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Gratings that contain luminance and chromatic components of different spatial frequencies were used to study the
segregation of signals in luminance and chromatic pathways. Psychophysical detection and discrimination thresh-
olds to these compound gratings, with luminance and chromatic components of the one either half or double the
spatial frequency of the other, were measured in human observers. Spatial frequency tuning curves for detection of
compound gratings followed the envelope of those for luminance and chromatic gratings. Different grating types
were discriminable at detection threshold. Fourier analysis of physiological responses of macaque retinal ganglion
cells to compound waveforms showed chromatic information to be restricted to the parvocellular pathway and
luminance information to the magnocellular pathway. Taken together, the human psychophysical and macaque
physiological data support the strict segregation of luminance and chromatic information in independent
channels, with the magnocellular and parvocellular pathways, respectively, serving as likely the physiological

substrates. © 2012 Optical Society of America
OCIS codes:

1. INTRODUCTION

Natural scenes contain both luminance and chromatic content
[1,2] with often complex spatial structure [3]. There are two
views as to how luminance and chromatic information in com-
plex scenes might be conveyed. One hypothesis suggests that
strict segregation of luminance and chromatic information
in afferent channels is an optimal way to transmit informa-
tion. Since peak absorbances of the middle- (M) and long-
wavelength (L) cones lie close to one another in the spectrum,
early coding of |L + M| and |L-M| signals in ganglion cells re-
duces redundancy in signals leaving the retina and has other
advantages [4-7]. However, another possibility is that there is
substantial overlap in the transmission of luminance and chro-
matic signals multiplexed within the parvocellular (PC) path-
way. This asserts that the PC pathway performs “double-duty”
by carrying both luminance and chromatic content [8-10]. It
has been suggested that multiplexing the visual signal
conserves bandwidth while leaving the business of segre-
gating luminance and chromatic information to higher visual
centers [11].

The primate visual system contains separate systems
with distinctive anatomical and physiological characteristics
[12-14]. The physiological responses of PC, magnocellular
(MC), and koniocellular (KC) retinal ganglion cells to lumi-
nance and chromatic contrast are distinctive and well charac-
terized. PC and KC responses are spectrally opponent
whereas MC responses exhibit a spectral sensitivity corre-
sponding to the psychophysical luminosity function V,; and
are thought to underlie performance on behavioral tasks such
as heterochromatic flicker photometry [15]. Specific anatomi-
cal substrates for PC, MC, and KC pathways have been iden-
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tified [16]. The PC pathway contains cells with opponent
middle- (M) and long-wavelength (L) cone input combined
in a subtractive manner (|M-L|), whereas MC cells receive
the summed input of M and L cones (|M + L|). The KC path-
way, although the underlying circuitry is not as well deli-
neated as that of the PC & MC pathways, receives
excitatory (or inhibitory) S-cone input opposed by some com-
bination of the other cone types [14,17].

Use of gratings combining two (or more) spatial frequen-
cies has provided evidence for multiple channels in achro-
matic spatial vision [18,19]. Here we use gratings with
chromatic and luminance components of different spatial fre-
quencies; this is of particular interest because it may approx-
imate more naturalistic stimuli. A recent approach has
described responses of primate ganglion cells to such com-
pound luminance and chromatic gratings in comparison to
psychophysical performance [20]. We report here on an exten-
sion of this approach, again comparing human psychophysical
performance with macaque ganglion cell responses. We ex-
pand the results with additional grating variants and a more
comprehensive investigation of psychophysical performance
with these gratings.

Figure 1 shows the stimuli used. Figures 1A and 1B show
standard luminance and chromatic gratings, and Figs. 1C and
1D show gratings in which the chromatic grating component
has half or twice the spatial frequency of the luminance com-
ponent. The equations describing these gratings are as
follows:

R(0) = Cpyyy Sin(®) + 1
G(0) = Cyyn SIN(0) + 1, )
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Fig. 1. Grating stimuli. (A) Luminance grating. (B) Isoluminant red—
green grating. (C) Compound 1, chromatic red/green modulation com-
bined with luminance modulation of twice the spatial frequency;
(D, E) Compound grating 2, chromatic red/green modulation of
doubled spatial frequency is combined with a luminance grating. Two
phase relations are shown (2A, 2B). Below each stimulus sample are
waveforms representing the gun modulations (red and green); the so-
lid black curve is the mean luminance of the two guns.

