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Abstract—The sensitivities of the human green and red cone mechanisms to sinusiodally flickering
light were found to be near equal and independent of field size and estimation method. No wavelength
dependency of modulation sensitivity was found. An observer who lacks the red cone pigment (pro-
tanope) did not show unusually high flicker sensitivity to green light of 525nm. The modulation
transfer function for the normal observer measured with a green flickering test on a red background
is identical to that on a green background when the backgrounds have been equated for the green
cones by the protanope. The same is true for the contrast transfer function of the normal observer
when determined with a green grating on the red and green backgrounds equated by the protanope.

INTRODUCTION

Several years ago, one of us reported data on the
spatial and temporal transfer functions of the three
color mechanisms of human trichromatic vision
(Green, 1968, 1969). More recently, Kelly (1973, 1974)
has published the results of a similar series of experi-
ments, but with some strikingly different conclusions.
In contrast to Green's finding that the transfer func-
tions of the red and green mechanisms are nearly
identical in peak sensitivity. Kelly reports that, under
some conditions. the green mechanism peak is more
sensitive by a factor of 5-8 than the red. Supersensiti-
vity of the green mechanism is not apparent when
viewing chromatic gratings under ordinary circum-
stances, but appears only after the red mechanism
has been depressed by suitable chromatic adaptation.
These findings have important theoretical implica-
tions. They cannot be explained by assuming that the
well-established red-green opponent interactions
reduce normal sensitivity. Red—green opponent color
interactions are known to be linear or approximately
linear functions of the photo-pigment quantum-catch
functions (Larimer, Krantz and Cicerone, 1974). Such
linear processes will not suffice to explain supersensi-
tivity of the green mechanisms as well as De Lange's
(1958) finding that peak modulator sensitivity is
nearly independent of wavelength. To appreciate this.
consider what happens with stimuli in the middle and
long wave portions of the spectrum. These stimuli
will affect the green and red cones to varying extents.
Linear differences between signals from a supersensi-
tive green mechanism and a less sensitive red mechan-
ism cannot account for a constant and depressed
sensitivity at all wavelengths. If at any particular
wavelength one assumes a suitable weighting to com-
pensate for the unequal sensitivities of the underlying
systems, then at shorter wavelengths one expects rela-
tively enhanced sensitivity and, at longer wavelength,
relatively depressed sensitivity. What seems to be
required if Kelly’s observations are correct is a strong
nonlinear interaction between the outputs from two
different kinds of cone systems.

Why these interactions are present under the condi-
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tions of some experiments and not those of Green’s
or those of the several recent independent determina-
tions of the temporal and spatial transfer functions
of the color mechanisms (Estévez and Spekreijse.
1974; Cavonius and Estévez, 1975a, b; Estévez and
Cavonius, 1975; Cicerone, 1974) has been an un-
answered puzzle. Estévez and Cavonius (1976) and
Kelly (1976) give a detailed discussion of some of
these issues. Several procedural differences might be
important. Green used small targets with sharp edges,
superimposed on a larger, uniform adapting field. and
Kelly used a large (8°) circular test field which coin-
cided with the adapting field. To estimate the sensi-
tivity of the color mechanisms, Green (1968, 1969)
varied the test field radiance and Kelly (1973, 1974)
varied the adapting radiance.

In this paper, we first report our attempts to iden-
tify which procedural differences lead to the discre-
pancies between different determinations of the tem-
poral transfer functions of the red and green cone
systems. Disconcertingly, none of the above-men-
tioned procedural differences seem to account for the
differences in findings for the red and green mechan-
isms. Using a large test field and adjustment of adapt-
ing field radiance to determine sensitivity, we fail to
find supersensitivity of the green mechanism; instead.

- we replicate Green and the other workers in showing

the near equality of the isolated red and green mech-
anism peak modulation sensitivity. Three other ex-
periments were designed in pursuit of green super-
sensitivity, but only served to cast further doubt on
its existence.

METHODS

The experiments of Figs 1, 2. 3, and 4 were conducted
in an apparatus similar to that described by Green. A flick-
ering test field 5.0° diameter was formed by imaging the
light from an electronically modulated Sylvania Cool-
White fluorescent tube on a 2.5mm artificial pupil. The
color and intensity of the test field was varied by means
of neutral filters (Oriel) and narrow band interference fil-
ters (Baird Atomic) The mean irradiance and depth of
modulation was measured at each wavelength with a cali-
brated pin-10 photodiode (UDT) and suitable infrared
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Table 1. The estimated true modulation thresholds ( + S.E.M.) for the red and
cone mechanisms measured with 10 Hz sinusoidally flickering light.

