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Abstrct--To investigate whether scotopic sensitivity is set locally or in neural “pools”, we have tested 
the spatial variation in sensitivity after bleaching with gratings using 3 different methods. One experiment 
circumvented the influence of involuntary eye movements by deliberately randomizing the horizontal 
position of a fine test line on the area bleached by the vertical gratings, The spatial variation of threshold 
across the bleached area is reflected in the width of the frequency-of-seeing curve. A clear difference 
between the probability-of-seeing curves following a grating bleach and a uniform bleach was seen only 
up to between 4.2 and 6.3 c/deg, suggesting that adaptation signals are pooled so as to almost obliterate 
the contrast in finer gratings than this. In a second experiment the lowest bleaching-grating contrast (for 
a space-averaged initial rhodopsin bleach of 10%) that produced a patterned afterimage stayed close to 
the scotopic threshold contrast for frequencies from 1 to 6.4 c/deg, but it rose above the contrast threshold 
at high spatial frequencies. This slight loss of sensitivity at the high frequencies is more evidence for 
pooling in adaptation. A third experiment assessed the sensitivity profile at the adapting site without any 
influence of later stages of neural integration. Bleaching and test gratings of slightly different spatial 
frequency were flashed successively. If the effect of bleaching is restricted to the bleached rods, the observer 
will effectively be looking at the test grating through a grid of sensitive and insensitive stripes in his own 
retina. The two gratings come in and out of register at the difference frequency, and a corresponding 
low-frequency grating should be visible even when the test and bleaching gratings are not themselves 
resolved by the later stages. We could not see the difference frequency unless the test and bleach gratings 
were themselves coarse enough to be resolvable in rod vision. This is very strong evidence against any 
model in which each rod has its own sensitivity-regulating mechanism, and instead supports (for these 
conditions) Rushton’s view that adaptation is entirely the work of a neural pool. The estimated pool size 
is about 10 min arc of visual angle. 

Visual adaptation Rod vision 
adaptation Dark adaptation 

Visual sensitivity Visual resolution Receptive fields Light 

INTRODUCTION 

The regulation of visual sensitivity in light and 
darkness may depend either on the photo- 
receptor cells themselves or on postreceptoral 
processes. Rushton (1965), for instance, argued 
that in rod vision the rise in visual threshold 
produced by bleaching is due to an adustment 
of sensitivity not at the rods themselves, but at 
a later neural site where signals from many rods 
are pooled. Rod sensitivity never changes, but 
every bleached or illuminated rod sends to the 
neural “adaptation pool” a steady signal, and 
the combined signal regulates sensitivity at a 
post-receptoral site. 

Although experiments on lower vertebrates 
have since indicated an important role in adap- 
tation for the rods themselves, human psycho- 
physics and mammalian electrophysiological 
observations (for reviews see MacLeod, 1978; 

Shapley & Enroth-Cugell, 1986 and Green, 
1986) are still generally consistent with Rush- 
ton’s conclusion that mammalian scotopic 
adaptation is mainly in the pool. But there is 
substantial disagreement as to the size of the 
pool; nor is it yet quite clear whether the pool 
is the only site of sensitivity regulation or 
whether the rods also have a part to play. 

One obstacle to psychophysical research into 
these questions is that is impossible to confine 
light strictly to a chosen small patch of retina, 
so any remote lateral effects may be due to stray 
light. Another limitation of much previous work 
is that fixational eye movements have made it 
difficult or impossible to distinguish between 
strictly local (e.g. receptoral) regulation of sensi- 
tivity and regulation in small pools. 

The new experimental methods used here can 
give quantitative measures of the spread of 
adaptation in rod vision for both local test 
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stimuli (point or line) and extended stimuli 
(gratings) without any influence of eye move- 
ments. We call the first one the random 
probe technique-a narrow slit test stimulus is 
quasi-randomly “thrown” onto a retinal area 
bleached with a grating stimulus. When sensitiv- 
ity is nonuniform across the bleached area, this 
is reflected in a shallower probability-of-seeing 
curve. The second technique involves compar- 
ing the modulation needed in grating bleaching 
stimuli of different spatial frequencies, for the 
production of an afterimage, with the normal 
modulation sensitivity curve. The third tech- 
nique involves searching for a spatial “beat,” a 
dzfirence-frequency grating generated by two 
stimuli, one a bleaching stimulus and the other 
a test grating; this is a particularly sensitive test 
for determining whether sensitivity regulation 
occurs within the rods, in addition to what is 
added in the pool. 

EXPERIMENT I 

Random probe experiment 

To get around the eye movement problem, 
rather than trying to fix the bleach or the test 
retinal location, a thin vertical needle of test 
light was presented at random locations within 
an area that had been bleached with a vertical 
grating stimulus. The aim was to find out 
how the detection threshold varies across the 
bleached stripes. If the sensitivity-regulating 
mechanism integrates over regions smaller than 
the grating stripes, then after the grating bleach 
the spatial profile of threshold across the 
bleached area will show peaks where the light 
bars of the bleaching grating fell, and troughs 
over the dark bars. (Although we use a square 
wave grating bleach, a smooth grating sensitiv- 
ity profile will be produced on the retina due 
to the preretinal optical losses and stray light). 
A fine-needle test of intensity Z will be detected 
if an only if it falls on a part of the stripe- 
bleached area where the threshold is less than I. 
Since the needle test is falling randomly within 
the whole bleached area, after many measure- 
ments the probability of seeing the stimulus 
will be simply the fraction of the bleached area 
where the threshold is less than Z, and the 
shape of the spatial threshold profile can then be 
derived from the frequency-of-seeing curve. 

Procedure. Stimuli were presented by a three 
channel Maxwellian-view optical system. An 
artificial pupil, 3 mm in diameter was placed in 
the plane of the Maxwellian image. The bleach 

and test stimuli were presented at an eccentricity 
of 5 deg in the nasal retina. The bleach, of white 
light, was 7 deg in diameter, and 50 msec in 
duration. To minimize eye movement, it was 
desirable to make the bleaching exposure as 
brief and intense as possible. By arranging the 
optics to fill the 3 mm artificial pupil with a high 
magnification image of a single coil of a tung- 
sten filament, and by slightly over-running the 
lamp (at 140V instead of 110 V) during the 
bleaching exposure, we obtained a retinal illu- 
minance 1.6 x 10’ td, enough to bleach 55% of 
the rod pigment during the 50msec bleaching 
exposure (Alpern, 1971). Any eye movement 
during such bleach will typically be small: about 
15 set of arc for our conditions (Barlow, 1953; 
Riggs et al., 1954). Our finest grating had a bar 
width of 4.7 min arc, so eye movements are one 
to two orders of magnitude smaller than the 
width of the bars. The test was defined by a 
slit aperture, 10 min long, and of negligible 
width (in the sense that its retinal image width, 
because of diffraction and other aberrations, is 
approximately that of an ideal line stimulus). 
The test duration was 25 msec; the test wave- 
length was 500 nm. Test intensity was set by a 
neutral wedge filter driven by a stepping motor 
under computer control. 

