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Abstract-Observations of afterimages indicate that red and green cone sensitivities can be modified 
jndependentiy by bieaehing. providing a way to estimate their sensitivities in the normal eye. The 
fovea1 afterimage of a red and green bipartite held is allowed to fade against a steady red background. 
A change of background color from red to green generally revives a bipartite afterimage. If two condi- 
tions are met. however, a uniform. borderless afterimage is revived instead. These conditions are: 
ii) the radiances of the bleaching hemitieids must be equated for one of two spectrally selective mechan- 
isms and (2) the substituted backgrounds must be equated for the other mechanism. Derived spectral 
sensitivities of the two mechanisms in the red-green range agree with the spectral sensitivities of pro- 
tanopes and deuteranopes obtained from visual matches. and also with those derived from temporary 
artificial protanopia and deuteranopia in normals. The mechanisms are :herefore identified with the 
normal red- and green-sensitive cones. and it is concluded that the sensitivity losses that generated 
these afterimages were applied independently to separate signals orginating from the two cone types. 

INTRODL’CITON 

Attempts to isolate the three cone mechanisms in nor- 
mal vision have met with only moderate success. 
Stiles (1978). measuring threshold for test flashes of 
various wavelengths superimposed on bright steady 
backgrounds that also differed in wavelength, derived 
seven photopic spectral sensitivities attributed to the 
hypothetical underlying processes which he termed f7 
mechanisms. Though n,, U4, and f7, correspond 
crudely to the b, g, and r cones, respectively, substan- 
tial and consistent discrepancies exist between 17 
mechanisms and cone pigment spectral sensitivities 
derived from the study of color blindness. For 
example. if f7, and the long-wavelength protanopic 
spectral sensitivity are normalized at their peaks, 
/i’4 is more than twice as sensitive in the long wave- 
length end of the spectrum (Stiles, 1978; Vos and 
Walraven, 1970). Clearly, either the normal pigments 
differ from those of dichromats, a possibility sug- 
gested by EstCvez and Cavonius (1977) and Pugh and 
Sigel (1978). or the three cone types do not regulate 
their sensitivities autonomously in the presence of 
steady backgrounds (Boynton, 1963; Enoch, 1972). 

The use of isolation techniques different from those 
of Stiles might help resolve this issue. If indeed the 
/7 mechanisms are not identifiable with single cone 
types because the different cone types interact in 
setting each others’ sensitivity in steady-state light 
adaptation, it may still be possible to tease apart the 
photopic system into its three receptoral components 
if conditions can be found under which the cones 
act independently of one another. We report experi- 
ments designed to examine the question of cone-cone 
independence in dark adaptation. The familiar dark 
adaptation curve is typically two-branched: the upper 
branch reveals the recovery of the cones while the 
lower branch reveals the more sluggish recovery of 
rods, suggesting that the rod and cone systems re- 
cover more or fess independently during dark adag 

tation (Hayhoe et al., 1976). If the three photopic 
mechanisms behave autonomously in the same way. 
one might expect inffections in the photopic branch 
of dark adaptation corresponding to the inde~ndent 
recoveries of the r, g and b mechanisms. In fact, Auer- 
bath and Wald (1954) and Du Croz and Rushton 
(1966) demonstrated that under appropriate condi- 
tions photopic dark adaptation does reveal such in- 
flections. For example, a two-branched curve was 
obtained from the rod-free fovea with a blue test flash 
following a bleaching exposure of orange light. Du 
Croz and Rushton attributed the upper branch to 
Stiles’ blue (!7,) mechanism and the lower branch to 
his green (n,) mechanism. Similarly, the red (n,) and 
green (f7,) mechanisms can be isolated during recov- 
ery with a deep red bleach and a red test ffash viewed 
against a green background. However, Du Croz and 
Rushton’s report does not make clear whether the 
channels corresponding to the separate branches of 
cone dark adaptation are Stiles’ mechanisms or the 
slightly different pigment spectral sensitivities inferred 
from work on color defectives, nor is there any indica- 
tion that their measurements were precise enough to 
distinguish between these possibilities. 

I. THE BACKGROUND SUBSTITUTIOS 
TECHNIQL’E 

The present study uses the properties of afterimages 
to provide a stringent test of the independence of pho- 
topic mechanisms during recovery from bleaching 
and to obtain estimates of the r and g cone spectral 
sensitivities in the long wavelength spectral range. 
The appearance of an afterimage induced by exposure 
to a bright bIeaching Rash depends on the intensity 
of the background upon which it is viewed. In gen- 
eral, an afterimage initially glows dimly against a 
dark background (the positive afterimage) but 
appears dark against a bright background (the nega- 
tive afterimage). However, against any steady back- 
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ground. afterimages tend to fade from sight within 
a few seconds. Xn afterimage which has faded in this 
via? can be revived by any sudden change in the 
radiance of the background. If a brighter background 
is suddenly substituted for the first. the revived after- 
image appears negative: if a dimmer background is 
substituted. the afterimage looks positive. Thus the 
appearance of an afterimage induced by a bleaching 
flash depends not on rhe absolute radiance of the 
background upon which it is viewed. but on the 
change in the radiance of that background. The 
revived afterimages that occur when the background 
is changed can be understood as perceptual conse- 
quences of the depression of sensitivity in the 
bleached region (Rushton, 1971; iMacLeod and Hay- 
hoe, 1971a; Hayhoe er nl., 1976). If the introduction 
of a new background provides an increase in stimu- 
lation, unbleached retinal areas will register it with 
full sensitivity. The bleached retina, however, gives 
a reduced response to the incremental stimulus, mak- 
ing this region appear less bright than the surround, 
so producing a negative afterimage. In general. the 
greater the bleach, the less the sensitivity and the 
darker the negative afterimage. The positive after- 
image seen with a decremental stimulus can be under- 
stood in the same way. 