R(0) = Cuy sin(0) + 1
G(O) = ~Cyye sin(0) + 1, @)

R(6) = (~Ciym €08(20) + 1)(Cep,y sin(6) + 1)/2
G(0) = (=Crum €08(20) + 1)(~Cepr sin(0) +1)/2,  (3)

R(0) = (Chupy Sin(@ + 7/4) + 1)(Cy Sin(20) + 1)/2
G(0) = (Cym sIN(O + 7/4) + 1) (-Copr sin(20) + 1)/2, (D)

where R(0) and G(0) refer to the red and green gun modula-
tions. Equations (1) and (2) refer to standard luminance and
chromatic gratings. Equations (3) and (4) describe the grat-
ings in Figs. 1C and 1D (termed here compound 1 and com-
pound 2). Luminance (Cy,,,) and chromatic (C,) contrast can
be controlled independently, although in the results presented
here Cy,,, and chromatic C,, were set equal. Below each grat-
ing are waveforms representing the R(¢) and G(0) gun mod-
ulations for a full stimulus cycle. The black, solid curve
represents the luminance modulation in each stimulus (the
mean of the red and green guns).

The gratings of Fig. 1C qualitatively resemble those in pre-
vious work [20], with the exception that a different, nonlinear
function was used; the current function [Eq. (3)] is linear and
more convenient for analysis and modeling of cell behavior.
For the novel grating in Fig. 1D, Compound 2A, the peak in
luminance corresponded in phase to the maximum of the
red gun. A half-cycle phase shift to the chromatic contrast
term results in a different grating with the peak of luminance
contrast corresponding to the maximum of the green gun
(Compound 2B). Other phase relationships are also possible,
resulting in a family of gratings with mixed luminance and
chromatic composition, in which luminance and chromatic
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contrast can be separately manipulated. Equivalent grating
sets can be generated targeting the KC (S-cone) pathway,
when the equiluminant components contain chromaticity
lying along a tritanopic confusion line.

We consider here the relationship between psychophysical
detection and discrimination thresholds of human observers
to the physiological responses of macaque ganglion cells.
Macaque retinal ganglion cell responsivity and response fre-
quency spectra indicate that with these compound stimuli
chromatic and luminance signals in the PC and MC pathways
are clearly segregated at the physiological level. Psychophy-
sical detection sensitivity of human observers for the com-
pound grating types [Fig. 1C and 1D] were compared with
detection sensitivity for the chromatic and luminance grat-
ings. Detection of compound gratings followed the envelopes
of these latter curves, i.e., sensitivity corresponded to which-
ever (luminance or chromatic) curve had the highest sensitiv-
ity. A more critical test is provided by discrimination between
compound gratings and luminance or chromatic gratings,
which was possible over a broad range of spatial frequencies
at detection threshold. These data strongly support a strict
segregation of luminance and chromatic information in the
afferent visual pathways with stimulus patterns of complex
structure.

2. METHODS

A. Physiological Recordings

All procedures conformed to the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and were
approved by the SUNY State College of Optometry Animal
Care and Use Committee. Macaques (2 M. fascicularis, male
2.8-4.0 kg) were initially sedated with an intramuscular injec-
tion of ketamine (10 mg/kg). Anesthesia was induced with
sodium thiopental (10 mg/kg) and maintained with inhaled
isoflurane (0.2-2%) in a 70:30 N,O-O, mixture. Local anes-
thetic was applied to points of surgical intervention. Electro-
encephalogram and electrocardiogram were monitored
continuously to ensure animal health and adequate depth of
anesthesia. Muscle relaxation was maintained by an infusion
of gallamine triethiodide (5 mg/kg/hr i.v.) with accompany-
ing dextrose Ringer solution (5 ml/kg/hr). Body temperature
was kept close to 37.5 °C. End-tidal CO, was kept close to 4%
by adjusting the rate and depth of respiration.