The fixation point was a small, dim red light, 
It was continually moved back and forth in the 
horizontal direction so that the test would fall 
with equal likelihood in any positions relative to 
the bleached stripes. The range of movement of 
the fixation spot was several cycles of the coars- 
est grating period. The moving fixation square 
was produced by two relatively moving slots. 
One was a fixed aperture with a horizontal slot. 
The other was a rotating off-center occluding 
disc with a slot defining an eccentric closed 
curve which was placed behind the aperture. 
The overlapping part of the two slots was a tiny 
square. The disc was driven by a motor. The 
whole assembly made the square move back and 
forth in the horizontal direction at a roughly 
uniform speed, with a spatial amplitude of one 
degree and temporal period of 4 sec. 

To find out the approximate range of the rod 
threshold, a dark adaptation curve was first 
measured by the adjustment method. The test 
was presented for 25 msec every 2-3 sec. The 
subject continued to the set the threshold until 
20 min after the bleach. The resulting data were 
used to define the appropriate intensity ranges 
for measuring the probability-of-seeing curve at 
each period during recovery. Next, in the main 
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phase of the experiments, test stimuli from the 
appropriate range of intensities, selected from a 
series spaced apart by 0.08 log units in intensity, 
were presented in random order under com- 
puter control. Before each run, the subject dark 
adapted for 30 min. The data of greatest interest 
are those collected while rods determine 
threshold but are still strongly desensitized, that 
is between 9 and 10 min after the bleach. The 
bleach grating stripe widths were 14.5, 9.5, 7.2 
and 4.7 min (corresponding to spatial frequen- 
cies of 2.1, 3.2, 4.2 and 6.3 deg). The uniform 
bleach was 0.3 log unit lower than the light 
stripe, approximately equal to the mean of the 
grating bleach intensity. The entire set of experi- 
ments was performed with one subject M.C, 
who has 20/20, uncorrected vision. Less exten- 
sive observations by D.I.A.M. under slightly 
different conditions yielded results consistent 
with those of M.C. 

Results. The probability-of-seeing vs log test 
flash luminance (in arbitrary units) is presented 
in Fig. 1. The solid circles show the usual steep 
curve after a physically uniform bleach. The 
open circles are the grating bleach data. These 
data were all collected between 9 and 10 min 
after the bleach, in more than 20 runs, with 
about 15 presentations at each test intensity. At 
this stage of recovery, the 50% threshold was 
elevated by about 0.8 log units from its fully 
dark adapted value. 

For the grating bleach, if the period of the 
grating is much smaller than the adaptation 
pool, the probability of seeing curve will be no 
different in shape from that for a uniform 
bleach. If, however, the stripes are wide enough 
to introduce a substantial spatial variation in 
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sensitivity, the curve after the grating bleach 
should be shallower. In Fig. l(a) the open circles 
are what we got after bleaching with a grating 
of 4.2 c/deg (7.2 min stripes). This was, in fact, 
the highest bleaching spatial frequency for 
which we could get a noticeably flattened prob- 
ability-of-seeing curve. Figure l(b) shows the 
next higher frequency we tested, 6.3 c/deg. This 
bleach has the same effect as a uniform bleach 
in terms of curve slope; the horizontal misalign- 
ment may be due to a slight intensity mismatch 
between the bleaching stimuli. The adaptation 
mechanism thus seems to be resolving fairly 
well at 4.2 c/deg, but not at 6.3 c/deg. A more 
quantitative analysis of this experiment is given 
in the Appendix. 

EXPERIMENT IT 

Grating afterimage us grating contrast threshold 

In the second experiment we used a different 
technique to avoid the eye movement problem. 
We made the test stimulus completely uniform, 
and used the afterimage of the grating as an 
indication of the local variation of sensitivity. 

A perceived pattern of light and dark bars 
can result either from a grating test stimulus 
seen with uniform sensitivity (uniform bleach or 
adaptation), or else from a uniform stimulus 
applied to nonuniformly sensitive retina. The 
first situation is the usual contrast threshold 
experiment; in the second situation the negative 
afterimage of the grating is revived by a uniform 
flash of light after any positive afterimage 
initially seen has been allowed to fade. For 
justification of the view that such negative after- 
images are simply a visible representation of the 

0 0.5 I 

log test flash luminance 

Fig. 1. Probability-of-seeing curves for scotopic vision. Solid circles, uniform bleach; open circles, grating 
bleach. (a) Compares the 4.2 c/deg grating bleach with the uniform bleach. (b) Compares the 6.3 c/deg 
bleach data with the uniform bleach data. The bleach duration is 50 msec, white light. The bleached area 
is 7 deg in diameter at 5 deg in the nasal retina. The test needle is 10 min long. The test duration is 25 msec, 
wavelength is 500 nm. All the data are collected between 9 and 10 min after bleaches in more than 20 runs. 
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distribution of sensitivity over the retina, see 
Rushton (197 l), MacLeod (1974), MacLeod 
and Hayhoe (1974) and Hayhoe, MacLeod and 
Bruch (1976). 

We measured the contrast sensitivity function 
for the rod afterimage by presenting briefly 
flashed grating stimuli, at an intensity high 
enough to bleach appreciable pigment, and 
finding by trial and error the contrast that was 
just sufficient to generate a rod afterimage, for 
each of a range of spatial frequencies of the 
bleaching stimulus. The results were compared 
with ordinary contrast sensitivity measurements 
for rod vision. The ordinary contrast sensitivity 
measurements were made under two conditions: 
steady test field and 200 msec flashed test field. 
Neither of these conditions is a perfect counter- 
part to the afterimage situation: the test field for 
the afterimage was steady, but the afterimage 
was fixed on the retina, precluding any influence 
of lixational eye movements. But Keesey (1978) 
has shown that fixational eye movements are 
not critical for contrast sensitivity under pro- 
longed observation, provided that an onset 
transient is present so that the slow fading of the 
stabilized image is not relevant; so we rely 
mainly on the comparison between afterimage 
contrast sensitivity and contrast sensitivity for 
steady exposure. 