Now suppose that the fovea is exposed to a bright 
bleaching flash consisting of a bipartite field with red 
and green hemifields. Suppose also that the radiances 
of the hemifields are adjusted so that the quantum 
catch for the r cones. say. is the same on both sides 
of the fieid during the bleach. The quantum catch 
of the g cones must then be different on the two sides 
of the field: the g cones will catch more quanta from 
the green side.of the bleaching field than from the 
red side. Such a bleaching stimulus is diagrammed 
in the upper half of Fig. 1. Consider now the effects 
of this bleaching stimulus on the observer’s sensitivity 
to stimulation of the r or g cones. The lower half 
of Fig. 1 depicts the distribution of sensitivity across 
the bleached area and its immediate surround. Sensi- 
tivity is shown separately for r and g cone stimuli 
(right and left diagrams, respectively~. Two different 
hypotheses are considered. Suppose first that the 
depression of sensitivity due to bleaching is applied 
independently to signals originating within each type 
of cone, and that sensitivity to r or g cone stimuli 
depends only on the bleaching of r or 9 cones. re- 
spectiveiY. This cone-cone ~~depe~denre hypothesis is 
not inconsistent with post-receptoral adaptation so 
long as there is no significant sensitivity regulation 
in cells receiving borh r and g cone input. On the 
independence hypothesis the depression of sensitivity 
to r cone stimuli should be uniform across the bipar- 
tite bleached region. since the r cones were uniformly 
bleached to begin with. [At the same time, for g cone 
stimuli (left diagrams in Fig. 1) there will of course 
be a greater depression of sensitivity on the side 
bleached with green light.] But on the alternative, in- 
teraction hypothesis, bleaching of one receptor type 
would affect sensitivity for stimuli applied to other 
receptors. and so the unequal bleaching of the g con,es 
would generally upset the balance of sensitivity even 
for r cone stimuli, as indicated at the bottom of 
Fig. 1. 

To decide between these hypotheses experimentahy. 

w need to bs able to ex~mins the spat4 variation 
Of sensitivity to r cone stimuli in situations like that 
of Fig. I. We have already pointed out that aiter- 
images. revived (after fading) by a change of back- 
ground. provide a convenient indicator of the spatial 
variation oi the obscrbsr’s jensitkity to the strmulub 
provided bY the background exchange. A!1 that is 
needed. then. is a shanpc of background that stimu- 
lates the r cones without at the same time exciting 
the q cones. The exchanging of two backgrounds 01 
different color. as in the lower half of Fig. 2. can 
provide a “purs” r cone stimulus in this sense. if the 
relative radiances of the wo backgrounds are set so 
that the g cones (but not. of cows. the r zonesi 
absorb the same number of quanta from the substi- 
tuted background as from the original. (The principle 
of this technique follows prewous studies. notably 
those of Rushton et ui.. 1973.) The afterimage revived 
by such an exchange of backrrounds can serve as 
a risible rendering of the distiibution of sensitiv-ity 
for r conz stimuli. If the sensitivity is uniform despite 
the bipartite bleach (as predicted by the independence 
h\pothesis in the situation of Fig. 1). then the revived 
a&r. Image should appear uniform rather than bipar- 
rii?. 

Similarly, 1: shouid bit possibiz to determme 
uhsrhzr the r mechanism affects the recovery of the 
g mechanism bq equating the bleaching hemifields. 
this time for rhz LJ cones, while isolating the 9 mech- 
anism afterimage by equating the backgrounds for the 
r hones durinp the test condition. 

OUANTI;M CATCH IN 

BLEACHING HEMIFIELOS 

f FOR GREEN CONES 
_2-i- 

= FOR RED CONES 
-_I L 

SENSITIVITY TO INPUT TO 

GREEN CONES RED CONES 

INTERACTIONS -L7_r u 

FOLLOWING BLEACHING 

Fig. 1. (top). A bipartite bleaching field (i2 <: it). showing 
its bleaching effect on the r and g cones when the relative 
radiances have been adjusted to make the r cone bleach 
uniform. (bottom) Distributions of sensitivity after rhr 
above bleaching exposure, as predicted by two alternatlW 
hypotheses. Sensitivity is shown separately For y cone 

stimuli (at leit) and for r cone stimuli (at right) 
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Fig. 2 (top). 1.2. bipartite field with lone wavelength and green (538.5 nm) hemifields used for inducing 
afterimage. (bottom) Technique of fadmg afterimage on long wavelength background. substituting 

538.5 nm green background and noting whether the revived afterimage was uniform. 