Neuronal activity was recorded directly from retinal gang-
lion cells by an electrode inserted through a cannula entering
the eye behind the limbus. The details of the preparation can
be found elsewhere [21]. A gas-permeable contact lens of the
appropriate power was used to bring stimuli into focus on the
retina. We recorded responses of cells between 4° and 12° ec-
centricity. Cell identification was achieved through standard
tests [22]. These included achromatic contrast sensitivity and
responses to lights of different chromaticity. PC retinal gang-
lion cells (midget ganglion cells of the parvocellular pathway)
can generally be identified by their tonic responses and spec-
tral opponency, and MC retinal ganglion cells (parasol gang-
lion cells of the magnocellular pathway) by their phasic
responses and lack of spectral opponency. KC ganglion cells
(e.g., small-bistratified cells of the koniocellular pathway)
were identified by their characteristic response to S-cone
isolating stimuli. For each cell, the locus of the receptive field
center was determined and the stimulus was centered on
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this point. Times of spike occurrence in response to stimuli
modulation were recorded to an accuracy of 0.1 ms with re-
spect to the onset of a stimulus cycle, and averaged histo-
grams of spike trains were accumulated with 64 bins per
cycle of modulation. The histograms were Fourier analyzed
to give amplitude and phase of the response spectra.

Responses to the different waveforms were measured using
stimuli generated on a three-channel Maxwellian view system,
which was controlled by a Macintosh Quadra 950 computer,
as described elsewhere [23]. Briefly, a four primary stimulator
was used [24], of which only two outputs were used in these
experiments, with light-emitting diodes (LEDs) of dominant
wavelengths of 638 and 554 nm. These were collimated and
combined to give a uniform field, and a field stop used to give
a4 deg. field. The LEDs were driven by pulse-train frequency
modulation to achieve a highly linear relationship between
driving voltage and LED intensity. They were usually modu-
lated at 4.88 Hz at a time-averaged retinal illuminance close
to 2000 Td.

B. Psychophysical Methods

The grating stimuli [Fig. 1] were generated via a VSG graphic
controller (series 2/5, Cambridge Research Systems) and pre-
sented on a CRT monitor (Trinitron GDM-F500, 150 Hz frame
rate). The gratings were presented in a circular window with a
downward drift rate of 0.5 Hz. Contrast sensitivity functions
(CSFs) were compiled by varying the spatial frequency from
0.1 to 22.0 cycles per deg (cpd) by either changing the spatial
frequency input to the VSG, or by increasing the subject’s
viewing distance. The viewing distance for 0.05-0.15 cpd
was 0.24 m, for 0.1-1.5 cpd it was 0.48 m, for 1.5-6 cpd it
was 3.6 m, and for 6-22 cpd it was 7.2 m. Additionally, to con-
trol for the effects of the subject’s viewing distance, some fre-
quencies were presented at both 0.24 m and 0.48 m, 0.48 and
3.6 m, as well as 3.6 and 7.2 m. The mean luminance of all
grating stimuli was 24.36 cd/m?. The mean chromaticities
were (0.436, 0.476) in CIE X, Y coordinates for gratings in-
tended to modulate a M, L-cone opponent channel, and
(0.200, 0.161) for gratings targeted at an S-cone chromatic me-
chanism. The background surrounding the stimulus had a
mean chromaticity and luminance the same as the target.

Observers. Psychophysical data were collected from six hu-
man observers. Observer BC is among the authors while ob-
servers KH, RE, and MJ were naive consenting observers.
Partial data sets were obtained from observers HS (one of
the authors) and DW. All procedures conformed to the De-
claration of Helsinki and the Association for research in vision
ophthalmology, and all procedures were approved by the
SUNY College of Optometry Institutional Review Board. Ob-
servers were shown to have normal color vision by the Farns-
worth-Munsell 100-Hue Discrimination Test. BC, KH, and RE
are myopic and wore corrective spectacles for all procedures.
Each subject’s isoluminance point was determined by the
minimum motion technique [25] and this measurement was
applied as individualized settings for the stimuli presented
to each observer.