Procedure. All observations were made on 
two subjects (K.P. and B.C.) Subject B.C. has 
normal visual acuity with -4.0 D correction 
and K.P. has - 1.5 D correction. 

The test and the bleach fields were both at 
10 deg in the temporal retina. The bleach test 
field was a 7.5 deg in diameter, white light. 
The test field was 4.7 deg in diameter, and its 
wavelength was 500 nm. In preliminary experi- 
ments, we measured the dark adaptation curve 
to find the test insensity at which the rods first 
see the test stimulus. During the first few min- 
utes of recovery, both rods and cones generate 
afterimages. After several minutes, the cones 
have recovered to the same fully dark adapted 
sensitivity in the bleached area as in the rest of 
the retina. Being uniformly sensitive and uni- 
formly stimulated, the cones can not distinguish 
between the bleached and unbleached areas 
(MacLeod & Hayhoe, 1974; Hayhoe et al., 
1976). Only the rods can now revive the after- 
image, so it is not in principle necessary to set 
the test field intensity below the cone plateau 
level. Therefore, we set the test intensity only 
0.1 log units below this level in the afterimage 
experiment. 

For the afterimage experiment the space- 
average initial rhodopsin bleach was only 10%. 
We chose this low value so that the amounts of 
pigment bleached by the light and dark bars 
would remain proportional to the local stimulus 
energy. The experiment involved testing for a 
resolvable afterimage after bleaching with stim- 
uli of different frequency and contrast, so as to 
define (for each spatial frequency) a threshold 
bleaching contrast for the afterimage. 

To vary the contrast of the bleaching-grating, 
a double exposure bleach method was used. 
A full contrast grating bleach was followed as 
soon as practicable by a uniform bleach. To 
calculate the bleaching contrast, we assumed 
that after the double exposure, the pigment 
bleached at each retinal position is proportional 
to total incident energy at that position. The 
contrast of the bleaching pigment was changed 
by adjusting the durations of the two bleaches. 
By properly choosing the two bleaching dur- 
ations the average bleach pigment was kept 
almost constant. The duration of the patterned 
bleach varied between 15 and 50 msec. Due to 
the limitations of the equipment, the second 
bleach could not be presented right after the first 
one, but the interval between the two bleaches 
was short enough (about 10-20 set) so that the 
rhodopsin recovering in this period of time (less 
than O.OSO/,) could be ignored in its effects on 
the profile bleached pigment. 

Before each run the subject dark adapted for 
25 min to allow for pigment recovery. Then the 
two bleaches were exposed sequentially. After 
the double bleach there was a waiting period of 
about 6 min; preliminary trials indicated that 
this was long enough for fading of the positive 
afterimage that initially persisted in the dark, 
while the negative afterimage upon presentation 
of a scotopic background was never visible until 
much later. A steady uniform test field was then 
made available for viewing, at an intensity that 
was not allowed to exceed 0.1 log units below 
cone plateau level. After any positive afterimage 
had faded to invisibility, the subject exposed this 
test field by opening an electronic shutter and 
looked for a negative afterimage against it, 
viewing it for as long as she wished. If the 
subject could not see the afterimage at that time, 
she switched off the test field, waited again for 
the positive afterimage to fade completely and 
repeated the exposure to look for the negative 
afterimage again. If the subject did see the 
afterimage, she decreased the test intensity to 
determine the lowest test intensity at which 
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the afterimage could be seen. This continued 
for the next 20 min. Between two trials (bleach 
to bleach) there was a 30 min interval for 
pigment recovery. By trying various contrasts 
of bleaching-grating in steps of 0.03 (near 
threshold) to 0.1 (above threshold) log units, the 
lowest bleaching-grating contrast that produced 
a patterned afterimage was found for each 
spatial frequency. Different bleaching frequen- 
cies and intensities were presented in haphazard 
order. The criterion for identifying the afterim- 
age threshold was a lenient one, necessarily so 
in view of the time needed to make a single 
observation. It was that: (1) at least once out of 
four runs the “threshold” modulation bleach 
generated an afterimage reproducibly upon re- 
peated presentation of the uniform test field, 
and (2) the next lower modulation did not 
produce such an afterimage. The experiment 
could not be repeated often enough to define 
standard errors, but checks at some frequencies 
suggest the threshold uncertainty is roughly f 1 
step size. 

Stripe width (min arc) 

3; 1; 1; 77 6 7 B , 

To measure the scotopic threshold contrast, 
we used two channels to produce the test light. 
One was a uniform beam, the other was a 
grating beam. Light passing through these two 
channels was combined by a beam splitter to 
produce modulated grating stimuli. The peak 
luminance of the test field was 0.2-0.3 log units 
below cone plateau level. The subject dark 
adapted about half an hour, then adjusted the 
intensity of either the uniform channel or the 
grating channel (the choice being made by 
the experimenter) to set threshold. The space 
average intensity was held constant within 
0.2 log units during the adjustment. The 
scotopic contrast data were the average of two 
sessions, each session including four trials. 

Results. The time when the subject began to 
see the afterimage in the threshold condition is 
almost independent of the bleaching frequency 
(Fig. 2). It was about 450-600 set after the 
bleach. At the “threshold” bleaching modula- 
tion the afterimage remained available for about 
50 sec. This long delay is required for the rod 
system underlying the dark strips of the bleach- 
ing field to become capable of detecting the test 
light, making those regions appear lighter in the 
negative afterimage than the neighboring strips 
where the bleaching is greater and the sensitivity 
less. The test field intensity needed for visualiz- 
ing the negative afterimage reached its lowest 
value, around 0.6 log units lower than the 
cone plateau level, about 800-900 set after the 
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Fig. 2. The earliest time to see the afterimage of several 
spatial frequencies. Subject K.P. 

bleach. These parameters showed no obvious 
dependence on spatial frequency, and will not 
be discussed further. Figure 3 shows the 
scotopic spatial modulation sensitivity curves 
derived from the ordinary contrast thresholds 
(open symbols) or the afterimage (bleaching 
modulation) thresholds (solid symbols). The 
afterimage and steady modulation sensitivity 
and frequency range (the standard error for 
the modulation sensitivity data is less than 
0.05). 

If one compares the afterimage thresholds 
with the contrast thresholds for steady test 
fields, the two curves converge fairly well at 
low frequencies, at least for B.C., but a clear 
reduction of sensitivity at high spatial fre- 
quencies is evident. The implications of this, 
and of the general similarity of the afterimage 
and contrast threshold curves are discussed 
below, where the slight high frequency loss 
is interpreted as evidence for pooling in 
adaptation. 