In practice, we do not know (I priori what precise 
ratios of the radiances of the bleaching hemifields 
(bleaching ratios) or what ratios of the radiances of 
the test backgrounds (background ratios) will actually 
produce equal quantum catches for either the r or 
y cones. That information would be available only 
if we knew exactly the spectral sensitivities of the 
specific observer. Consequently, it is necessary to in- 
vestigate a wide range of bleaching ratios, and for 
each bleaching ratio, a wide range of background 
ratios to determine if any particular pairs of bleaching 
and background ratios actually yield afterimages 
which are uniform and borderless when viewed 
against the neatly substituted background. If these 
borderless afterimages can be found, then the two “in- 
terchangeable backgrounds” must be equal for one 
of two visual channels and the bleaching hemifieids 
must be equal for the other underlying channel, If 
borderless afterimages can be found for several wave- 
lengths, then the spectral sensitivities of the channels 
can be plotted. If these sensitivities compare favorably 
with the spectral sensitivities of the r and g cones 
derived by other methods, then within the limits of 
the background substitution technique the r and g 
cones can be said to recover independently during 
dark adaptation. 

Methods 

Appuratus and calibration. Stimulus displays for this ex- 
periment and those that follow were generated with the 
two-channel Maxwellian view system shown in Fig. 3. In 
order to produce high luminances. the tungsten lamp (Gen- 
eral Electric 200 W, 120 V Quartzline Lamp) was overrun 

at I35 V and the filament image was focused by a lens 
near the source so that part of a single coil completely 
filled the artificial pupil (3.2 mm in diameter). The artificial 
pupil was small enough to ensure that the observer’s 
natural pupil never occluded the incoming light. This was 
checked subjectively by noting that the pupillary constric- 
tion which followed the onset of the bleach did not vignette 
the field. Observers in all experiments used dental impres- 
sions to maintain fixed and repeatable head position. 

All stimuli were produced by passing light through 
monochromatic interference filters (bandwidth at half 
height < 14nm) whose spectral transmissions were cali- 
brated with a Cary spectrophotometer. Ealing 577. 601. 
and 639 nm interference filters and Baird-Atomic 620 nm 
and 538.5 nm filters were used for observer DRW. MMH was 
tested with the 538.5. 601. 620, and 639nm wavelengths. 
The bipartite field subtended 1.2’ visual angle with hemi- 
fields produced by beams passing through a semicircular 
aperture in each channel and united at a beamsplitter. A 
translational stage in Channel I allowed the observer to 
juxtapose precisely the two razor-edged hemifields to elim- 
inate any gap or overlap between them. Backgrounds 
shared a circular aperture subtending 1.8’ visual angle, 
Radiometric measurements of all stimuli were made with 
a silicon photodiode (EG & G Radiometer/Photometer, 
model 450-l) which was checked against a thermopile. All 
radiance measurements. made with the same filters and 
wedge settings used for the observer. were in PW at the 
pupil and were corrected for infrared radiation. Infrared 
was measured by interposing a # 70 (passing > 678 nm) 
filter into the beam and the correction was made by sub- 
tracting the radiance value thus obtained (always very 
small) from the total energy without the filter. Microwatts 
were converted to lumens using 1931 C.I.E. conversion fac- 
tors. Troland values were obtained by dividing by the solid 
angle of the field. Bleaching exposures for the long wave- 
length hemifields (577, 601, 620. 639). which were fixed in 
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Fig. 3. Two-channel Maxwellian view system used in all experiments. 

intensity while the 538.5 nm standard was varied from trial 
to trial. were !05-‘o. 10s.‘6. 1O5,66 and 10s.“’ td. respect- 
ibely. Backgrounds for these wavelengths ranged from 40 
to 440 td. 

Procrdirre. Two observers (DRW and YMH) were used in 
the background substitution experiment: both had normal 
color vision. Each trial consisted of two parts: 

( 1) a fovea1 afterimage was induced with a bright bleach- 
ing exposure and 

(2) the afterimage was viewed against steady back- 
grounds in the test condition. 

During the 10 set bleaching exposure the observer care- 
fully fixated the center of the bipartite iield (see Fig. 2). 
Rod intrusion was avoided by using small stimuli (1.2” 
visual angle in diameter) projected onto the fovea. (Polyak, 
1941, assessed the fovea1 rod-free area to subtend i.5-1.7” 
bisual angle on the basis of anatomical evidence and we 
have verified this psychophysically for one of our observers 
(DRW) by mapping thresholds for a small test flash.) The 
left hemifield was a long-wavelength light (whose wave- 
length was varied from session to session). while the right 
hemitield was a standard 538.5 nm green light. Since all 
stimuli used fell in a spectral range equal to or longer 
than 538.5 nm, the contribution of the blue-sensitive cones 
can be ignored. With careful fixation the bleaching expo- 
sure induced a crisp bipartite afterimage of the original 
stimulus display, 

Immediately following the bleaching exposure the hemi- 
field apertures were removed from each channel to reveal 
the 1.8” background field. Unibhtz shutters in the two 
channels were driven in counterphase so that opening the 
shutter in one channel simultaneously closed the shutter 
in the other. Thus the observer could exchange one back- 
ground for the other. Background wavelengths were always 
the same two that had been used in the bleaching exposure. 

