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Abstract—We examined the extent to which pre-neural factors constrain the detectability of sinusoidal
gratings of different spatial frequencies and luminances. Contrast sensitivity functions were measured in
two observers for foveally-presented grating patches. Spatial extent of the patches was inversely
proportional to grating frequency. The observers’ contrast sensitivity functions were then compared to
the performance of an ideal discriminator (Geisler, 1984) which incorporated the effects of quarital
fluctuations, optical transfer, ocular media transmittance, and the aperture, quantum efficiency, and
spatial distribution of foveal photoreceptors. The sensitivity of the ideal discriminator was roughly 20-fold
greater than that of the human observers, but the shapes of the ideal and human CSFs were quite similar
from S5 to 40c/deg and from 3.4 to 340cd/m> The similarity of shapes demonstrates that the
high-frequency rolloff of the foveal CSF for gratings with a fixed number of cycles can be explained by
the operation of pre-neural factors alone. Previous research has shown that grating summation area is
inversely proportional to the square of spatial frequency. Thus, for gratings with fixed spatial extent the
high-frequency rolloff can be explained by the pre-neural factors plus variations in grating summation
area. These conclusions imply in turn that the neural transfer function is much flatter than previously
thought and that private line connections from foveal photoreceptors to higher visual centers are common.
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INTRODUCTION

A fundamental question is visual science is how
optical and neural factors combine to determine
visual performance. Here we consider how such
factors limit the visibility of sinusiodal gratings
presented to the fovea at photopic luminances.
Sinusiodal gratings were chosen because, as
implied by Fourier's theorem, any two-
dimensional, achromatic stimulus can be repre-
sented by the combination of gratings of
different spatial frequencies, contrasts, orien-
tations, and phases. Thus, an understanding of
factors constraining grating visibility should
provide useful insights into how those factors
influence visual performance in general.

It is well-known that the function relating the
spatial frequency and detectability of a
grating—the contrast sensitivity function
(CSF)—is bandpass with peak sensitivity at
3-6 c/deg. Several investigators have examined
factors that determine the CSF for foveal vision
(e.g. Campbell and Green, 1965; Kelly, 1977,
Westheimer, 1960; Williams, 1985a,b). One fac-
tor is defocus produced by the eye’s optics. The
effects of optical defocus can be virtually elimi-
nated by using laser interferometry to generate
sinusiodal gratings directly on the retina. Con-
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trast sensitivity is higher for interference gra-
tings than for gratings viewed conventionally,
but in both situations, the CSF is bandpass with
sensitivity falling monotonically from approxi-
mately 5c/deg to the highest spatial frequency
visible. It has been argued (Campbell and
Green, 1965; Campbell and Gubisch, 1966;
Snyder and Srinivasan, 1979; Westheimer, 1972)
that these interferometric CSFs represent the
differential sensitivity of the retina and visual
brain to spatial frequency (or stated another
way, they represent the “neural transfer func-
tion”). By this reasoning, the neural transfer
function is bandpass with sensitivity falling sub-
stantially from intermediate to high spatial fre-
quencies. Snyder and Srinivasan (1979), for
example, argued that the neural transfer at
40 c/deg is only about 9% of the transfer at
5 c/deg.

The conclusion that the neural transfer func-
tion declines markedly from medium to high
frequencies may be premature because the inter-
ferometry experiments reveal only the effects of
optical defocus. Assuredly, additional pre-
neural factors affect grating visibility. These
include quantal fluctuations in the stimulus,
transmittance of the ocular media, and the
aperture, quantum efficiency, and spatial distri-
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bution of foveal photoreceptors. The question
we raise is: To what extent do these pre-neural
factors constrain the detectability of gratings of
different spatial frequencies and luminances?

Geisler (1984) and Geisler and Davila (1985)
have developed an ideal discriminator for spa-
tial vision that allows one to assess the con-
tributions of pre-neural factors to the detection
and discrimination of spatial stimuli. The ideal
discriminator uses an optimal decision rule to
discriminate stimuli on the basis of different
effective quantum catches among photo-
receptors. In other words, the discriminator
performs as an ideal machine would if it had the
optics and photoreceptors (up the point of
isomerization) of the human fovea.