Procedure. We measured grating detection thresholds for
all four stimuli [Fig. 1] as well as discrimination thresholds
for the compound gratings against either the luminance or
chromatic stimuli. Observers BC, KH, MJ, and RE completed
full detection data sets for dichromatic (red/green) conditions,
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observers BC and RE completed all discrimination conditions,
and observer BC completed a full data set with chromatic
modulation along trichromatic (S-cone) space. During either
task, the observer viewed the stimulus foveally while gazing
monocularly at a fixation cross.

During the detection task, the stimulus was shown in one of
two successive temporal windows, each indicated with a
beep, and the observer was asked to identify which interval
contained the grating. During the discrimination task, there
were again two temporal windows indicated with a beep.
However, discrimination trials contained gratings in both
intervals, one containing a compound grating and the other
either the chromatic or luminance grating. The task was for
the observer to identify which presentation contained a
chromatic component (for discriminations between com-
pound and luminance gratings) or a luminance component
(for discrimination between compound and chromatic
gratings).

The detection and discrimination thresholds were mea-
sured using a dual staircase procedure. A two-down, one-up
procedure was used, with a step size of 0.3 log unit, reduced to
0.15 log unit after the second reversal. Staircases were termi-
nated after 12 reversals and the mean of the last six reversals
used as a threshold estimate. With a dual staircase, this gave
two thresholds, and the data shown represent means of 2-3
repetitions of the dual staircase.

3. RESULTS

A. Physiological Recordings

Neuronal activity was recorded to the waveforms in Fig. 1
using a uniform field (4 deg) stimulus. Responses were ob-
tained from 16 MC cells and 12 PC cells. Characteristic re-
sponse histograms are shown in Fig. 2 for four cell types
(on- and off-center MC cells, and +L-M and +M-L PC cells),
for 50% contrast, with the stimulus waveforms shown above
the response histograms. In these and subsequent figures con-
trast refers to modulation contrast of the stimuli, rather than
cone contrast related measures.

Figure 2A shows responses to luminance gratings. The PC
cells deliver a variable luminance response and the MC cells
respond strongly with on- and off-center cell response maxi-
ma occurring in counterphase to each other. The two PC cells
give a vigorous response to the chromatic grating. The L and
M cone polarity (L-M or M-L) inverts the response phase
[Fig. 2B]. The MC cells give a small frequency-doubled re-
sponse [26]. Figures 2C, 2D, and 2E show responses to the
compound stimuli (compound 1, and compound 2A B; see
Fig. 1). It can be seen that the PC cells’ responses are domi-
nated by the chromatic component of the stimulus. There are
shifts in response phase and peak structure depending on the
waveform, i.e., the +L—M cell responds to the red parts of the
gratings, and the +M-L cell responds to the green parts of the
grating. The MC cells’ responses are dominated by the lumi-
nance component of the stimulus. There are two peaks for
each MC cell in Fig. 2C, with the on- and off-center cells re-
sponding out of phase with one another, and one peak in
Fig. 2D and 2E, with the same phase in D and E for each cell.

Response histograms such as those in Fig. 2 were Fourier
analyzed, and Fig. 3 shows Fourier spectra for the +M-L,
+L-M PC cells [Fig. 3A] and the on- and off-center MC cells
[Fig. 3B]. There are larger first harmonic responses of PC
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Fig. 2. Retinal ganglion cell response histograms. +L-M and +M-L PC and on- and off-center MC Cell responses to grating stimuli. (A) Luminance,
(B) Chromatic, (C) Compound 1, and (D and E) Compound 2 variants. 4° stimuli were presented at 4.88 Hz using a Maxwellian view system: 50%
contrast. PC cells respond preferentially to the chromatic content of compound gratings whereas MC cells respond strongly to the luminance

content. Average of 32 stimulus cycles, 64 bins/cycle.

cells to chromatic relative to luminance modulation. To the
Compound 1 gratings, PC-cell first harmonic responses are
dominant and to the Compound 2 gratings it is the second har-
monic component (arrowed) that is dominant. For MC cells
[Fig. 3B], first harmonic responses to luminance modulation
are large but to chromatic modulation are almost absent. For
compound 1 gratings the second harmonic (arrowed) is domi-
nant, and for compound 2A,B the first harmonic is dominant.
Phase behavior (not shown) showed a consistent pattern; for
example, the second harmonic responses of +L-M and +M-L
cells to the Compound 2 gratings were out-of-phase with re-
spect to each other. It should be noted that there is energy in
higher harmonics when the first harmonic response is large,
but this was largely associated with response shaping, such as
response rectification or a nonsinusoidal response waveform.
These harmonic distortions decreased with contrast, as de-
scribed with reference to Fig. 4.