The afterimage of the bipartite field was projected on 
the long-wavelength background and allowed to fade (see 
Fig. 2). Fading occurred within IO-15sec for both 
observers; MMH reported total disappearance of the after- 
image. DRW reported that a very faint amorphous tinge. 
showing no distinction between the halves and roughly 
coextensive with the bleached circle, was visible in the 
center of the background after fading. The observer then 
neatly substituted the green (538.5 nmf background for the 
long-wavelength one, noting the appearance of the after- 
image on the substituted background. If the revived after- 
image was nonuniform. as usually happened. the observer 
then returned to the long-wavelength background and 
adjusted the radiance of the green background beam (using 
the neutral density wedge in Channel 1) in preparation 
for the next background exchange. The observer’s task was 
to locate, if possible, a radiance of the green background 
against which the afterimage appeared uniform and bor- 
derless. The appearance of the revived afterimage followed 
simple principles which the observer could use to guide 
his search. These are best illustrated for the case shown 
in Fig. 1, where the two halves of the bleaching field are 
equated for the r cones. In this case the polarity of the 
revived afterimage was appropriate to the stimulation of 
the 4 cones. Thus if the substituted background was too 
bright, there appeared a negative afterimage of the bleach- 
ing field as seen by the 9 cones, that is, the green-bleached 
side of the field appeared darker (and less green) than the 
red-bleached side. If the substituted background was too 
dim, there was again a bipartite afterimage but with the 
opposite color difference between the two sides. With prac- 
tide it was straightforward for the observer to use the 
observed afterimage to decide whether the radiance of the 
substituted background needed to be increased or de- 
creased for the next exchange. The time required for the 
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LOG RATIO OF BLEACHING HEYIFIELD RADIANCES 

Fig. 4. Dots indicate the ratios of the radiances of bleaching hemifields (vertical axis) and test back- 
grounds (horizontal axis) which together yielded borderless afterimages for observer DRW. Clusters 
are numbered according to the long wavelength light paired with the ~38.5 nm reference green which 
was used to find those particular borderless afterimages. The curve represents the prediction from 

Vos and Walraven’s r and g functions. 

search process was usually tSsec or more. and by 
60-90sec after the bleach the search had to be abandoned 
because the afterimage was too weak to be useful. 

The typical resutt of such a trial was that no borderless 
afterimage could be achieved, and that whatever the 
radiance of the substituted background, the two halves of 
the afterimage remained different in color if not in bright- 
ness. Borderless afterimages could, however, be achieved 
with the addition of the second degree of freedom provided 
by the ratio of the radiances of the hemifields during the 
bleachi~ exposure. This was varied between trials, initeps 
of 0.06 or 0.12 log units over a range of 1.2 log units, with 
either two (MM@ or four (DRW) bleaching exposures at each 

* In the case of 639 nm paired with 538.5 nm, DRW 
reported that it was not possible to hnd a background 
radiance which entirefy eliminated the border down the 
center of the afterimage even though the two halves of 
the afterimage were identical in appearance. This was 
counted as a match, since the faint border may have been 
an artifact of ahgnment of the bkaching hemisfields. The 
two wavelengths are sufficiently far apart to introduce the 
problem of chromatic aberration; an achromatizing lens 
was not used. MMH found uniform and borderless after- 
images against the substituted backgrounds for all wave- 
lengths. 

’ In the case of 577 paired with the 538.5 urn green, the 
two clusters overlap so that there is one relatively broad 
range of bIeaching and background ratios which yielded 
borderless afterimages This overkp is not surprisiog in 
light of the fact that the two wavekngths used are kss 
than 40nm apart. Since the spectral sensitivity curves of 
the two underlying channels are normalized at the refer- 
ence wavelength (538.Snm), the curves will be very close 
together at wavelengths near the reference. If the ranges 
over which borderless afterimages can be obtained are 
large enough, overlap wiil occur. The elongated cluster was 
arbitrarily split in half to obtain two pairs of mean bleach- 
ing and background ratios yielding borderless afterimages. 

step. Five minutes were allowed between trials to ensure 
that the cones were recovered from their bleaching on pre- 
vious trials. On any trial where a borderless afterimage 
was achieved, the required radiance of the substituted 
background was recorded along with the ratio of the 
bleaching hemifields. This procedure was repeated for ad- 
ditional long-wavelength stimuli, each paired with the 
same reference green (538.5 nm). 