Others have used ideal observer analyses to
determine the efficiency of human observers in
grating detection tasks. Watson et al. (1983), for
instance, evaluated human efficiency in de-
tecting Gabor patches by comparing real per-
formance to that of an ideal detector. Their
computations of ideal performance were based
on the stimulus at the cornea, so their approach
revealved the efficiency of the visual system as a
whole. Our approach is different. We compute
ideal performance based on the quantum
catches among photoreceptors in order to deter-
mine the efficiency of the rest of the visual
system.

In this paper we compare ideal and human
observers’ performance on the same tasks with
the same foveally-presented stimuli. Any
differences between ideal and human per-
formance should delineate the contributions of
later neural factors. We emphasize the high-
frequency slope of the CSF, from 5 to 40 c/deg,
because the visibility of lower spatial fre-
quencies is clearly influenced by retinal network
interactions (e.g. Kelly, 1977) that are not incor-
porated in the ideal discriminator.

METHODS

To allow the comparison of neural efficiency
across spatial frequency, real and ideal observ-
ers should have acess to the same stimulus
information. To ensure this, we used stimuli
whose spatial extent matched the spatial sum-
mating properties of real observers’ detecting
mechanisms. Several experiments have shown
that the detectability of a grating increases with
the number of cycles presented up to a critical
number (Howell and Hess, 1978; Koenderink et
al., 1978; Robson and Graham, 1981). Once the
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critical number is reached, threshold is almost
independent of number of cycles. The critical
number of cycles does not appear to vary from
one spatial frequency to the next (except at very
low frequencies). Moreover, the critical height
of a patch of vertical grating is the same as the
critical width for a wide range of frequencies
(Howell and Hess, 1978). These observations
imply that real observers benefit from the addi-
tion of more cycles (or from lengthening the
cycles), but only up to a point. The critical width
and height are inversely proportional to spatial
frequency. The ideal observer, in contrast, can
effectively utilize information across the entire
grating patch, no matter how large the patch is.
Consequently, we used gratings whose extent
was inversely proportional to spatial frequency.
This in effect reduced the contribution of spatial
summation to the shape of real and ideal CSFs.
The targets were cosinusoidal gratings damped
vertically and horizontally by half-cosine. The
grating patches were presented in an otherwise
uniform field of the same space-average lumi-
nance. The half-cosine window was adjusted to
encompass 7.5 cycles of the grating target for all
conditions, so the bandwidth of the targets was
always +0.18 octaves. The space-average lumi-
nance of the stimuli was 340, 34, or 3.4 cd/m>.
The stimuli were presented on a Joyce Elec-
tronics display with P4 phosphor. To ensure
that the spatial transfer function of the display
did not affect contrast thresholds, we fixed the
period of the grating on the display and varied
spatial frequency by changing viewing distance.
Initially the viewing distances were 0.7, 0.99,
1.4, 1.98, 2.8, 3.96, and 5.6 m, yielding spatial
frequencies of 5, 7, 10, 14, 20, 28, and 40 c/deg.
However, preliminary measurements indicated
that the phosphor grain of the display elevated
contrast thresholds at the two nearest distances.
This masking effect was eliminated by in-
creasing those distances by a factor of four.
Two emmetropic observers viewed the stimuli
monocularly through an artificial pupil of
2mm. Head position was stabilized with a bite
bar and head rest. Accommodation was para-
lyzed with 1% cyclopentolate, and both observ-
ers were optically corrected at each viewing
distance. The appropriate correction was found
by varying the power of ophthalmic lenses,
placed as close to the cornea as possible, in
0.12 D steps. We chose the lens that maximized
contrast sensitivity. Any residual errors in opti-
cal correction are unlikely to have affected our
findings because with a 2 mm pupil the dioptric
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change needed to decrease contrast sensitivity
from its peak value is about 0.5 D at 9 ¢c/deg and
0.25 D at 30 ¢/deg (Green and Campbell, 1965).