In similar experiments on fovea1 cone vision 
(Hayhoe & Ma&cod, unpublished; and for 
steady state adaptation under stabilized vision, 
Hayhoe & Smith, 1989), afterimage sensitivity 
is preserved up to at least 15 c/deg, with 
an afterimage resolution limit of nearly twice 
that. So the resolution loss documented here 
is specific to rod vision. 

EXPERIMENT III 

Search for d@erence-frequency gratings 

In the third experiment a grating bleach was 
again used, but the test stimulus was another 
grating, slightly different in spatial frequency 
from the bleach. Suppose that there is strictly 
local regulation of sensitivity, for instance in the 
rods themselves, and that scotopic resolution 
is limited by later neural summation at stages 
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Fig. 3. Comparison of contrast sensitivity functions for direct detection and for afterimages. The open 
circles are the ordinary contrast thresholds. The solid circles are the bleach modulation thresholds for 
seeing afterimages. The squares are the modulation thresholds for flashed test stimuli. (a) Subject B.C. 

(b) Subject K.P. 

following the adaptation site. Suppose also that 
the bleach and test gratings are too high in 
frequency to be resolved neurally or subjectively 
(without being so fine that optical resolution 
losses obliterate their retinal contrast). The 
bleaching exposure will then leave the retina 
insensitive in those places where the light bars 
of the bleaching grating fell. When the test 
grating is then exposed, whatever its precise 
position relative to the bleach grating, there 
will be regions where the test grating bars are 
roughly in register with the bleached strips of 
retina, separated by other regions where they 
are out of register (Fig. 4). The “in register” and 
“out of register” regions define a relatively 
coarse pattern; its frequency is the difference 
between the two grating frequencies. The test 
stimulus should produce less excitation in the 
“in register” regions, because in those regions 
the test bars fall where sensitivity is low. The 
excitation profile at the bottom of Fig. 4 is 
derived as the product of the test intensity 
profile with the sensitivity profile. Because the 
excitation in the “out of register” regions is 
stronger, on the average, than in the “in regis- 
ter” regions, this profile has a Fourier compo- 
nent at the difference frequency as shown by 
the dotted line in Fig. 4. And because that 
Fourier component has a relatively low spatial 
frequency, it should be transmitted well by 
the later neural stages and ought to be easily 
detected by the visual system. The only effect 
of eye movement on this difference-frequency 
component (or beat pattern) is to change its 
spatial phase. 

The appearance of a difference frequency 
means that the sensitivity-regulating mechanism 
has resolved the bleach grating, but it is not 
necessary that later stages of the visual system 

Beat experiment principle 
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Fig. 4. Principle of the difference frequency experiment 
(see text). 
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resolve it; they are only required to transmit 
the lower frequency beat pattern. Once the 
difference frequency component has been gener- 
ated at the sensitivity-regulating site, it escapes 
the effects of later neural summation that might 
render the high frequency test grating itself 
invisible. The technique is thus logically the 
complement of laser interometry: instead of 
testing neural resolution while bypassing the 
eye’s optics, it tests optical resolution (together 
with the resolution of any neural stages that 
precede sensitivity regulation) while bypassing 
more central neural stages. Used with gratings 
above the visual resolution limit, it provides a 
much more sensitive test for local adaptation 
processes than do the experiments described 
above. 

Procedure. The size and the position of the 
bleach and test field were the same as in the 
previous experiment. The bleach stimulus 
was white, the grating was square wave. The 
light bar intensity was 7.35 log td, and the 
exposure was 150 msec, bleaching about 30% 
rhodopsin. Stimulus contrast was close to 
100%; the effects of optical contrast atten- 
uation in the eye and in the apparatus are 
discussed in the Appendix. The test field was a 
steady square wave grating, the luminance of 
the light bar was 0.3 log unit below the cone 
threshold for seeing a uniform field, and its 
wavelength was 500 nm. The bleach and test 
were both vertical gratings. 

The subject dark adapted for 25 min. After 
the grating bleaching light was exposed, the 
subject waited in the dark while cones 
recovered. After 5 min, that is some time before 
rods become able to detect the test stimulus, 
the subject looked at the steady grating test 
field searching for the difference frequency grat- 
ing. If the subject could not detect the beat 
grating, the search stopped after 15 min follow- 
ing the bleach. The interval between bleaches 
was 30 min. Each condition was tested in 3-4 
bleach recovery runs. If the subject could repro- 
ducibly observe the difference frequency grating 
in at least one run, this condition would count 
as a success in detection. The highest frequency 
used in this experiment was beyond the visual 
resolution limit. Subject B.C. knew the test and 
bleach frequencies for each trial. Subject K.P. 
did not, but the frequency of the bleach was 
generally disclosed by its afterimage, visible 
during the first few minutes (the cone phase) of 
dark adaptation. A third subject (D.I.A.M.) 
performed the experiment under slightly 

different conditions; his results (not shown 
below) agree with those of B.C. and K.P. 

Results. Two subjects’ results are shown in 
Fig. 5. The time at which the subject started to 
see a difference-frequency was around 700 set 
after the bleach. The pattern remained available 
for about 100-200 sec. We were unsuccessful in 
obtaining subjective difference-frequency grat- 
ings from bleach and test gratings that were not 
themselves resolvable. The highest grating fre- 
quency of the test or bleach for which beats 
could be observed was 6.4 c/deg for both sub- 
jects. In Fig. 5 the abscissa is the bleach fre- 
quency, and the ordinate is the test frequency; 
the difference frequency is equal to the vertical 
or horizontal distance to the diagonal lines. It 
is not surprising to see that the conditions in 
which the subjects can see the difference fre- 
quency are all close to the diagonal line. In these 
conditions the difference frequency grating is 
much coarser than either the test or the bleach 
gratings: (about 1 c/deg). Hence, there is no 
doubt that the seen grating is a difference fre- 
quency. For subject B.C. the highest bleach or 
test frequency was 6.4 c/deg, which was also the 
highest frequency detected and resolved in 
the previous experiment. For subject K.P. the 
highest bleach frequency was 5.6 c/deg, and 
the highest test frequency was 6.4 c/deg. 

Neither subject was able to see beat patterns 
in the unresolvable frequency range. As dis- 
cussed below, this failure indicates that in our 
conditions, only the pool, and not the rod itself, 
is important for adaptation; rod system adap- 
tation is only in the pool, although it is not a 
large pool. 