Responses to the different waveforms were measured as a
function of contrast. Figure 4A shows amplitudes of first and
second harmonics as a function of contrast for luminance and
chromatic modulation for the +M-L PC and on-center MC
cells. The +L-M PC and off-center MC showed similar pat-
terns (data not shown). For the PC cell, the second harmonic
response becomes negligible at low contrast, which is consis-
tent with the response waveform approximating a sinusoid
about the maintained firing level at these low contrasts.
The same holds for the MC cell and luminance modulation; the
MC cell shows a dominant second harmonic response to chro-
matic modulation, as described previously [26]. In Fig. 4B, re-
sponses to the compound 1 grating are plotted. For the PC-cell
the first harmonic is dominant and the second harmonic is
small at low contrast. For the MC cell, the reverse is the case.
Similarly, in Fig. 4B for the compound 2 grating, the second
harmonic responses of the PC cell are dominant with weak
first harmonic responses at low contrast; the reverse is the
case for the MC cell. This indicates that the selectivity of
PC and MC cells for chromatic and luminance components

of compound gratings is most marked at low contrast, as is
the case near psychophysical detection threshold.

Data shown in Figs. 3—4 were typical of the cell sample. At
50% contrast, the first/second harmonic ratios for PC cells
averaged 2.2 [standard deviation (s.d.) 0.75, n = 12] for com-
pound 1, and 0.47 (s.d. 0.31) for compound 2 gratings. For MC
cells, the ratios were 0.22 (s.d. 0.16, » = 16) and 2.8 (s.d. 1.24).
There was some intercell variability; 3 off-center PC cells
showed ratios greater than one for compound 2 gratings,
and some MC cells showed higher harmonic distortions with
compound gratings at high contrast. This might be related to
the nonlinear, frequency-doubled response of these cells to
chromatic modulation. These estimates confirm the consis-
tency of the results over the populations of cells.

The contrast data in Fig. 4 are shown to demonstrate that
PC and MC cell signals with compound waveforms show con-
siderable specificity for chromatic and luminance compo-
nents, respectively; in the next section, it is shown that
detection and discrimination of compound versus luminance
and chromatic gratings is possible near detection threshold,
and the physiological data strongly suggest that this requires
comparison of PC and MC cell activity.

B. Psychophysical Thresholds

Luminance and chromatic CSFs were first measured [Fig. 1A
and 1B] to provide templates for comparison with psychophy-
sical performance on detection and discrimination tasks of
compound gratings [Fig. 1C and 1D]. Figure 5A shows CSFs
for luminance and chromatic gratings of two human obser-
vers; the curves show characteristic bandpass and lowpass
shapes, respectively. Luminance sensitivity is maximal in a
range at approximately 0.8—4 cpd whereas chromatic sensitiv-
ity is greatest at low spatial frequencies, as in previously pub-
lished results [27]. It should be noted that we did not correct
for chromatic aberration and, consequently, data points at
spatial frequencies above 6 cpd were not used in the fits
described below.
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Fig. 3. Harmonic composition of PC and MC cell responses. Fourier spectra for (A) the +M-L, +L-M PC cells and (B) the on- and off-center MC
cells of Fig. 2. PC cells exhibit strong responses to the chromatic content in compound gratings with the majority of energy in the first harmonic for
compound 1 and the second harmonic for compound 2 (Compounds 2A,2B). The reverse is true for MC cells. MC cells respond chiefly to the
luminance content of compound gratings with the majority of MC energy localized in the second harmonic of compound 1 (Compound 1)

and the first harmonic of compound 2 (Compounds 2A,2B).