Contrast thresholds were estimated with a
2-interval, forced-choice procedure in which
contrast was varied according to a 2-down/1-up
staircase rule. Each trial was initiated by the
observer and consisted of two 100-msec inter-
vals marked by tones. The no-signal interval
contained a uniform patch of the same space-
average luminance as the target grating. Audi-
tory feedback indicating the accuracy of the
observer’s response was given after each trial.
Threshold was defined as the geometric mean of
the final 6 staircase reversals. Each data point
reported here is the geometric mean of at least
3 staircases.

RESULTS

We now consider the ideal discriminator’s
performance for our experimental conditions.
(The reader who is unfamiliar with calculations
of ideal performance in tasks like ours can refer
to Geisler, 1984, Geisler and Davila, 1985, Van
Trees, 1968, and Watson et al.,, 1983). The
parameters used here are the same as those used
by Geisler (1984). The number of photons ab-
sorbed by each photoreceptor was Poisson dis-
tributed. The point spread function representing
optical transfer was derived from Campbell and
Gubisch (1966). Specifically, Campbell and
Gubisch’s line spread function for a 2 mm pupil
was approximated by the sum of two Gaussian
functions. The point spread function was then
obtained from the smooth double Gaussian
function by assuming that the optics are iso-
tropic. The receptor lattice was packed in a
triangular array such that the internodal dis-
tance equaled the 0.6 min diameter of foveal
cones. The predictions are not altered when
models of actual receptor lattices are used
(Perry and Cowey, 1985). The receptor aperture
was assumed to be 0.6 min, the intercone dis-
tance. We also followed Geisler’s assumptions
about ocular media transmittance and receptor
quantum efficiency.

The effects of small eye movements were
examined by comparing thresholds with some
position uncertainty to those with no uncer-
tainty. The standard deviation of eye position
under good fixation conditions is about 4 min
(Steinman, 1965; Rattle, 1969). If the visual
system does not encode these eye position vari-
ations, they would introduce position uncer-
tainty and, consequently, some loss of sensi-

1917

tivity. The potential effects of such uncertainty
were examined by applying the ideal observer
described in Geisler and Davila (1985) to the
stimuli of the present experiment. The sensi-
tivity loss due to position uncertainty varies
only slightly with spatial frequency. From 10 to
40 c/deg an uncertainty of + 4 min decreases
contrast sensitivity by about 0.2 log units.
Above 40c/deg the effect is slightly larger,
reaching 0.3 log units at 60 c/deg. The effect
decreases at low spatial frequencies, reaching
0.1 log units just below 5c/deg. Thus, it seems
safe to conclude that any information loss at the
retina due to small eye movements during
fixation has little effect on the shape of the CSF
over the range of spatial frequencies considered
here.

Figure 1 illustrates what happens to the gra-
ting and uniform patches as they pass through
the early processing stages. The grating patch is
a damped 20 ¢/deg cosinusoid. The top panels
illustrate samples of the stimuli at the cornea.
The randomness of the curves represents quan-
tal fluctuations. The middle panels show the
stimuli after blurring by the optics of the eye.
The bottom panels show the pattern of photon
absorptions among the photoreceptors; each
element of the histograms represents the photon
catch of a single photoreceptor. By the level of
photoreceptor activation, the spatial distribu-
tions of intensity have been noticeably de-
graded.

The ideal discriminator applies a maximum
likelihood decision rule at the level of photon
capture in the photoreceptors (the bottom panel
in Fig. 1). The rule involves computing a partic-
ular weighted sum across the receptors for each
interval. The interval yielding the larger sum is
chosen as the one containing the grating. This
maximum likelihood decision rule yields the
best possible performance given the distorting
effects of the earlier stages.