Results and discussion 
Borderbs afterimages could be obtained by both 

observers for each pair of wavelengths tested. Figure 4 
maps these borderless afterimages for observer DRW. 

Tfie ordinate shows the logarithm of the ratio of the 
two test background radiances; the abscissa shows 
the logarithm of the ratio of the bleaching hemifield 
radiances. Pairs of bleaching and background ratios 
which yielded a uniform and borderiess afterimage 
against the neatly substituted background are repre- 
sented by dots in the figure.’ The distinct clusters of 
points show that for each pair of wavelengths there 
existed two ranges of paired bleaching and back- 
ground ratios which yielded borderless afterimages.’ 
If either the bleaching ratio or the background ratio 
did not FaU in the appropriate range, the afterimage 
viewed against the substituted background was 
always nonuniform and marked with a border. Each 
point in Fig. 4 is derived from a single bleach and 
recovery on which a bordertess afterimage was found. 
The different points belonging to one cluster were 
generally measured in the same session, but different 
clusters were investigated in different sessions 

The symmetry of the clusters of points about a line 
of unit slope passing through the origin reflects the 
fact that, for a particular pair of wavelengths, the 
bleaching ratio of one of the two clusters is roughly 
the same as the background ratio for the other cluster 
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and vice versa. This pattern of results would be 
expected if the sensitivity regulation processes respon- 
sible for these afterimages proceed independently in 
two spectrally selective channels: to obtain a border- 
less afterimage, the bleaching hemifields must be 
equal for one or the other of these channels, making 
that one uniformly sensitive, while the backgrounds 
are equated for the remaining channel so that only 
the uniformly sensitive channel is stimulated by the 
exchange. The upper arm of the horseshoe-shaped 
scatterplot is defined by bleaching ratios which must 
be equated for one channel (which we can arbitrarily 
designate Channel A). The background ratios corre- 
sponding to the bleaching ratios in the same arm 
must be equated for a different channel (B) which, 
due to the larger ratios of the long-wavelength back- 
ground to the green, must be less red-sensitive than 
Channel A. The lower arm of the horseshoe is defmed 
by bleaching ratios corresponding to the relatively 
green-sensitive Channel B and by background ratios 
corresponding to the relatively red-sensitive Channel 
A.3 The clusters of Fig. 4 deviate slightly from the 
symmetry predicted by the hypothesis of two indepen- 
dent channels. These deviations could mean that the 
two channels are not completely independent, but as 
we have no firm estimate of session-to-session varia- 
bility we cannot be sure that they are not due to 
experimental error. 

Obviously the simplest hypothesis about the two 
unspecified Channels A and B is that they are simply 
the r and g cones, respectively. but before considering 

3 Due to self-screening, bleaching slightly alters the spec- 
tral sensitivities of the r and g cone pigments. The effects 
of self-screening cannot be determined precisely without 
questionable assumptions. but fortunately they are slight 
in these experiments so that no corrections for self-screen- 
ing have had to be made. The appropriate corrections. 
however. have been approximately calculated on the 
assumption that the observed spectral sensitivities of the 
two channels are those of pigments with optical densities 
of 0.5 at the wavelengths of maximum absorption. Photo- 
sensitivities and regeneration times were taken from Hol- 
lins and Alpern (1973) with the assumption that the quan- 
tum basis photosensitivities are equal at A,,,. The correc- 
tions for the test spectral sensitivity are time-dependent, 
and one minute of recovery from the bleach at the time 
of testing was taken as representative. Calculations thus 
suggested that the only significant effect of bleaching on 
test sensitivity was to lower the relative sensitivity of the 
r cones in the red; this underestimation was greatest at 
639 nm where it was still only 0.024 log units. 

The calculated effects of bleaching on sensitivity to the 
bleaching light were to reduce the sensitivity of the g cones 
by 0.03 log units at 620nm and also at 639 nm, while r 
cone sensitivity was reduced by 0.064 log units and 
0.073 log units respectively. If corrections were made for 
these effects the main result would be to improve, very 
slightly, the correspondence between bleach and test sensi- 
tivities. 

Another interesting expected consequence of self-screen- 
ing is that when the fraction of bleached pigment (in. say 
the CJ cones) is nonuniform across the bipartite field, the 
spectral sensitivity becomes different in the two halves of 
the field, so that in theory two adjustments should be insuf- 
ficient to produce a borderless afterimage. But the differ- 
ence in spectral sensitivity is only (in the worst case) about 
0.024log units, and apparently this was not enough to be 
obvious to the observer. 