We fitted the luminance and chromatic contrast sensitivity
functions with filter models; a lowpass 2-stage filter [Eq. (5)]
for the chromatic red-green contrast sensitivity function
(Scnrom), and a difference of a 3-stage and 1-stage lowpass filter
[Eq. (6)] for the luminance contrast sensitivity function (Syyy)-

ko
(1 + 22(f[fo)>)}

_ ky _ ks
(L+27(f/f )P (1 +2x(f [f2))?

®)

Sechrom =

©)

S lum

where f is spatial frequency in cycles/deg, f, f1,f2 are corner
frequencies, and ky, k;, and k, are free scaling factors; use of
such filter models is common [28]. The fit results are shown as
dashed (chromatic CSF) and solid (luminance CSF) lines in
Fig. 5. For the six observers, the corner frequency for the equi-
luminant red—green curve, ), ranged from 0.25 to 0.45, and two
corner frequencies for the luminance curve, f and fs, varied
from 0.04 to 0.05 and from 1.1 to 1.4 cpd, respectively.

These curves were then used as templates in relation to ob-
servers’ sensitivity to compound gratings to ascertain which

mechanism might be responsible. Spatial frequency of the
templates was adjusted as necessary. For instance, the lumi-
nance template for compound 1 is shifted laterally by a factor
of 0.5 on the x axis since the luminance grating is doubled in
frequency. For compound 2, the chromatic template is shifted
laterally by a factor of 0.5 on the x axis since the chromatic
grating is doubled in frequency. Additionally, the chromatic
templates are adjusted vertically to account for small differ-
ences in root-mean-square (RMS) chromatic contrast in the
different gratings (along the y axis by a factor of 1.78 for com-
pound 1 and by 1.58 for compound 2 [20]).

With these adjustments to the templates a comparison
can be made to determine the contribution luminance and
chromatic detection mechanisms make to the detection of
compound gratings. The detection of compound 1 and com-
pound 2 [Fig. 5B and 5C] follows the envelopes of the lumi-
nance and chromatic CSF over spatial frequency. For low
spatial frequencies, sensitivity to compound gratings
matches the chromatic CSF as this mechanism is most sensi-
tive in this range. At higher spatial frequencies observers’ de-
tection of compound gratings matches luminance CSF more
closely.
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Fig. 4. Harmonic composition of PC and MC cells as a function of contrast. First and second harmonic composition of an +M-L PC cell and an On
MC cell for (A) standard luminance and chromatic modulation, (B) Compound 1, (C) both variations of Compound 2. The PC and MC response to
compound gratings is again specific to either the chromatic or luminance content respectively, and this relation is maintained across a wide range of

contrast.

Similar data sets were obtained from the other observers
[Fig. 5 shows two examples of complete detection data sets
from the six observers tested]. The detection results are
consistent with the hypothesis that luminance and chromatic
signals are carried in separate pathways. However, the chro-
matic and luminance templates overlap to a considerable de-
gree and it could be argued that the segregation of luminance
and chromatic templates is not large enough to draw firm con-
clusions. We therefore performed discrimination experiments
that provide stronger evidence for segregation of afferent
signals.

Based on the physiological analysis in the previous section,
chromatic and luminance response components of compound
waveforms are well segregated in the PC and MC pathways,
and this remains so at low contrast. We hypothesized that if
observers can distinguish compound gratings from luminance
gratings near detection threshold, then this is consistent with
independent activation of the two pathways. For example, if
the task was to discriminate between a luminance and a com-

pound grating presented in two sequential intervals, the ob-
server had to distinguish in which of the two intervals a
chromatic component was present. Conversely, in the case
of discrimination of the compound grating from the chromatic
grating, the observer has to say which interval contained a lu-
minance signal. For these discrimination experiments, the
contrast of the two gratings was always the same, and the
staircase procedure determined the threshold contrast at
which the gratings could be discriminated. Figure 6 shows
performance for the two observers at discrimination tasks
in which the observer must distinguish a compound grating
from either the luminance (A, C) or the chromatic (B, D) grat-
ing. The detection templates have been drawn in as before.
The results in Fig. 6 indicate that the observer is capable of
performing the discrimination task at detection threshold un-
der almost all conditions.