The contrast sensitivity functions of the ideal
observer are displayed in Fig. 2. Different func-
tions illustrate the contributions of various pre-
neural factors. The highest broken line repre-
sents the performance of an ideal machine with
no optical defocus and arbitrarily small and
tightly packed photoreceptors. Space-average
luminance is 340 cd/m? for this line. The con-
trast sensitivity values represent only the effects
of quantal fluctuations in the stimulus, ocular
media transmittance, and photoreceptor quan-
tum efficiency. Media transmittance and recep-
tor efficiency have a constant effect for all
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Fig. 1. Transmission through the pre-neural processes of a 20 c/deg cosinusoidal grating patch (A) and

a uniform patch (B). The top panels illustrate samples of the stimuli at the cornea. The middle panels

show the stimuli after blurring by the optics of the eye. The bottom panels show the pattern of photon

absorptions in the photoreceptors. The actual model contained complete two-dimensional optics and a
two-dimensional receptor lattice.

spatial frequencies, so quantal fluctuations are
responsible for the inverse relation between
sensitivity and spatial frequency, a point we
expand below. The lower broken line represents
performance with the effect of the receptor
aperture added in. Finally, the highest solid line
represents performance at 340 ¢cd/m® with all
pre-neural factors included; the difference be-
tween this curve and the one above it represents
the contribution of optical defocus. The other
solid lines represent the contrast sensitivities for
34 and 3.4 cd/m?

Quantal fluctuations are responsible for two
properties of these curves: (1) the separations
between the curves for different luminances, and
(2) a significant portion of the high-frequency

rolloff. The separations between the curves at
different luminances are equal to the square root
of the luminance ratios. This property is consis-
tent with the familiar observation that ideal
machines, limited by quantal fluctuations, ex-
hibit a square root relation between threshold
and background intensity (Barlow, 1958; Rose,
1942). The fraction of the high-frequency rolloff
that is accounted for by quantal fluctuations is
represented by the highest broken line. Recall
that stimulus extent, and hence the square root
of stimulus area, is inversely proportional to
spatial frequency. Because noise-limited ideal
machines exhibit a square root relation between
threshold and stimulus area (Barlow, 1958), the
effect of quantal fluctuations produces a line
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Fig. 2. Contrast sensitivity functions of the ideal discrimi-
nator. Contrast sensitivity, which is the reciprocal of con-
trast at detection threshold, is plotted against the spatial
frequency of the grating targets. Different functions illus-
trate the contributions of various pre-neural factors. The
highest broken line represents the performance of an ideal
machine with no optical defocus and arbitrarily small and
tightly packed photoreceptors. Space-average luminance is
340 cd/m?. The contrast sensitivities represent only the
effects of quantal fluctuations in the stimulus, ocular media
transmittance, and photoreceptor quantum efficiency. The
lower broken line represents performance with the receptor
aperture effect added in. Finally, the highest solid line
represents performance with all factors included; the
difference between this curve and the one above it represents
the contribution of optical defocus. The other solid lines
represent the contrast sensitivities for 34 and 3.4 cd/m?>.

with a slope of —1 in this log-log plot. If
stimulus extent had been fixed rather than in-
versely related to spatial frequency, the slope of
the line would have been 0.

Of most interest is the comparison of ideal
and human observers’ performance. Figure 3
displays the contrast sensitivities for observers
M.S.B. and P.J.B. for the three luminances
tested. As is normally observed, contrast sensi-
tivity declines monotonically for spatial fre-
quencies above 5 c/deg, and sensitivity is greater
for high than for low luminances. The CSFs are
quite similar in shape to those reported pre-
viously (Howell and Hess, 1978; Robson and
Graham, 1981, see Fig. 5).

As one would expect, the contrast sensitivity
values of the two observers are substantially
lower than those of the ideal discriminator. The
question of greatest interest, however, is how
changes in spatial frequency and luminance
affect real and ideal performance. We examined
this question by computing the ratio of the real
observers’ contrast threshold to the ideal dis-
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criminator’s threshold for all of the spatial
frequencies and luminances tested. The ratios
are shown at the bottom of Fig. 3. In almost all
cases, they were between 15:1 and 30:1, and
they did not increase or decrease systematically
with changes in spatial frequency or luminance.
The similarity of these ratios across stimulus.
conditions can be illustrated by plotting ideal
and real performance together. The average
threshold ratio (real/ideal) was 21.5 for M.S.B.
and 26.7 for P.J.B. The solid lines in the top
section of Fig. 3 are not fits to the data, but
rather are the CSFs of the ideal discriminator
once shifted vertically by those amounts. The
solid lines fit the experimental data rather well,

. which implies that space-average luminance and

spatial frequency influence contrast sensitivity in
the same fashion in human and ideal observers.