DISCUSSION 

In the “random probe” experiment the rod 
adaptation mechanism seems to be resolving 
fairly well at 4.2 c/deg, but not at 6.3 c/deg. 
This result gives a rough estimate of the pool 
size. The smallest grating for which a modu- 
lation in sensitivity occurs has a period subtend- 
ing 14.3 min arc. This means each stripe of 
bleached or unbleached retina subtends about 
7.3 min arc. This implies a rather small size for 
the rod adaptation pool (see Appendix); but 
equally important, the experiment yielded no 
evidence for any strictly local adaptation, since 
the 6.3 c/deg grating behaved like a uniform 
bleach. 

In the second experiment, the lowest 
bleaching-grating contrasts that produced a 
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patterned afterimage at high frequencies were 
close to, but definitely above the contrast 
thresholds for steady stimuli. This slight .high 
frequency loss provides more evidence for pool- 
ing in adaptation, in a particular sense which is 
explained below. 

In the “difference frequency” experiment, we 
were able to see beats only when the bleach and 
test gratings were themselves resolvable, that is 
up to 6.4 c/deg. GratingS of these frequencies 
are still present at high optical contrast on the 
retina (see Appendix). If adaptation occurred 
independently in different rods, the beat pattern 
would be visible even when the bleach and test 
grating are not themselves resolved due to later 
neural summation. This result is indeed found in 
cone vision, where difference frequency gratings 
may be seen with bleach or test frequencies up 
to 130 c/deg (MacLeod, Williams & Makous, 
1985). We have however failed to find it in 
rod vision. This is strong evidence against the 
existence of any strictly local adaptation in that 
system. 

Thus all three experiments provide evidence 
for pooling in the scotopic adaptation system. 
Moreover, the results (especially the failure to 
observe difference frequency gratings above the 
resolution limit) argue against an important 
role for the rods themselves in sensitivity regu- 
lation, and support Rushton’s contention (1965) 
that all the adaptation is in the pool. On the 

basis of arguments to be advanced below, the 
size of this adaptation pool appears to be com- 
parable with that of the rod excitation pool, but 
probably a little smaller. 

Models of the adaptation pool; pool size 

For a more quantitative analysis, we must 
recognize that neural pooling in the control 
of sensitivity can occur in two different ways. 
The neurons that set sensitivity (let us say 
for example the horizontal cells) may be 
different from the ones that generate or trans- 
mit the regulated signal (for instance the 

rods and rod bipolars). In that case the neural 
summation that forms the adaptation pool 
will not in principle affect visual resolution. 
Model (a) in Fig. 6 makes that assumption: 
the independent outputs of different rods 
have their sensitivity scaled individually by 
a regulating signal derived by spatial inte- 
gration of the input to the sensitivity-regulating 
mechanism. The line spread function of the 
sensitivity-regulating mechanism is g,(x). But 
the visual signals for which sensitivity is being 
regulated do not undergo that spreading, or 
indeed any neural spreading at all, en route 
to the sensitivity-regulating site. Accordingly 
the line spread function g,(x), which represents 
such spreading, has negligible width for 
Model (A). 
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An alternative scheme is Model (b) in Fig. 6. 
Here there is no special arrangement for spatial 
pooling in the control of sensiti~ty, and aecord- 
ingly for this model the line spread function 
g, (x) is given negligible width in Fig. 6. Instead, 
sensitivity is set quite locally and independently 
by the visual signals themselves at some stage 
of processing such as the bipolar cell, and 
spatial integration that precedes that stage 
forms the substrate of the adaptation pool. 
Since in this model the excitation profile deter- 
mines the sensitivity profile, the line spread 
function is given by g,(x) both for sensitivity 
and for the visual signals at the sensitivity- 
regulating site. 

The adaptation pool size shown for each of 
these models in Fig. 6 has been estimated by 
fitting the result of the most critical experi- 
ment (Experiment III on difference frequency 
gratings) with equation (A4) (See Appendix). 
The measure of pool size is four times the 
standard deviation of the relevant line spread 
function. 

But neither of these models is fully consistent 
with all the results. Model (b) incorrectly 
predicts that the dependence of sensitivity on 
pattern frequency will be the same for an after- 
image as for an external stimulus. The modula- 
tions of both the excitation profile from a test 
grating and the sensitivity profile from a bleach- 
ing grating are reduced in transmission to the 
sensitivity regulating site by a factor given by 

the Fourier transform of g, (x), which we denote 
by G,(f); this is the MTF (modulation transfer 
function) of the system up to the sensitivity- 
regulating site. Later stages similarly attenuate 
both the sensitivity modulation (afterimage 
case) and the excitation profile for direct view- 
ing by the factor G,(f), corresponding to the 
line spread function of those stages, g2(x). The 
overall modulation sensitivity thus becomes 
proportional to G, (f )G2(f ), for either an exter- 
nal stimulus or an afterimage. In Experiment II, 
this prediction was not fulfilled. 

Model (a) can explain the afterimage 
resolution loss, but quantitative analysis (see 
Appendix) reveals a difficulty for it; it requires 
a somewhat larger pool size (14.5 min arc) to 
account for the difference frequency grating 
results for C.B. than the 9.8 min arc size implied 
by the afterimage thresholds of Experiment II. 
For K.P., Model (a) is acceptable: it can fit 
all her results with a pool size of about 15 min 
arc. 

Model (c), the “full model” of Fig. 6, can 
satisfy the constraints of both experiments 
because it combines both pooling mechanisms: 
first (from Model b) some spreading of excita- 
tion at the input to the adapting site, character- 
ized by its line spread function g,(x) or its MTF 
G,(f), and second (from Model a) the spatial 
integration of the local excitation in setting the 
sensitivity of the site; this we characterize as 
before by the line spread function g,(x) or the 
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corresponding MTF G,(f). Local sensitivity 
will have a line spread function proportional to 
the convolution of g,(x) with g,(x), and an 
MTF given by the product G,(f)G,(f). When 
a negative afterimage is visualized using a uni- 
form test stimulus, the profile of excitation at 
the output of the adapting site will be the same 
as the profile of sensitivity and will have the 
same MTF; but further attenuation, by G2(f), 
makes the overall afterimage MTF.proportional 
to G,(f)Ga(f)GZ(f). But, just as in the simpler 
models, the overall MTF for immediate obser- 
vation of an external stimulus is simply 
G,(f)G,(f). The factor G,(f) and the associ- 
ated spread function g,(x) (in this model and in 
Model A) can therefore be estimated (to within 
a proportionality constant) by the ratio of after- 
image sensitivity to ordinary contrast sensitivity 
as a function of frequency (see Appendix). The 
estimate of 4a, = 9.8 min arc in Fig. 6 was made 
in this way; the other source of spread, g,(x), 
was then estimated from the difference fre- 
quency grating results as described in the Ap- 
pendix. For C.B. (Fig. 6), 40, = 8 min arc; for 
K.P. however, 0, is smaller-perhaps even zero, 
which reduces the full model to Model (a). 

