peterzell, D. H., & Teller, D. Y. (1996). Individual differences in
contrast sensitivity functions: The lowest spatial frequency chan-
nels. Vision Research, 36, 3077–3086.



K.R. Dobkins et al. / Vision Research 40 (2000) 613–628628

Peterzell, D. H., & Teller, D. Y. (2000). Spatial frequency tuned
covariance channels for red–green and luminance-modulated
gratings: psychophysical data from human adults. Vision Re-
search, 40, 417–430.

Peterzell, D. H., Kaplan, P. S., & Werner, J. S. (1993). Individual
differences in contrast sensitivity functions: the first four months
of life in humans. Vision Research, 33, 381–396.

Peterzell, D. H., Kaplan, P. S., & Werner, J. S. (1995). Individual
differences in contrast sensitivity functions: longitudinal study of
4-, 6- and 8-month-old human infants. Vision Research, 35, 961–
979.

Peterzell, D. H., Dougherty, R. F., & Billock, V. A. (1996a). Spa-
tiotemporal co6ariance channels. Optical Society of America An-
nual Meeting, Rochester NY.

Peterzell, D. H., Kelly, J. P., Chang, S. K., Gordon, S. J., Omaljev,
L., & Teller, D. Y. (1996b). Spatial frequency channels for coding
color and luminance: Adults’ and infants’ VEP contrast sensitivity
functions. In6estigati6e Ophthalmology and Visual Science, 37,
S1067.

Peterzell, D. H., Chang, S. K., Kelly, J. P., Hartzler, A. L., & Teller,
D. Y. (1997a) The development of spatial frequency covariance
channels for color and luminance: psychophysical (FPL) and
electrophysiological (sweep-VEP) studies. Child Vision Research
Society, Pisa, Italy, June 6.

Peterzell, D. H., Dougherty, R. F., & Mayer, M. J. (1997b). Tempo-
ral tuning of flicker-sensitive channels derived from individual
differences in de Lange functions. Vision science and its applica-
tions: technical digest, 6ol. 1 (pp. 218–221). Washington DC:
Optical Society of America.

Peterzell, D. H., Chang, S. K., & Teller, D. Y. (2000). Spatial
frequency tuned covariance channels for red-green and lumi-
nance-modulated gratings: psychophysical data from human in-
fants. Vision Research, 40, 431–444.

Reid, R. C., & Shapley, R. M. (1992). Spatial structure of cone inputs
to receptive fields in primate lateral geniculate nucleus. Nature,
356, 716–718.

Robson, J. G. (1966). Spatial and temporal contrast-sensitivity func-
tions of the visual system. Journal of the Optical Society of
America, 56, 1141–1142.

Sankeralli, M. J., & Mullen, K. T. (1997). Postreceptoral chromatic
detection mechanisms revealed by noise masking in three-dimen-
sional cone contrast space. Journal of the Optical Society of
America, 14, 2633–2646.

Sekuler, R., Wilson, H. R., & Owsley, C. (1984). Structural modeling
of spatial vision. Vision Research, 24, 689–700.

Sharpe, L. T., Kremers, J., Knau, H., Berendschot, T. T. J. M., &
Usui, T. (1998). Ratios of L and M cones in the normal retina.
Twenty-first European Conference on Visual Perception (Ab-
stracts), 27, 26.

Shioiri, S., & Cavanagh, P. (1992). Achromatic form perception is
based on luminance, not brightness. Journal of the Optical Society
of America A, 9, 1672–1681.

Smith, V. C., Lee, B. B., Pokorny, J., Martin, P. R., & Valberg, A.
(1992). Responses of macaque ganglion cells to the relative phase
of heterochromatically modulated lights. Journal of Physiology
(London), 458, 191–221.

Smith, V. C., Pokorny, J., Davis, M., & Yeh, T. (1995). Mechanisms
subserving temporal modulation sensitivity in silent-cone substitu-
tion. Journal of the Optical Society of America A, 12, 241–249.

Stockman, A., MacLeod, D. I., & Johnson, N. E. (1993). Spectral
sensitivities of the human cones. Journal of the Optical Society of
America A, 10, 2491–2521.

Stromeyer, C. F. I., Chaparro, A., Tolias, A. S., & Kronauer, R. E.
(1997). Colour adaptation modifies the long-wave versus middle-
wave cone weights and temporal phases in human luminance (but
not red-green) mechanism. Journal of Physiology (London), 499,
227–254.

Switkes, E., Bradley, A., & De Valois, K. K. (1988). Contrast
dependence and mechanisms of masking interactions among chro-
matic and luminance gratings. Journal of the Optical Society of
America A, 5, 1149–1162.

Tolhurst, D. (1973). Separate channels for the analysis of the shape
and movement of a moving visual stimulus. Journal of Physiology,
231, 385–402.

Tolhurst, D. J., Movshon, J. A., & Dean, A. F. (1983). The statistical
reliability of signals in single neurons in cat and monkey visual
cortex. Vision Research, 23, 775–785.

Tyler, C. W. (1975). Analysis of visual modulation sensitivity: Two
components in flicker perception. Vision Research, 15, 843–848.

Tyler, C. W. (1989). Two processes control variations in flicker
sensitivity over the life span. Journal of the Optical Society of
America A, 6, 481–490.

Valberg, A., Lee, B. B., Kaiser, P. K., & Kremers, J. (1992). Re-
sponses of macaque ganglion cells to movement of chromatic
borders. Journal of Physiology (London), 458, 579–602.

van Norren, D. V., & Voss, J. J. (1974). Spectral transmission of the
human ocular media. Vision Research, 14, 1237–1244.

Vimal, R. L., Pokorny, J., Smith, V. C., & Shevell, S. K. (1989).
Foveal cone thresholds. Vision Research, 29, 61–78.

Wagner, G., & Boynton, R. M. (1972). Comparison of four methods
of heterochromatic photometry. Journal of the Optical Society of
America, 62, 1508–1515.

Webster, M. A., & Mollon, J. D. (1993). Contrast adaptation dissoci-
ates different measures of luminous efficiency. Journal of the
Optical Society of America A, 10, 1332–1340.

Werner, J. S., Peterzell, D. H., & Scheetz, A. J. (1990). Light, vision
and aging. Optometry and Visual Science, 67, 214–229.

Wesner, M. F., Pokorny, J., Shevell, S. K., & Smith, V. C. (1991).
Foveal cone detection statistics in color-normals and dichromats.
Vision Research, 31, 1021–1037.

Yaguchi, H., & Ikeda, M. (1983). Contribution of opponent-colour
channels to brightness. In J. D. Mollon, & L. T. Sharpe, Colour
6ision: physiology and psychophysics (pp. 353–360). London: Aca-
demic.

.