The real/ideal threshold ratios were rather
high, but much smaller ratios can be obtained.
For instance, we conducted a contrast discrim-
ination experiment with grating patches of 7, 14,
and 28 c/deg. The results for the 14 c¢/deg patch
are illustrated in Fig. 4. The real/ideal threshold
ratios fell to roughly 7:1 when the background
contrast was at detection threshold. Even lower
threshold ratios should be observed with smaller
grating patches, although we have not yet
confirmed this experimentally. Our reasoning is
the following. The contrast sensitivity of the
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Fig. 3. Contrast sensitivity functions of observers M.S.B.
and P.J.B. The upper panels plot contrast sensitivity as a
function of spatial frequency for the three luminances
tested. Each data point represents the mean of at least 3
staircases. The solid lines are the CSFs of the ideal discrim-
inator, once shifted downward by 1.33 log units for M.S.B.
and 1.43 log units for P.J.B. The lower panels plot threshold
ratios as a function of spatial frequency. The ratios are the
human observers’ contrast thresholds divided by the ideal
discriminator’s thresholds.
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Fig. 4. Contrast discrimination functions for ideal observer
and M.S.B. The contrast increment required for reliable
discrimination is plotted as a function of background
contrast. The target was a 14 c/deg grating patch. The
contrast threshold for detecting the target is indicated by the
arrow on the ordinate. The contrast discrimination function
of the ideal discriminator for the same target is also
displayed.

ideal discriminator is proportional to the square
root of stimulus area. On the other hand, the
contrast sensitivity of human observers is
roughly proportional to the quarter root of
stimulus area when fewer than 7 cycles are
presented (Howell and Hess, 1978). One could,
therefore, expect real/ideal threshold ratios of
about 4:1 in contrast discrimination tasks for
grating patches with only 2.5 cycles.

DISCUSSION

Relation to previous observations

The ideal discriminator incorporates all fac-
tors up to the point of effective quantum catch
by the photoreceptors. Therefore, our results
imply that later neural mechanisms signal spa-
tial contrast, from 5 to 40 c/deg, equally reliably
as a function of luminance (at least from 3.4 to
340 cd/m?*). Kelly (1977) and Van Nes and
Bouman (1967) also observed that human and
ideal observers are affected similarly by changes
in stimulus luminance. Kelly reported that con-
trast sensitivity to medium and high spatial
frequencies increased with the square root of
retinal illuminance from 0.72 to 720 td. Above
720 td, contrast sensitivity approached constant
values from one illuminance to another. The
change from square root to constant behavior
occurred earlier for medium than for high spa-
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tial frequencies. Our highest retinal illuminance
was 1069 td. As one might expect from Kelly’s
observations, the largest deviations between
ideal and human performance in the present
experiment occurred at this illuminance for
medium frequencies.

The similarity of the shapes of the ideal and
real observers’ CSFs implies that neural mech-
anisms signal spatial contrast equally reliably
from 5 to 40c/deg for gratings with a fixed
number of cycles. This implication is rather
surprising because it means that the differences
in visibility among those spatial frequencies,
when presented foveally, can be explained by
pre-neural factors alone. Recall, however, that
we controlled for the effect of spatial summation
(a neural factor) by using grating patches with
a fixed number of cycles. Thus, the reasonably
accurate predictions of CSF shape by pre-neural
factors suggest that spatial summation limited
to a fixed number of cycles is the only important
source of neural information loss affecting CSF
shape. If this conclusion is correct, the shape of
the ideal discriminator’s CSF for fixed cycle

"gratings should match the shapes of previously

reported CSFs, measured under appropriate
conditions. The left panel of Fig. 5 compares
human CSFs for gratings with fixed number of
cycles with the ideal CSF. Although the high-
frequency slopes of the human CSFs differ a bit
from one another, the agreement between them
and the ideal CSF is reasonably good. We also
compared Williams’® (1985b) interferometric
CSFs to the ideal discriminator’s CSF with the
optical transfer function set to 1.0 (no optical
defocus). Williams used 1-1.5deg grating
patches, so a sufficient number of cycles was
present to allow the comparison from 10 to
60 c/deg. The right panel of Fig. S displays those
functions. Again the agreement is rather good
despite the variability among Williams’ observ-
ers. Thus, the high-frequency slope of the ideal
discriminator’s CSF is at least consistent with
previous observations. The congruence of the
shapes of the real and ideal functions is also
consistent with the hypothesis that spatial sum-
mation is the most important neural influence
on CSF shape.