Red/Blue-Green Green,/Purple
22 80 20 82
m¥ 1.19 + 061 1.22 +0.52 1.62 + 091 0.98 + 0.41
mg 1.22 + 052 119 + 0.48 2.50 + 0.62 1.73 + 046

Small (2°) or large (8°) tests on mechanism isolating backgrounds are shown.
Thresholds were estimated by varying test luminance, m#, or by varying back-
ground luminance, m§. The details of the two estimation methods are given

in the Methods section.

blocking filters. The CIE photopic sensitivity curve was
used to determine the supplemental filters necessary at
each wavelength to keep luminance constant. The retinal
illuminance was determined at . = 575nm using the
method described by Westheimer (1966). The subjects fix-
ated the flickering field through the artificial pupil and
adjusted a ten-turn potentiometer controlling the modula-
tion until satisfied that the flicker could be detected. A
second channel. derived from a tungsten source. provided
a steady 12° diameter color adapting background. The
background was either green (. = 520) or red (4 = 625)
in color. The intensity of the background could be adjusted
by rotating a 2 log unit neutral density wedge (Kodak).
In some experiments. the flickering field was replaced by
a 4° (long) x 8° (wide) field of vertical stripes. The sinusoi-
dal gratings were generated on a CRT having a P31 phos-
phor, and were viewed through a broad-band interference
filter with SO0 nm half-band width centered at 500 nm. The
resuiting field of stripes was green in color with approxi-
mately the same hue and saturation as the 520nm back-
ground.

The experiment of Table | was conducted on a three-
channe] Maxwellian view apparatus. The test stimulus was
formed by combining two channels—one steady and the
other sinusoidally flickering. The flicker was produced with
an arrangement of rotating polarizers. Flickering stimuli
could be varied in depth of modulation, keeping the mean
luminance fixed by means of calibrated Wratten neutral
density fiiters. The third channel provided steady adapting
backgrounds. The Maxwellian view lens formed a circular
image, 1 mm in diameter, which entered the observer’s eye
through the natural pupil. The background was an 8° field.
The superimposed test was either an 8° field or a concen-
tric 2° field. The subject’s head was fixed with a bite bar.
The sinusoidally flickering component of the test field was
presented to the observer by means of an electromagnetic
shutter (Uniblitz, Vincent Associates).

An up-and-down staircase procedure was used (Corns-
weet, 1962) to determine the flicker fusion threshold. Half
the trials were started well below threshold, the other half
well above. The experimenter varied percent modulation
in a sequence of steps. The subject responded “yes” if he
saw flicker and “no™ if he did not. After “yes” responses,
modulation was decreased and after “no™ responses, it was
increased. Two transition points were used in each series
of trials. By pooling several day’s results, it was possible
to plot frequency-of-seeing functions. Smooth curves were
fit by eye and the threshold modulation corresponding to
50% frequency-of-seeing was estimated.

Methods of estimating the true modulation sensitivities

The temporal variation of the quantum catch in any
mechanism for a sinusoidally flickering light of irradiance
E, and wavelength 1, on a steady background, irradiance
E,, wavelength i,, may be written

0() = Eip(d) (1 + msin 2nft) + Ezpldy) - (1)

where p(4) is the spectral absorption curve for that mech-
anism, This equation expresses that the background as well
as the test affects the mechanism of interest. The true
modulation of the mechanism then is not m. but

m* = mE (2 V[ E p(2)) + Espl(is)]. (2)

To estimate the true modulation one can manipulate either
the test irradiance, E,. by a factor of k; or the background
irradiance, E,. by a factor of ks. For E, large compared
to E, and moderate values of ky, the factor increase in
E,. Green (1969) noted and experimentally confirmed the
approximation

me* = m (1 + n) = myf(l + n/ks) 3)
where m; is the measured modulation threshold for test
irradiance E,, m, is the threshold for test irradiance k;E,
and y = Eyp(4,)/E p(4,). Solving for n, Green computed
true modulation from his measured values according to
the formula

me* = (kymy — my}(ky — 1) 4

Instead of manipulating test intcnsiiy, Kelly (1973) mani-
pulated the background intensity by factors kg. Kelly noted
and experimentally tested the following:

m/(l + n) = myA1 + kgn) (&)

where m) is measured on the dimmer background, m; on
the brighter and r = m/m. His correction rule for k; > 1

-was thus:

m§ = m,/Tky — 1)/(kg — 1)
= (kgm — ma)/kg — 1). (6)

RESULTS

Are procedural differences important?