Fig. 5. Log retinal illuminance of the substituted 538.5 nm 
background yielding borderless afterimages for a i.xed 
bleaching ratio as a function of the log retinal illuminance 
of the 601 nm background. Each point is the mean of five 
trials. Error bars in this and later figures equal + 2 times 
standard error of the mean based on within-msion 

cariclbiliry. 

this possible identification in more detail, it is impor- 
tant to show that the appearance of a revived after- 
image depends not on the absolute radiance of the 
substituted background but on the ratio of the 
radiances of the exchanged backgrounds. Only then 
will the derived spectral sensitivities be generalizable 
across different absolute radiances. To check this 
point, DRW found borderless afterimages for a fixed 
bleaching ratio at five different retinal illuminances 
of a 601 nm background upon which the afterimage 
was originally faded. Figure 5 shows the mean log 
retinal illuminance of the 538.5 nm green background 
which yielded borderless afterimages for five bleach- 
ing exposures at each retinal illuminance of the 
601 nm background over a range of 1.2 log units. A 
line of unit slope on the log-log plot fits the data 
well, showing that the ratio of background radiances 
required for a bor&&ss a&r&%&~& invariant 
over the entire range tested. Checks done by fading 
the afterimage on the green background and subs& 
tuting the red showed that the critical red-to-green 
ratio was the same to within experimental error. 

IL SPEeXRAL SENSl’IlVlTIES 
COMPARED WITH COLOR DEPECDVES 

Although the background substitution technique 
has revealed two channels (A and B) underlying dark 
adaptation, it remains to be seen whether these chara- 
nels correspond to the r and g photopigments or to 
some complex interaction between them. In Fig. 6, 
the open symbols replot the data of Fig. 4 to show 
the spectral sensitivities of the two “channels”. The 
circles show for each bleaching wavelength used the 
mean radiance of the long-wavelength field relative 
to the 538.5~1 bleaching field where a borderless 
afterimage was recorded Squares show similarly, for 
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Fig. 6. Circles represent mean bleaching ratios which produced borderless afterimages for a particular 
long wavelength: squares represent the corresponding mean test background ratios. Open symbols. 
observer DRW; solid symbols, MMH. Dotted and solid curves are the r and g functions from VOS 
and Walraven (1970) normalized to the reference 538.5 nm green light. Error bars = +2 times SEM. 

Ordinate is in radiance units. on a log scale. increasing downwards. 

each background waveiength, the radiance required 
to produce a borderless afterimage relative to the 
radiance of the 538.5nm background. The circles 
show the vertical coordinates of the clusters in Fig. 4, 
while the squares show the horizontal coordinates. 
Each of the two limbs of Fig 4 generates circles for 
one channel, squares for the other. Solid symbols are 
for another observer. 

The curves in Fig. 6 are Vos and Walraven’s r and 
g functions (1970) derived from dichromatic color- 
matching data and normalized at the standard wave- 
length. Since protanopes and deuteranopes have only 
one pigment sensitive enough to lights longer than 
530 nm to contribute to color matches between lights 
in this range, they can match spectral lights using 
radiance adjustments only. The matches made by pro- 
tanopes and deuteranopes in this range are thought 
to reflect the spectral sensitivity of g cones and r 
cones, respectively. The agreement between the Vos 
and Walraven r function and the background substi- 
tution data is good for both DRW and MMH. However, 
the background substitution technique produced a 
green-sensitive channel which is slightly more sensi- 
tive in the long end of the spectrum than Vos and 
Walraven’s g function. 

In order to gauge whether this slight difference 
between the two sets of data is due to calibration 

error or represents a real difference caused by a fail- 
ure of independence between the r and g cones during 
dark adaptation, color defectives made color matches 
on the same apparatus used in the background substi- 
tution technique. 

Method 

Two deuteranopes and two protanopes, screened using 
the Ishihara plates, the Farnsworth-Munsell 1CGHue Test. 
and the Nagel anomaloscope., varied the radiance of the 
green (538.5) half of the bipartite field until it appeared 
indistinguishable from the long wavelength half. Ten 
matche; were made by each dichromat for five wavelengths 
(577.587.601.620 and 639 nm). each oaired with the refer- 
ence green light. The luminances of the hemifields were 
roughly the same as those used during the test condition 
of the background substitution technique. 

Results and &x&on 

Figure 7 shows the mean hemifield radiances which 
were perfect matches for each of the color defectives 
(solid symbols) compared with both the background 
substitution data for DRW (open symbols) and the Vos 
and Walraven r and g functions (curves). Both the 
protanope and the deuteranope data are slightly more 
red-sensitive than the Vos and Walraven g and r func- 
tions, respectively. The small discrepancies could be 
due to observer variation among dichromats (Alpern 
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Fig. 7. Color-matching data from two deuteranopes (solid triangles) and two protanopes (solid squares 
and diamonds) compared with the background substitution data of ORW (open circles and squares) 
and the r and g functions (curves) of Vos and Walraven (1970). Error bars (22 times SEMI are 

about as large as the symbols for dichromats. 

and Wake, 1977), or to the dependence of pigment 
density and spectral sensitivity on field size (Pokorny 
and Smith, 1976), together with calibration error. The 
protanopic sensitivity curve (solid squares and dia- 
monds) agrees well with the data derived from the 
background subs~tution technique. The deuteranopic 
sensitivity curve (triangles) is slightly more red-sensi- 
tive than the data from background substitution. In 
general, the color defective data agree reasonably well 
with that derived by the new technique; hence, if in- 
teractions do occur between the r and g cones during 
dark adaptation, those interactions are too small to 
reveal themselves clearly under the conditions of these 
experiments. 