Re-examination of assumptions

The similarity of the high-frequency slopes of
ideal and real observer’s CSFs implies that
neural efficiency is constant from medium to
high spatial frequencies. Because this is an
important result, the assumptions leading up to
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Fig. 5. Comparison of ideal discriminator’s CSF and previously reported functions. The left panel displays
foveal CSFs reported by Howell and Hess (1978), Koenderink et al. (1978), and Robson and Graham
(1981). The Howell and Hess data are represented by the circles, the Koenderink et al. data by the squares,
and the Robson and Graham data by the triangles. The ideal discriminator’s CSF, with all pre-neural
factors included, is represented by the heavy solid line. The line has been shifted vertically to maximize
fit. The right panel displays foveal, interferometric CSFs reported by Willams (1985b). The different
symbols represent data points from different observers. The solid line represents the ideal discriminator’s
CSF with quantal fluctuations and receptor aperture included. The solid line has been shifted vertically
to maximize fit.

it should be examined carefully. Figure 2 shows
how three factors—quantal fluctuations, recep-
tor aperture, and optical transfer—determine the
slope of the ideal observer’s high-frequency
roll-off. Here we consider our assumptions
about each of these factors in detail.

As illustrated in Fig. 2, quantal fluctuations
alone produce a line with a slope of —1 in
log-log contrast sensitivity plots. We noted
earlier that this inverse relation between con-
trast sensitivity and spatial frequecy is a con-
sequence of using grating patches whose vertical

and horizontal extents are inversely propor-

tional to spatial frequency: ideal machines, lim-
ited by stimulus noise, exhibit a square root
relation between sensitivity and target area and,
therefore, a linear relation between sensitivity
and target extent. Presumably, the close corre-
spondence we report between ideal and real
performance is only observed when target extent
and spatial frequency are inversely related. Our
reasoning is the following. The ideal discrimi-
nator can effectively utilize information across
the entire grating patch. For gratings of fixed
extent, the number of quanta relevant to de-
tecting the grating would be similar from one
spatial frequency to the next. Therefore, the
effect of quantal fluctuations alone (the top

curve in Fig. 2) would be nil. Real observers, on
the other hand, do not benefit from the addition
of more than 7-10 grating cycles (Howell and
Hess, 1978). So real observers, to the extent that
their performance is limited by quantal
fluctuations, would still exhibit the inverse re-
lation between sensitivity and spatial frequency
for frequencies high enough to provide more
than 7-10 cycles. Thus, if we had presented
large targets of fixed extent, the high-frequency
slope of the ideal CSF would have been much
shallower than that of the real CSFs.

Next we examine our assumptions about the
eye’s optical transfer function. The function we
used is based on Campbell and Gubisch’s (1966)
ophthalmoscopic measurements of line spread
functions. Several sorts of measurement error in
this double-pass technique (inexact focus of the
line image, forward retinal scattering, etc.) can
degrade estimates of optical transfer. Thus, one
should consider the possibility that the optical
transfer estimates of Campbell and Gubisch are
too low. Their estimates are probably reason-
ablyaccuratefor tworeasons. (1) They are reason-
ably consistent with calculations of optical
transfer. For example, Van Meeteren (1974) has
calculated an optical transfer function for white
light that incorporates diffraction due to the
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pupil, and chromatic and spherical aberrations.
His transfer function for a 2 mm pupil is similar
to Campbell and Gubisch’s 2 mm function. The
largest deviation is at 40 ¢c/deg where van Meet-
eren’s function is 0.3 log units higher, a point we
discuss below. (2) Campbell and Gubish’s trans-
fer functions are roughly consistent with recent
laser interferometric experiments. As noted by
Campbell and' Green (1965), one can estimate
the eye’s optical quality by comparing CSFs
measured using interference fringes (which

mostly avoid optical degradation) to CSFs mea- .