Although the results of the random probe 
experiment were not used in deriving the pool 
sizes given for the 3 models in Fig. 6, the 
analysis of those results in the Appendix indi- 
cates that they are consistent with the pool sizes 
derived from the difference frequency grating 
experiments. 

All three experiments support the proposition 
that the adaptation mechanism is not at the rods 
themselves, but in the pool. Otherwise it 
is especially difficult to explain why we could 
not observe the difference-frequency grating 
pattern in the unresolvable frequency range as 
MacLeod et al. (1985) did in cone vision. Our 
estimate of the size of the adaptation pool 
is roughly consistent with the observations of 
Andrews and Butcher (1971), who showed that 
scotopic threshold varies locally within grating 
patterns of period 20 min arc or even slightly 
less. 

None of the models requires that the spread- 
ing of sensitivity-controlling influences should 
be larger than the total spread of visual exci- 
tation: the adaptation pool is not substantially 
larger than the excitation pool. There is 
apparently about as much summation after the 
adapting site as before it; but the adaptation 
spread is still a substantial fraction of the visual 
spread. 

Site of adaptation 

At the heart of the issue of the rod adaptation 
pool is the question of the site of action. The 
convergence of many rods onto one bipolar, 
and many bipolars onto one ganglion cell, 
would naturally account for the pooling of 
adaptation if the adaptation is performed by the 
neurons and not by the rods. Work on the rat 
(e.g. Cicerone & Green, 1980, 1981), shows that 
significant pooling of adaptation occurs prior 
to the combination of influences which con- 
tribute to the center response of ganglion 
cells. So the pooling of adaptive influences is 
unlikely to be the work of the ganglion cell 
itself. Similar observations have been made in 
frog (Burkhardt & Berntson, 1972) and within 
the receptive field surrounds in cat (Cleland, 
Levick & Sanderson, 1973; Enroth-Cugell & 
Harding, 1980). A single retinal ganglion cell 
typically serves as a common path for signals 
from rods and cones (Kolb, 1970). But 
MacLeod and Hayhoe (1974) and Hayhoe et al. 
(1976) found that an afterimage obtained by 
bleaching the rods could not be revived by 
stimulating only the cones. This means that, 
under the conditions of their experiments, rod 
and cone sensitivity-regulating mechanisms are 
independent, and must precede the ganglion 
cells. In view of the rod-cone independence and 
other physiological findings mentioned above, a 
bipolar cell sensitivity-regulating process is 
plausible. This has some electrophysiological 
support from the work of Ashmore and Falk 
(1980), but the possible roles of diffusion pro- 
cesses, of crosstalk between receptors, and of 
the lateral networks of horizontal and perhaps 
amacrine cells (which could be the substrate 
of our g,(x) spread function) are still difficult 
to assess. Kolb’s anatomical study in rhesus 
monkey (1970) indicates each rod bipolar 
cell connects to 30-50 rods; the whole tuft of 
dendrites usually has a diameter of between 3 
and 6 min arc. Our estimate is a little larger than 
the dendritic field of the bipolar cell found in 
Kolb’s studies, but it is of the same order of 
magnitude. 

Many cold-blooded vertebrates have very 
large rods, big enough to put a microelectrode 
inside. These rods do clearly show an adaptive 
regulation of sensitivity apparently contradict- 
ing Rushton’s view that adaptation is in the 
pool. But there has been little physiological 
evidence about the behavior of mammalian 
rods, and most of that evidence, gleaned from 
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electroetinograms, and from extracellular 
recordings of rod membrane current by 
Penn and Hagins (1972), has only reinforced 
Rushton’s psychophysical conclusion that the 
rods play little part in visual adaptation (review 
by Green 1986). Only one investigation raises 
a doubt. Yonemura and Kawasaki (1979) 
have made recordings from aspartate-perfused 
human retinas, in which rods do seem to show 
some ability to regulate their sensitivity when 
subjected to continuous exposure to intense 
light. Yet even here it remains true that within 
the range of intensities where we depend on rods 
to see, any loss of sensitivity within the rods 
themselves is minimal. Nunn and Baylor’s 
(1982) study of transduction in single rods of the 
cynomolgus monkey shows that primate rods 
retain their sensitivity in the presence of steady 
background illumination, unless they are driven 
to saturation by levels giving more than about 
100 isomerizatons per sec. 

Advantage of pooling 

It may seem strange that adaptation in 
cone vision occurs locally, and that some 
cold-blooded species have adaptation within 
the rods themselves, yet for mammals the job 
of adaptation in rod vision is deferred to the 
pool. But this does make functional sense. 
Consider the quantum fluxes at which rod vision 
operates. The dimmest perceptible lights pro- 
duce only 1 isomerization per set per thousand 
rods. At the level of a typical moonlit scene, 
which is a thousand times greater, or about 1 
isomerization per rod per set, cones are already 
taking over. The quantum shower that the 
rods must deal with is so sparse that the individ- 
ual rods can never form a rapid and precise 
estimate of the retinal illuminance. Conse- 
quently, useful adaptation in rod vision can only 
be performed by the pool, which can make such 
an estimate by combining the signals from 
dozens of rods. But for cold-blooded species 
with large rods, the quantum shower will not 
be so sparse for each individual rod (Fain, 
1976). For these species each rod can usefully 
be equipped with a sensitivity regulating 
mechanism of its own. Likewise for human 
cones, the operating range of light levels pro- 
vides enough quanta to allow each cone to make 
a usefully precise and rapid measure of the 
prevailing light level. 
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APPENDIX 

Quantitative Resolution Estimates 
As explained in connection with Fig. 6, the resolution 

losses in the scotopic mechanism can be partitioned into 
components g,(x) and g*(x), that precede and follow the 
stage of the visual pathway at which adaptation occurs 
(Fig. 6), and perhaps an additional component g,(x) that is 
implicated only in the control of sensitivity and does not 
introduce any loss of resolution in the transmitted signal. 
Here we use the framework and notation of Fig. 6 to 
estimate the widths of the three spread functions g,(x), g*(x) 
and g,(x). 