The first experiment was directed at determining
the modulation sensitivity of the red and green colour
mechanisms using a more precise psychophysical pro-
cedure than that employed previously (see Methods).
The green mechanism was isolated using green flicker
(Wratten 45 and 58, in combination) on a bright pur-
ple background (Wratten 35),-and the red mechanism
was isolated using red flicker (Wratten 72B) on a
bright blue-green background (Wratten 75). The
adapting background in isolating the chosen cone
mechanism depresses. its sensitivity by an unknown
amount. This amount was estimated by either varying
the test luminance (method used by Green, 1969) or
the background luminance (method used by Kelly,
1973), and using the resulting change in modulation
thresholds to adjust for true sensitivity. In this set

‘of experiments, we used a green. test and a purple

background to isolate the green mechanism, as,.did
Kelly (1973, 1974) and Green (1969). For the original
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experiments of Green, the rationale behind using a
fixed purple background had been to depress the sen-
sitivity of the blue as well as the red mechanisms.
Varying the green test stimulus presented no probiem.
However, attenuating the purple background by a
known amount can be difficult since most neutral fil-
ters are not flat. Kodak Wratten neutral density fil-
ters. for example, are denser in the blue than in the
red part of the spectrum. At long wavelengths, for
example, a calibration based on the CIE photopic
sensitivity would tend to underestimate the effective
density of the purple background, as seen by the
green cones. On the other hand, contributions to the
CIE from blue cones might tend to cause errors of
the opposite kind. Nonetheless, we used a purple
background and CIE-based calculations. The tests
were flickered at 10 Hz, which is near the peak of
the red and green mechanisms’ modulation transfer
function (Green, 1969). At lower frequencies, Green
reported that the red system was slightly more sensi-
tive than the green and at high frequencies the reverse
was true. These differences were quite small compared
to the red-green differences reported by Kelly. The
red and green test luminances were (.6 and 14
log td. respectively. The blue-green background
luminance (comparable to Kelly's) was 2.9 log td. The
purple background luminance (3.31 log td) was
chosen so that the modulation sensitivity measured
upon it with the green test matched that for the red
test on the blue-green background. Measurements
were also made with test or background luminance
dimmed by approx. 0.5 log unit. Table 1 shows the
results for a single subject. No matter whether sensi-
tivities m§ and mg were estimated using the procedure
described by Green (1969) or that used by Kelly
(1973). respectively, the red and green cone mechan-
isms had equal sensitivity. This was true whether or
not the test was the same size as the background
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(8°) or smaller than it (2°). Furthermore. the green
techanism was not supersensitive under any condi-
tion.

Wavelength dependence of modulation sensitivity

In the trichromatic theory of color vision, the
appearance of spectral lights varies as one moves
across the spectrum because of variation in the contri-
butions of the three types of cones. If one of these
receptors had an unusually high flicker sensitivity,
then an increase in sensitivity might be expected in
those parts of the spectrum which stimulate it most
strongly. The next experiment was designed to exam-
ine this possibility by determining the dependence of
modulation sensitivity on wavelength. The colored
stimuli were of equal luminance (40 td), and flickered
at a frequency of 10 Hz, which is close to the peak
in the modulation transfer function (De Lange, 1954;
Kelly, 1961 ; Green, 1969). Results from two observers
are shown in Fig. | (closed symbols). Threshold
modulation is plotted on an expanded logarithmic
scale and wavelength is plotted on a linear scale. The
findings show that at 40td modulation sensitivity is
nearly independent of wavelength, over the range of
wavelengths tested. To be certain that a small error
in equating the luminances was not obscuring an in-
teresting wavelength dependency, the measurements
were repeated at 400td. Both observers showed a
slight improvement at all measured wavelengths
{(open symbols, Fig. 1). but no wavelength depen-
dency.

Protanope’s sensitivity to green flicker

We do not find supersensitivity when a green flick-
ering light is viewed without an adapting background.
One might hypothesize that this results from a red-
green antagonism because Kelly (1973) reports super-

400 450 S00 §50 600 650

Wavelength {nm)

Fig. 1. The sensitivity of normal observers to 10 Hz sinusoidal flicker was measured using monochro-

matic lights of equal luminance. The circles show the results for subject DGG and the triangles for

subject CMC. The open symbols are the results at 400 td; the closed symbols are the results at 40 td.