We suggest that the discrimination task is a more stringent
demonstration of the independence of luminance and chro-
matic mechanisms because the observer must respond to a
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Fig. 5. Luminance and chromatic spatial contrast sensitivity functions and detection thresholds of compound grating types. Detection thresholds
are plotted for observers BC and RE: (A) Solid and dashed curves represent filter fits to the observer’s detection thresholds for luminance and red—
green isoluminant chromatic modulation. The luminance CSF consists of a bandpass filter that is a difference between a 3-stage and 1-stage lowpass
filter. Chromatic CSFs are fit with a lowpass 2-stage filter. (B) CSF's and detection thresholds of Compound 1. The luminance curve [filter fit from
(A)] was shifted along the x-axis by a factor of 0.5 to account for relative spatial frequency of the luminance content, and the chromatic CSF was
shifted by a factor of 1.78 along the y-axis to account for the relative RMS chromatic contrast of the chromatic and compound gratings. (C) CSFs
and detection thresholds of Compound 2. The chromatic curve was shifted along the x-axis by a factor of 0.5 to account for relative spatial fre-
quency of the chromatic content and was shifted by a factor of 1.58 along the y-axis to account for the relative chromatic contrast of the chromatic
and compound gratings. The chromatic CSF is more sensitive at low spatial frequencies whereas the luminance CSF dominates at higher spatial
frequencies. Therefore, the detection of compound gratings appears to be mediated by the mechanism that is most sensitive at a particular spatial
frequency.

specific waveform component of the compound grating This is most prominent in the results for Compound 2
whereas, for the detection task, the observer is only indicating [Fig. 6C and 6D]. Data for the discrimination of Compound
the presence of a stimulus. The sensitivity should follow the 2 from luminance modulation follows the envelope of
profile of the CSF of the mechanism making the discri- the chromatic CSF because the chromatic component is
mination. This was generally the case for the two observers the distinguishing feature of the compound grating in that

shown, and was also the case for three other observers tested. condition, and wvice versa in the compound compared to
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Fig. 6. Psychophysical thresholds of the discrimination of compound gratings from luminance and chromatic gratings. Thresholds for observers
BC and RE for the conditions (A) Compound 1 discrimination from a luminance grating, (B) Compound 1 discrimination from a chromatic grating,
(C) Compound 2 discrimination from a luminance grating, and (D) Compound 2 discrimination from a chromatic grating. The discrimination task is
robust down to threshold, which is consistent with independent luminance and chromatic mechanisms permitting discrimination.

chromatic condition. These results suggest that chromatic We also tested this protocol with gratings designed to se-
and luminance mechanisms are independently utilized for lectively activate S-cone pathways. The goal was to determine
discrimination. if a similar segregation of luminance and chromatic spatial
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Fig. 7. Tritan psychophysical spatial contrast sensitivity functions of different grating types. Detection and discrimination thresholds for observer
BC: (A) Luminance and blue-yellow tritan contrast sensitivity functions. Filter fits applied to B-Y results are analogous to the R—-G CSF models.
(B) Detection of compound 1 and compound 2 gratings. As with R-G modulation, B-Y detection follows the envelope of the more sensitive CSF.
(C) Discrimination data for both compounds 1 and 2 from luminance and chromatic gratings. The same adjustment for the luminance and chromatic
CSFs regarding relative spatial frequency and RMS chromatic contrast were used as for red—green detection and discrimination.

information might occur along a blue-yellow chromatic di-
mension. Detection and discrimination thresholds were ob-
tained for conditions similar to those used for red-green
gratings, except for a different mean chromaticity (see meth-
ods). Figure 7A shows detection thresholds and fitted curves
for luminance and chromatic gratings and Fig. 7B the detec-
tion thresholds for compound waveforms. Detection CSFs of
compound gratings follow the envelope of the more sensitive
mechanism (either standard luminance or chromatic CSF) at a
given spatial frequency. For the discrimination task, thresh-
olds were usually close to detection threshold although under
some conditions at higher spatial frequencies thresholds are
lower than the template. Similar data were obtained from two
other observers. These results lend further support for the
transmission of luminance and chromatic signals via indepen-
dent pathways.