The precise form of these functions is not very tightly 
constrained by the data. We assume: 

g,(x) = 1 -----exp(-x2/20f) 
J2no, 

and similarly for gr(x) and g,(x). Our goal then reduces to 
deriving estimates of the standard deviations LT, , u2 and o,. 
The Gaussian function is the simplest plausible one: its 
monotonic decline toward zero is consistent with the 
absence in the scotopic system of any sensitivity-promoting 
influence of preadaptation at nearby loci (Westheimer, 1968; 
Hayhoe, 1979). With each spread function is associated a 
spatial frequency response or modulation sensitivity func- 
tion which is a Gaussian function of spatial frequency $ 
We denote these by upper case letters: 

G,(f) = exp(-2n2f ‘u:) 

and similarly for Gr(f) and G,(f ). 

Afterimage contrast thresholds 

The observation that afterimage contrast sensitivity falls 
below direct visual contrast sensitivity at high frequencies 
clearly suggests some spatial averaging in the control of 
sensitivity. The implications are more specific than that, 
however: we will show that this result is not predicted by any 
model (like Model b, Fig. 6) in which sensitivity is set by the 
visual signal itself (that is, in which o, is negligible), even if 

some neural integration with line spread g,(x) is assumed to 
have occurred prior to the sensitivity regulating site. 

The retinal stimulus intensity at a position x across a 
sinusoidal grating of frequency f can be represented as: 

I(x) = 1,( 1 + c cos 2rlfx) 
where C is the retinal contrast. We assume that transmission 
to the adapting site can be treated as linear, with spread 
function g,(x), and that local sensitivity s(x) is inversely 
proportional to the integrated signal; the latter assumption 
is suitably modified below. Thus: 

l/s(x) = 
s 

cc I(u)&?, (x - n)du 
-m 

= f,(l + CG, (f) cos Znfx). (Al) 

The units of s(x) are arbitrary since only its frequency 
dependence is of interest. The local response or output 
for a uniform field stimulus at the adapting site, which is 
the origin of the afterimage, will be proportional to s(x). 
Adopting the approximation l/(1 + m) x 1 - m for small 
m, the output can be written (again retaining only factors 
that are spatial-frequency dependent): 

0(x)=&(1 -CG,(f)cos2zfx). (‘42) 

In the generation of the final visual signal on which visibility 
of the afterimage depends, the modulation of local response, 
CG,(f ), is further reduced by the factor G2( f) due to 
convolution with the spread function gr(x), so the after- 
image visibility is determined by CG, (f )G,(f ). For direct 
observation of an external stimulus of contrast C, the visual 
signal can be seen similarly to have a modulation given by 
the same quantity, CG,(f )G,(f ), and so the afterimage 
threshold should be the same multiple of the contrast 
threshold at all frequencies. This is contradicted by experi- 
ment (Fig. 3). 

In the other models (a and c in Fig. 6), the difference 
between afterimage contrast sensitivity and direct contrast 
sensitivity is easily accommodated by the addition of the 
spread function g,(x) which introduces spatial integration in 
sensitivity control without dispersing the visual signals 
themselves. In the full model (c in Fig. 6) the sensitivity 
controlling signal is convolved first with g, (x) and then with 
g,(x) so that the modulation of the output of the sensitivity- 
regulating site during visualization of an afterimage be- 
comes CG, (f )G,(f ), as opposed to CC,(f) for direct 
contrast sensitivity. 

One other consideration complicates this comparison. 
Sensitivity in dark adaptation is not simply inversely pro- 
portional to bleaching intensity or to the amount of 
bleached pigment. We therefore estimated the relationship 
empirically from the slopes of ordinary (uniform bleach) 
dark adaptation curves for conditions similar to those under 
which the afterimage thresholds of Fig. 3 were derived, a 
time of 550 set after the bleach being taken as representa- 
tive. The results suggested that a variation of f 10% in 
bleached pigment corresponds to a variation of f 18% in 
sensitivity. If the relation between sensitivity and bleaching 
can be approximated over this limited range by a power 
function with exponent -k, the modulation of sensitivity in 
equation (Al) is thus increased (for small stimulus contrasts) 
by a factor k (here equal to 1.8). 

Least-squares fits of Gaussian functions to the results 
of Fig. 3 yielded estimates of u, = 2.45 min arc (C.B.) 
and 3.4min arc (K.P.). Since u is a very small measure 
of dispersion we arbitrarily use four times that as the 
measure of “pool size”. This is the diameter of a region 
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that includes about 86% of the volume under the point 
spread function. This index of pool size is 9.8 min arc for 
C.B. (Fig. 6) and 13.6 min arc for K.P. Fiducial limits (95%) 
are 7.9 to 12.7 min arc for C.B. and 11.8 to 15.4min arc 
for K.P. 

Difference frequency visibility 

Let the input to the adapting site be i(x), and its 
sensitivity and output be s(x) and o(x) as before. Then by 
definition: 

o(x) = s(x)i(x). (A3) 

For small modulation conditions with sinusoidal or high 
frequency grating stimuli, s(x) and i(x) will be approxi- 
mately sinusoidal. Putting m, and m, for their respective 
modulations and discarding factors independent of x, 
equation (A3) becomes 

a(x) = (1 - m,cos 2nf0x)(l + m, cos 2xf,(x + 4)); 

where f. and f, are the adapting and test grating frequencies 
and 4 is the phase of the test grating’s retinal image relative 
to that of the adapting grating. The expansion of this 
expression includes sinusoidal components at the sum and 
difference frequencies: 

Just as in the afterimage threshold experiments, the 
modulation of sensitivity is given by 

m, = kC,G,(f,)G,(fJ, 

where C, is the retinal contrast of the adapting grating and 
k is the empirically determined proportionality constant. 
Likewise 

m, = C,G,(f,). 

Hence the modulation of the difference frequency compo- 
nent in o(x) is 

f m,m, = : kC,C,G, cf,)G, (f,)G.(f.). (A4) 

The highest pair of stimulus frequencies for which we 
could obtain a visible difference frequency grating was 6.4 
and 5.6 c/deg. At the difference frequency of 0.8 c/deg, the 
contrast threshold is about 0.05 (Fig. 3). Since this very low 
difference frequency is probably transmitted with little 
attenuation to the adapting site, we may take this as the 
threshold value of the expression in equation (A4). For 
the conditions under which the difference frequency was 
visualized, (I, is the only unknown on the right hand side of 
equation (A4) (the value for u,, (2.45 min arc) being taken 
from the afterimage threshold experiment). Substituting and 
solving (with u, = 2.45 min arc and with image contrasts 
estimated as discussed below) yields a value for e, of 2 min 
arc, suggesting a width (4 x 0,) of 8 min arc for the neural 
spread function at the site of adaptation. This estimate is 
robust: an error by a factor of 2 in contrast threshold or in 
stimulus contrast generates only a 5% error in the estimate 
of u, . But the two components of spread can trade off: in 

the extreme case of Model (a), where u, = 0, u, must be 
increased to 3.6 min arc (so 4u, = 14.5 min arc). 