ill. SPECTRAL SENSITIVITIES DERIVED 
FROM MONOCHROMATIC MATCHING IN 

THE NORMAL EKE 

Given the individual differences that exist between 
dichromats (Alpem and Wake, 1977), it was desirable 
to compare the channeis tapped by the background 
substitution technique with the spectral sensitivities 
derived by a different technique in the eye of the same 
observer. The second technique chosen for compari- 
son was the artiticia1 red-green blindness (Fedorow 
and Fedorowa, 1928; Brindley, 1953) induced by 
adaptation to very bright lights. Following adaptation 
to a blue-green or a red light, lights from the long 

wavelength portion of the spectrum can be matched 
using radiance adjustments only; matches folIowing 
blue-green adaptation are presumabfy equal for the 
r cones, while matches made following red adaptation 
are presumably equal for g cones. The spectral sensi- 
tivities reported by Fedorow and Fedorowa and by 
Brindley agree better than do f7 mechanisms with 
estimates of the cone spectral sensitivities based on 
evidence from color defectives, as MacLeod and Hay- 
hoe (1974b) have pointed out. 

Method 

Observer ORW fixated a 453 nm bleaching light (to’,” tdt 
for 60 sec. 4s soon as possible following the bteach. a per- 
fect match was made between two halves of the bipartite 
field (30-60 td). The radiance of the 538.5 nm green refer- 
ence light was adjusted until it looked identical to a long- 
wavelennth lieht (577. 587. 601. 620 or 639nm). This tem- 
porary ied-green blindness lasted approxim&efy 30 set 
allowing time for several matches to be made. Matches 
were made following four bleaching exposures for each of 
the 5 pairs of wavelengths. 

This same procedure was then repeated using a 681 nm 
adapting light (lo’.’ td) viewed for 6Osec. 

Results and disctcssion 

Figure li’compares the spectral sensitivities derived 
from monochromatic matching (solid symbols) with 
the data from the background substitution technique 
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Fig. 8. Artificial red-green blindness following adaptation to a very bright 483 nm light (solid circles) 
and a 680nm light (solid squares) compared with background substitution data (open symbols) on 
the same observer (DRW). Curves are the r and g functions of Vos and Walraven (1970). Error bars = f 2 

times SEM. 

(DRW. open symbols).’ The agreement between the 
data derived from two different techniques, and 
between both these and the dichromatic data, sug- 
gests that the two spectrally selective channels 
revealed by the background substitution technique 
may indeed be simply the r and g cones. 

GENERAL DISCLSSION 

The conditions under which interchangeable back- 
g,rounds were found agree fairly well with the predic- 
ttons of the independence hypothesis. This does not 
of course prove that the independence hypothesis is 
correct; but the demonstrated sensitivity of the back- 
ground substitution technique. together with the fairly 
close correspondence between the “cone” spectral sen- 
sitivities derived from it and those derived from con- 
genital or artificial dichromacy, shows that any inter- 
actions under the particular conditions of these ex- 
periments are slight in their effects. Sensitivity regula- 
tion following intense bleaching seems to occur pre- 
dominantly before signals from r and g cones come 
together. 

A The monochromatic matching data were not corrected 
for the effects of self-screening. Calculations (assuming 
optical densities of 0.5) suggested that no data point would 
be altered by as much as 0.1 log units since the adaptation 
lights did not bleach as much of the photopigment being 
investigated as of the pigment purposely rendered insensi- 
tike. 

The technique allows estimation of the fundamental 
spectral sensitivities of the r and g cones, but unfortu- 
nately its precision here is limited. In our experiments. 
the conditions for a borderless afterimage, though 
defined with great precision (with regard to back- 
ground intensity) in any one trial. fluctuated slightly 
from trial to trial. yielding the variability represented 
by the dispersion of the clusters in Fig. 4. The sources 
of this trial-to-trial variation have not been identified. 
Another source of uncertainty is the unknown pig- 
ment density and the extent of the resulting self- 
screening effects. 

In view of these uncertainties. the agreement 
between the spectral sensitivities derived by the after- 
image technique with those of protanopes and deuter- 
anopes (Fig. 7) is as good as could be expected. When 
data from observers of the same type are averaged. 
the differences between normal and protanopic data 
are slight (+O.O4 log units in relative sensitivity) and 
show no clearly systematic dependence on wave- 
length. Normal and deuteranopic data agree to f0.05 
log units; the afterimage sensitivities may be systema- 
tically lower in the red, but only by amounts that 
could be reasonably ascribed to observer variation. 
Among Alpern and Wake’s deuteranopes (1977), the 
standard deviation of relative sensitivity to red and 
green was 0.07 log units. The afterimage spectral sen- 
sitivities do not agree so well with those of the Stiles’ 
f7 mechanisms. In the case of l7, the agreement is 
quite satisfactory (+0.02 log units). But n4 is clearly 