sured conventionally. Campbell and Green’s
original comparison revealed optical transfer
functions that were significantly higher than
Campbell and Gubisch’s functions (see Fig. 12,
Campbell and Gubisch, 1966). Williams
(1985b), however, has argued that Campbell
and Green’s interferometric data were con-
taminated by laser speckle; his measurements
using a modified interferometer revealed higher
contrast sensitivity. If one compares, in the
manner of Campbell and Green, Williams’ data
(for example, observer D.G. in his Fig. 4) to

conventional CSFs (observer D.G. in Fig. 5 of

Campbell and Green), the resulting optical
transfer functions are similar to those of Cam-
pbell and Gubisch. For these two reasons, it
secems likely that the optical transfer functions
we used to compute CSFs for the ideal observer
are reasonably accurate.

It is interesting to note, by the way, that the
agreement between ideal and real performance
is actually increased when we adopt a slightly
higher optical transfer at high spatial fre-
quencies (such as van Meeteren’s function).
Thus, the evidence supporting our main
conclusion—that neural efficiency is roughly
constant from 5 to 40 c/deg—would be even
more persuasive if somewhat higher optical
transfer values were used.

Another factor influencing the shape of the
ideal observer’s CSF is the receptor aperture. As
described earlier, we assumed a receptor aper-
ture of 0.6 min, the inter-cone distance. The
small attenuation due to an aperture of this
diameter is illustrated by the separation between
the top two broken curves in Fig. 2. Miller and
Bernard (1983) and Williams (1985b) have
presented anatomical and psychophysical evi-
dence that the aperture of foveal cones is actu-
ally about 0.48 min, which is 80% of the inter-
cone distance. If we adopt this value in
computing the ideal observer’s CSF, the attenu-
ation due to the receptor aperture is decreased
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slightly. In other words, the high-frequency
slope of the ideal CSF becomes slightly shal-
lower. Nonetheless, reducing the receptor aper-
ture from 0.6 to 0.48 min has little effect on the
correspondence between real and ideal per-
formance because the aperture effect is quite
small to begin with.

Thus, the conclusion that the high-frequency
slopes of real and ideal CSFs are similar seems
appropriate; the similarity is not abolished when
optical transfer and receptor aperture are varied
by plausible amounts, and the strategy of
presenting grating patches whose extent is in-
versely related to spatial frequency is appropri-
ate for matching target extent to summation
area.

Implications for neural mechanisms

We conclude that the neural transfer function
is much flatter than previously thought. It is
interesting to consider the sorts of neural mech-
anisms that are consistent with the observation
of constant neural efficiency from 5 to 40 c/deg.
Ideal performance exceeded real performance
by 1.2-1.5 log units, so one needs to keep in
mind that some loss of information occurs in
neural processing. The gap between ideal and
real performance can be explained in two ways.
First, a similar neural process might be re-
sponsible for the information loss at different
spatial frequencies. Some possibilities are: (1) a
uniform multiplicative attenuation process such
as a ratio of less than 1.0 for the number of
pigment molecules bleached to the number of
quanta absorbed; (2) position or frequency
uncertainty (see Methods section); (3) a fixed
cycle summation area less than 7.5 cycles; (4) a
source of neural noise that is similar to Poisson
noise and exists in all spatial frequency mech-
anisms; (5) an appropriate combination of non-
linear transducer and neural noise that is similar
across spatial frequency mechanisms; or (6)
some combination of the above. The alternative
hypothesis is that different processes could be
responsible for the loss at different frequencies.
Although this hypothesis cannot be rejected, it
is unparsimonious because it implies that
different processes produce information loss of
the same magnitude.