Each point is the average of eight measurements. The error bars at selected points mark + 1 standard
deviation. No wavelength dependence was found.
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Fig. 2. The modulation transfer function of a protanope

was measured using green (525 nm) flicker. Data points

are marked by the open circles. Each point is the average

of four measurements made at a mean retinal illumination

of 300 td. Arrows mark the sensitivity at 8 Hz for two nor-

mal observers. The protanope does not show unusual sen-
sitivity to green flicker.

sensitivity only when green gratings are viewed on
a mechanism-isolating purple background. Since the
purple background affects the green mechanism as
well, the sensitivity of the green system must be
deduced by varying the background or the test inten-
sity. While there is nothing to indicate that the esti-
mating procedures are faulty, a direct measure would
obviously be better.

Test intensity (tog trolands)
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It is generally agreed that the color defective called
the protanope lacks the normal red cone pigment and
that his failure to distinguish colors in the middle
and long wavelength part of the spectrum is due to
the fact that only the green pigment is excited by
these wavelengths (Rushton. 1963; Wald, 1966).
Therefore, one might expect that if the normal modu-
lation sensitivity for green stimuli is depressed by
antagonism from the red cones, then the protanope
will be supersensitive. To test this. the flicker sensi-
tivity of a protanope {or the green (i = 5235) was
measured without an adapting background. The
results are shown in Fig. 2. The arrows indicate the
sensitivity of the two normals at 8 Hz under the same
viewing conditions. The protanope is not more sensi-
tive than normal.

Is the normal green mechanism supersensitive?

The significance of the previous result can be ques-
tioned since it is the sensitivity of the green mechan-
ism in the normal, not the color defective, that is
of interest. There seems to be general agreement that,
without a background, normal observers do not show
unusual sensitivity to green flicker or gratings {see
Figs. 1 and 2, for example; also De Lange. 1938;
Kelly, 1973). What is in question is whether normals
are supersensitive by a factor of 5-8 when the red
mechanism is depressed by a red adapting back-
ground. The answer can be directly determined by
using the protanope.

Since the protanope lacks the red cone pigment,
we can used him to equalize the effect of a red back-
ground and a green background on the green pig-
ment. Figure 3 shows the protanope flicker increment
threshold curves for the same green (525nm). 8 Hz
flickering light against a green (520nm) or against
a red (625 nm) background. The curves were gener-
ated by setting the mean luminance of the § Hz flick-

$

¢

10 20

ki) 40 50
Background intensity (log trolands)

Fig. 3. The protanope was used to equate the effectiveness of a red (625 nm. open circles) bac!cgroupd

and a green (520 nm. closed triangles) background for the green pigment. For any given mean intensity

of the green (525 nm), 8 Hz test light flickered at 100% moduiation, the protanope adjusted the back-

ground so the flicker was just at threshold. Each point is the average of four measurcments. The

straight lines have a slope of unity and show the Weber's law behavior of the data. Arrows mark

the background intensity in trolands chosen for the experiment of Fig. 4, the open arrow for the
red background and the closed arrow for the green background.
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Fig. 4. Modulation sensitivity was measured for two nor-
mals and a protanope for a green (525 nm) test on a red
(625 nm, open cxrcles) and a green (520 nm, closed
triangies) Dacn(grounu The backgr ound intensities had pre-
viously been equated by the protanope at 8 Hz, 100%
modulated flicker. The measured sensitivities were nearly
identical for all observers whether a red or a green back-
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ground was used.

ering light. modulated at 100%, then asking the pro-
tanope to adjust the adapting background so that the
flicker is just visible. The functions follow the familiar
Weber’s law and their separation along the abscissa
gives the brightness factor we need to equate these
two backgrounds for the green cones.

Now, two normal observers and the protanope
viewed the same green flickering test at full intensity
against either the equated red or green background.
The backgrounds were selected so that the green flick-
ering light was 0.5log units above threshold. The
results in Fig. 4 for the protanope are identical for
either background and further verifies that for all fre-
quencies the backgrounds were equated for this

Qince tha hanrborannde hava haan anuatad
SinCe tne CACKEroundas nave odtn Squaita

nhoarvar
CUSCTYCT.

for the green cones, even though they strongly depress
sensitivity, no calculations are required to adjust for
their relative effect on the gl‘C‘EI‘x cone mECu&i‘liSﬁ‘l If
supersensitivity exists, then, since the red background
is effective in desensitizing red cones, normals should
be more sensitive to green on red than to green on
green. Figure 4 shows that this does not happen. In-
stead, the normal is slightly less sensitive to green
on red than to green on green.