too sensitibe af long waLelengths: by 0.06 lop units 

at 601 nm. 0.16 foe units at 610 nm and 0.33 log units 
at 639 nm. These ldifferences are too large to be pfau- 
sibfy ascribed to measurement error or observer vari- 
ation: besides. crude measures of the f7, field sensi- 
tivity for DRw and %fMH (1~. 300 msrc Bash! give an 
even worse fit than Stiles’ n, to the afterimage data. 
with deviations (in sensitivity relative to j38 nm) 
reaching 0.39 log units at 639 nm. i\ny of the follow- 
ing three factors could be responsible for the differ- 
ence between the Stiles spectral sensitivities and the 
sensitivities attributed here to cones. First, horizontal 
Ceff interactions might perhaps be implicated in 
steady-state light adaptation but not in dark adap- 
tation (Green et al.. 1975; Naka and Rushton. 196.5). 
Second, the exponential nonlinearity relating sensi- 
tivity during dark adaptation to the level of bleached ! 
pigment may aid isolation of a single cone type by ’ 
allowing the sensitivity of “unwanted” cones to be 
depressed further than under steady-state levels where 
Weber’s Law prevails (Du Croz and Rushton, 1966). 
Third, the experiments on normal vision that have 
yielded results consistent with those from dichromats 
have so far used null. or matching, methods rather 
than threshold measurements. Suppose that there are 
multiple sites of sensit&ity regufation: peripheral 
sites, that preserve cone<one independence because 
signals from different cone types are still fairly well 
segregated, and also more “central” sites, at which 
cone-cone interaction may occur due to the conver- 
gence of input from different cones onto individual 
cells at the more central stage. If this sort of organiza- 
tion is assumed, and Pugh and Moflon (1979) give 
convincing evidence for it. the difference between 
matching and thresholds might be important for the 
following reason. When stimuli that are contiguous 
(in space or time) are exactly matched. they form no 
spatial or temporai transient (e.g. no border in a 
bipartite field) that could strongly excite central 
neurons. Already at the bipolar level the preference 
for spatio-temporal transients is strong (Shantz and 
Naka, 1976). and retinal ganglion cells and lateral 
genicufate cells are progressively more efftcient in fil- 
tering out uniform or steady input (Marrocco. 1972). 
To the extent that central neurons are quiescent 
across the invisible border between matched fields. 
any differential excitability of the central neurons 
within the matching field cannot affect the match. 
Threshold sensitivity, on the other hand, depends on 
the capacity of the test flash to excite successively 
all levels of the visuaf system. Hence cone-cone inter- 
actions due to alterations of sensitivity at relatively 
central sites might become apparent in threshold 
measurements but not in matching. More experiments 
will be needed to decide which of these three factors 
(if any) are important. 

Previous studies of chromatic preadaptation have 
often yielded results inconsistent with cone-cone in- 
dependence. even in some cases where matching 
rather than thresholds was employed. Color matching 
after asymmetric adaptation to colored lights (Wright. 
1934; Walters, 1942: MacAdam. 1956) has yielded 
spectral sensitivities that cannot plausibly be associ- 
ated with cones. and although cone-cone indepen- 
dence in the sense considered here was not explicitly 
tested in these studies. the reported results SUggeSt 

that it fails. hioreokrr. studies of both thresholds and 
COIO~ appearance have shown clearIs that ssnjitivitq 
for stimuli applied to the blue-sen&ve cones does 
not recover independently of the states of other cones 
during dark adaptation (Stiles. 1975: &lol[on and 
Polden. 1976: Pugh and Mofion. 1979). Instead. the 
offset of an adapting fieid that stimulates the F and 
g cones is found to decrease substantially the etfec. 
tiveness of the blue-sensitive cones. Moffon and 
Polden report one aspect of this phenomenon of 
“transient tritanopia” which may help reconciie the 
interactions implicit in it, and in the color matching 
data, with the background substitution data presented 
here: transient tritanopia is absent when the adapting 
fieid is very bright. Since the experiments of Wright. 
Walters and YlacAdam used relatively Iow adapting 
intensities, it may be that use of very bright bleaching 
exposures. as in our experiments. is a necessary condi- 
rion for obtaining cone-cone independence. To un- 
derstand why this might be so. the multiple site con- 
cept agam prob’es helpful. Virsu and Laurinen ( 1977) 
and Loomis (19781 suggest that relatively dim and 
prolonged adapting exposures can alter sensitivity at 
a sitz which is preceded by a compressive nonlinear- 
ity. Very b;ight bleaching fights should have similar 
effects at such a site. due to saturation of the preced- 
ing nonlinear stage. and indeed such bleaching fights 
tend to look quite similar. as this would suggest 
(Cornsweet, 1962). Perhaps, then, the two bright 
hemifields used for bleaching in our experiments were 
similar in their effects on those sites. more central 
than the cones, which are responsible for interactions 
in dark adapatation. With the “central” sites thus 
made uniformly sensitive, the relative sensitivity of 
the two he~~efds may depend only on the indepen- 
dently recovering sensitivities of the cones. 
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