Optical and later neural factors in resolution 

Whichever model is assumed, the extent of neural spread- 
ing after the adapting site can be estimated using the 
contrast sensitivity data together with the derived value of 
u,, the standard deviation of spreading that occurs on the 
way to the adapting site. Contrast sensitivity is proportional 
to CG, (f )G2(f ). The values for postadaptation spread 
(rightmost column, Fig. 6) were chosen to fit the observed 
drop in contrast sensitivity at 6.4 c/deg (1 log unit, Fig. 3a), 
assuming (for reasons to follow) a reduction in retinal 
contrast by a factor 0.74 at that frequency. 

To measure the stimulus contrasts provided by the 
apparatus, we added a long-focus objective lens at the 
observer’s pupil and scanned the resulting aerial image with 
a 0.04 mm slit mounted on a microscope stage. This indi- 
cated an image contrast of 0.9 (possibly a slight under- 
estimate because of the added lens) at 6 c/deg. The optical 
attenuation factor of 0.74 used above is the product of the 
measured factor of 0.9 due to the apparatus optics and an 
estimated factor of 0.83 for intraocular contrast loss (an 
extrapolation of the data of Gubisch, 1967, to a 1.7 mm 
pupil). 

The measurement of the effect of optical contrast losses 
on difference-frequency modulation is complicated because 
the stimulus intensity profiles were not sinusoidal. We dealt 
with this by measuring the physical modulation amplitude 
of the difference frequency component in a sandwich of the 
5.6 and 6.4 c/deg stimuli. The intensity profile was measured 
by scanning it with a slit; the result could be fit by a sine 
wave of modulation 0.94 at the difference frequency. Taking 
account of apparatus and intraocular contrast losses 
(factors of roughly 0.9 and 0.83 for each stimulus) the 
maximum available modulation at the difference frequency 
is computed as 0.94 x (0.83*) x (0.9’) = 0.53 and this was 
substituted in place of the retinal contrast factor fCOC, in 
equation (A4). 

Random probe experiment 

In this experiment, spatial variability in threshold is the 
evidence that the sensitivity-regulating mechanism has been 
able to resolve the adapting stimulus. The probability 
distribution of local threshold is given by the derivative of 
the probability of seeing curve. The form of that distribution 
is not well defined by our data, so we consider only its 
variance or standard deviation. The probability-of-seeing 
curve for a 4.2 c/deg grating in Fig. 3(a) can be fit between 
its horizontal asymptotes by a straight line spanning 0.69 
log,, units on the log intensity axis; this implies a threshold 
distribution with a standard deviation of 0.69/2$ = 0.2 log 
units. 

This variability is not, however, entirely due to spatial 
factors since even after a uniform bleach (solid circles, 
Fig. 3a) there is still a substantial range of intensities (0.42 
log units) over which detection is uncertain. The spatial 
variance which we want to estimate can be separated from 
the nonspatial variance very simply. For each presentation 
of the test flash, falling at a random position x, we can 
regard the log threshold as the sum of a non-spatial 
component which is the deviation of the instantaneous log 
threshold from the average value characteristic of location 
x, and a spatial component which is the difference between 
the average log threshold at x and the average log 
threshold over the whole bleached area. These will 
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contribute additively to total threshold variance. Thus the 
variance in log threshold due to purely spatial factors for the 
open circles of Fig. l(a) becomes: 

~0.69/2~/~)2 - ~~.42~2~)~ = 0.025 

and the corresponding standard deviation is 0.16 log units, 
only a slight reduction from the original value. If the spatial 
variation of sensitivity is sinusoidal, the peak to peak 
variation in sensitivity will be 0.16 x 2@ = 0.43 log units, 
corresponding to a spatial m~ulation in sensitivity of 48%; 
the fiducial limits (95%) for m are 22% to 64%: 

It remains to relate this to the parameters of the theor- 
etical model This is complicated because although the test 
stimulus is a fine line, its visibility will depend on the 
sensitivity everywhere within a strip spanned by the line 
spread function at the adapting site. A line of intensity I 
at position x will provide to the adapting site for position 
iu an input: 

i(U) = Igi(u -x); 

where a prime has been added to the spread function 
formerly symbolized by g!(x), to indicated that optical as 
well as neural spreading must be inciuded in g;(x), The 
output of the adapting site at u will be: 

o(il) = S(U)i{#) = zs(u)g;(U -x)* 

Since all these signals from different places can contribute 
to the detectability of the test line, we assume they are 
spatially integrated (the predictions are hardly affected if a 
different assumption is made here, because s(u) is an almost 
constant scaling factor within the range of g’r(u -x)). 
Denoting the integrated excitation from the test line cen- 
tered at x by e(x), the threshold sensitivity is: 

s 

m 
e(x)/1 = g$(u - x)s(u)du. (As) 

-u3 

Here, as in the afterimage threshold experiments, s(u) is 
approximated by a sinusoid: in arbitrary units: 

With this substitution in equation (AS) we obtain 

.r 

m 
e(x)lI = g;@ -x)d= -=G,Lf)G,tff 

--1o 

m 
X 

f 
g ; (u - x )cos(2nfi)du 

-m 

= I - RCG,(f)G,Cf)G;(f)cos(2~~ ); (A6) 

where a; is the standard deviation of g&x) and G;(f) is 
the corresponding contrast sensitivity function. In (A6) the 
spatial variation of test sensitivity is sinusoidal with a 
modulation equal to kCG, G,G ; (f ). 

The value of k derived from dark adaptation curves under 
the relevant conditions is 2.8. The value of C is close to 1: 
the adapting stimulus was a square wave grating (funda- 
mental modulation 1.26) viewed directly so that there are 
no opt&al losses of contrast in the apparatus, but Gubisch’s 
(1967) results for a 3mm pupil suggest a com~n~ting 
intraocular reduction of modulation by a factor 0.78 at 
the fundamental frequency. The modulation of probe 
threshold predicted by equation (A6), with parameter values 
from the difference frequency experiments (Fig. 4, is then 
0.24, just inside the fiducial limits from the random 
probe data. This rough agreement between probe and 
afterimage experiments means that if fine detection makes 
use of units with pools smaller than the ones used in fow 
frequency grating detection (as the results of broth-Cugell 
& Shapley, 1973, might suggest) this difference can not be 
very large. 