The same is true if the temporally modulated target
is replaced by a spatially modulated sinusoidal grat-
ing. Figure 5 shows the contrast sensitivity of twol
normals and a protanope measured with a 4° x 8°
field superimposed on the protanopically equated red
and green backgrounds.

DISCUSSION
The data of Table 1 fail to demonstrate a difference

1597
51'
ot
%ot o6e
E 0 { 4 o
5 Bo!
& A
3 CMC
2 20
H i °
Q
(&)
1 2 5  1© 20 50

Frequency (c/deg)

Fig. 5. Contrast sensitivity for two normals and a pro-
tanope {or a green grating on a red (625 nm, apen circlcs)
closed triangles) background. The
relative intensities of the backgrounds were the same as
in Fig. 4. The contrast sensitivities for a green grating/
green background and for a green grating/red background

were nearly identical for aii observers
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between modulation thresholds with green/purple and
red/blue-green test/adaptation conditions. It would
be a mistake, however, to interpret such data as pro-
ving that the flicker sensitivities of the red and green
cone mechanisms are exactly identical. First, the
measurements in the table are for one temporal fre-
quency (10 Hz). In fact, 10 Hz was selected since it
is the frequency where Green (1969) found the red
and green systems had equal sensitivities. At other
frequenmes Green reported differences which he in-

terpreted as indicating that the'red and green mech-

anisms had different dynamic characteristics. Second,

the formulae used to estimate the threshold modula-
tion produced in individual red and green cones

involve taking a

difference hatwson svmasimmanial
invol takmg 2

ulllulvll\v\r UwiL YW wwil \'A}JClllllCllldlly
determined quantities which are not very different in
magnitude. To be more precise, let us consider the
case where modulation is estimated by varying test
lurrinance. The true modulation, m%, is ngen by Eqn
6. Specifically, the last entry on the nght in Table
! was computed from my = 511 + 0.31, my = 275 +
0.23. and kg = 3.31. Using the usual + S.E. of the
mean. the threshold modulations could lie within a
factor of 1 + 0.06 of the mean. However, the true
value of m§ could lie anywhere within a factor of
1 + 0.27 of the mean. While our results clearly cannot
exclude the possibility that the sensitivities of the red
and green differ, they do show that if such differences
exist, they must be rather small.

Our data do not show supersensitivity. The experi-
ment of Fig. 2 is a good test of supersensitivity only
if the protanope lacks the red cones as well as the
normal red cone pigment. However. if the protanope
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has both the normal set of green cones and “red”
cones. each set filled with chlorolabe, then our test
on the protanope is obviated. In this case, the neur-
onal connections from red cones to green cones could
mimic the normal antagonism. Since both sets are
filled with the same pigment, there would be no way
of selectively depressing the “red” cones.

The results of Fig. 4 cannot be attacked on this
ground, for they rest on the well-established fact that
protanopes do not have the normal long wavelength
(red) pigment. Neither Fig. 4 nor Fig. 5 shows evi-
dence for supersensitivity. In fact, if anything, the
opposite is true. On red and green backgrounds
equated by the protanope, it is slightly more difficult
for the normal observer to detect the green flicker
and gratings against the red background than the
green background. Could the failure to find super-
sensitivity stem from the pigment in the green cones
of the normal observer being different from the pro-
tanope’s long wavelength pigment? (Alpern and
Moeller, 1977; Bastian, 1976.) To answer this, we need
to consider how the absorption spectrum of the pro-
tanope green cone pigment affects the results of our
two color experiments. If the steady background is
significantly brighter than .the steady component of
the flickering light, Eqn 2 reduces to

- mE p(i,)
E p(2y) ,

m¥

0]

and we see the modulation is inversely proportional
to the green cone absorption at i,, Now we have
used the protanope to equate the contribution of the
steady background E,p(4,) for i, = 520nm and
/3 = 625 nm. The true modulation for the red back-
ground will be 5-8 times lower than we measure only
if a dimmer background is used. The ratio of absor-
bance at 520nm must be 5-8 times larger for the
normal’s green cones than for the protanope’s. This
is not possible since the green cones’ absorption spec-
tra should be at least as narrow as the normal photo-
pic sensitivity curve, and normals are only three to
four times relatively more sensitive to 625 nm than
protanopes (Wald, 1966).
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