4. DISCUSSION

Psychophysical CSFs for chromatic and achromatic gratings
differ. This is thought to be due to different spatial properties
of parallel chromatic and achromatic pathways in vision
[27,29]. Interactions between chromatic and achromatic spa-
tial channels has been studied, for example in cross-masking
experiments [30], but the compound gratings we present here
are an alternative means of studying their interaction. We sug-
gest that this approach is relevant to studies of the natural en-
vironment, which commonly contains variegated colored
areas interspersed with shade. The previously detailed equa-
tions (1), (2), (3), and (4) allow independent manipulation of
the luminance and chromatic contrast, spatial frequency, and
phase to study a diverse variety of waveforms. We have pre-
sented here physiological and psychophysical results for a
limited set of these permutations.

MC and PC response histograms to the compound gratings
[Fig. 2] strongly support a physiological segregation of lumi-

nance and chromatic information at the retinal level. Although
the current physiology data were only derived from uniform
field stimuli, an earlier paper shows the conclusion to hold
over a very broad range of spatial frequencies [20]. MC cells
respond selectively to luminance and PC cells to chromatic
grating components. Generally PC cells yield weak responses
to luminance as with the | + M-L| PC cell of Fig. 2A. On occa-
sion, PC cells may give a stronger luminance signal, as did the
| + L-M| PC cell in Fig. 2A. However, the response to com-
pound gratings from this | + L-M| PC cell is still dominated
by the chromatic component of the waveform [Fig. 3]. Thus,
PC cells exhibited responses to compound gratings that were
dominated by the chromatic content of compound gratings re-
gardless of the response to luminance modulation alone. Our
results suggest that the contribution of a PC cells response to
compound gratings and, by proxy natural scenes, is a selective
chromatic signal.

The concept of multiplexing chromatic and luminance in-
formation in the PC pathway [8] calls for PC neurons to de-
liver an achromatic signal at high spatial frequencies and a
subtractive, L, M opponent signal at low spatial frequencies.
This hypothesis rests on the assumption that PC cells have
bandpass achromatic tuning curves because of center sur-
round structure (Type 1 in Wiesel and Hubel's nomenclature
[31]). While some PC cell achromatic tuning curves may show
a bandpass characteristic to luminance gratings [32], it has
been shown that there is much variability within the cell po-
pulation [33], as can be seen in the data of Derrington et al.
[32] Many cells show little or no bandpass property. In the
physiology results with compound gratings presented here,
the relative energy distribution of the Fourier spectra for a
PC cell’s response is consistently found in the same harmonic
as the chromatic component of either compound waveform
[Fig. 3: first harmonic in compound 1 and second harmonic
of compound 2]. There is much less energy in the luminance
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component of the PC response, and therefore it appears un-
likely that the response could carry meaningful information
regarding the luminance structure of the compound grating.
On the other hand, there is a vigorous representation of the
luminance spatial signal mediated by the MC pathway.

Our results are consistent with the point of view that inde-
pendent luminance and chromatic signals are an efficient
means of transmitting visual information [4] in comparison
to a multiplexed signal in the PC pathway. This former sugges-
tion was extended by MacLeod and his colleagues [5,6] who
considered noise in neuronal signals and the advantages of
dividing, say, cells of the PC pathway into +M-L and +L-M
types (split-range coding). These arguments should hold irre-
spective of spatial frequency, unlike the prediction of the
double-duty hypothesis.

There is evidence that in the cortex the coding of color and
luminance is less well segregated than in the afferent path-
ways [34]; addition of PC and MC inputs have been suggested
based on the physiological responses of V1 double opponent
color-luminance cells [35]. However, from our data detection,
sensitivities to compound gratings followed the envelope of
luminance and chromatic CSF values and the discrimination
of compound versus luminance and chromatic gratings near
threshold is evidence of the discrimination being performed
through independent achromatic and chromatic channels, re-
quiring comparison of PC and MC cell activity. For example,
when distinguishing compound gratings from luminance grat-
ings, both contain a luminance component and presumably
the observer detects which grating contains a chromatic com-
ponent (and the other way round for discrimination of com-
pound and chromatic gratings). This implies separation of MC
and PC cells is to some degree maintained centrally. However,
this issue remains unresolved.
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