The observations of constant neural efficiency
for fixed-cycle gratings implies that high-
frequency mechanisms are as efficient as mid-
frequency mechanisms. If the first hypothesis is
correct (that a similar neural process is re-
sponsible for the information loss between ideal
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and real performance at different spatial fre-
quencies), our data can be used to infer the
spatial properties of neural mechanisms in-
volved in grating detection. We pursued this by
further data analysis. The gratings in this ex-
periment were vertically oriented, so our anal-
ysis was one-dimensional. The experimental
data points in Fig. 3 were transformed to re-
move the effects of optical defocus and stimulus
quantal fluctuations. The transformed data
were nearly flat from 5 to 40 c/deg. We then fit
smooth functions, intersecting the abscissa at
different frequencies, through the data.* The
inverse Fourier transforms of those functions
yielded smooth functions with full widths at half
height from 0.38 to 0.64 min. Those widths are
similar to, or even smaller than, the diameter of
a single foveal cone. Assuming that grating
detection involves neurons from the retina to
the striate cortex, this finding implies the pres-
ence of “private line” connections from foveal
cones to the center mechanisms of bipolar and
retinal ganglion cells (Boycott and Dowling,
1969; Polyak, 1941) and of similar connections
from the retina to the geniculate and cortex.
Stated more precisely, our observations suggest
that the center mechanisms of bipolar, retinal
ganglion, geniculate, and cortical cells that con-
tribute to the detection of foveally-presented,
high-frequency gratings are fed by one foveal
cone only (or in the case of cortical cells, by a
column of foveal cones). Our stimuli were
vertically oriented, so this analysis has impli-
cations only for the horizontal dimension of
geniculate and vertically-oriented cortical recep-
tive fields. As described two paragraphs below,
our observations do not imply that the center
mechanisms of mid-frequency detectors are fed
by single cones or columns of cones.
Although only one cone or cone column may
innervate the center mechanisms of high-
frequency geniculate and cortical cells, this
does not mean that receptive field widths of less
than 1min should be observed in electro-

*The functions we used in this analysis were of the form
sin(hf )/bf, where f is spatial frequency and 1/b is the
frequency of the first zero. The functions were set to
zero above 1/b. We attempted to fit a family of these
functions to the transformed data from S to 40 c/deg.
When the value of 1/b was between 80 and 140 c/deg,
the deviation between the function and the data points
was always less than 0.3 log units. For lower and higher
values of 1/b, the deviations were greater. We then
computed the inverse Fourier transforms of the func-
tions with acceptable fits.
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physiological experiments. Even for singly in-
nervated cells, the widths of center mechanisms
measured electrophysiologically should be
larger than the diameter of one cone (e.g. Der-
rington and Lennie, 1984) because, in addition
to neural transfer, the receptive field reflects the
contributions of quantal fluctuations, optical
defocus, and receptor aperture. All of these
factors would increase the spatial extent of
receptive fields observed in electrophysiological
experiments.

A simple model is consistent with the obser-
vation of constant neural efficiency from inter-
mediate to high frequencies and with the private
lines hypothesis. Kelly (1975) proposed that
cortical receptive fields are constructed by sum-
ming inputs from retinal ganglion cells (actually
columns of ganglion cells) at nearly regular
spatial intervals. In Kelly’s model, a cortical
receptive field most responsive to 5 c¢/deg could
be constructed by summing ganglion cells sepa-
rated by roughly 12min, and one most re-
sponsive to 40 c/deg by summing cells separated
by 1.5 min. He claimed that the contrast sensi-
tivity of these receptive fields would be deter-
mined by the Fourier transform of the ganglion
cell’s spatial receptive field. With some
modifications, this model is consistent with our
observation of constant neural efficiency from
intermediate to high spatial frequencies. Sup-
pose again that cortical receptive fields are
created by summing retinal elements at nearly
regular intervals, but now think of the elements
as foveal cones connected to the cortex via
intermediate retinal and geniculate neurons.
The excitatory lobes of high-frequency cortical
receptive fields could be constructed by sum-
ming single cones (or actually columns of cones)
separated by 1.5min and inhibitory lobes by
summing, in opposite polarity, single cones (or
columns) in between. Mid-frequency fields
could be constructed by a similar scheme but
several cones (or columns) would be summed
with different weightings to create larger ex-
citatory lobes at intervals of roughly 12 min and
inhibitory lobes at similar intervals. If the num-
ber of excitatory and inhibitory lobes of these
receptive fields were similar for mid- and high-
frequency cells, this scheme would exhibit con-
stant neural efficiency for gratings with fixed
numbers of cycles. The scheme also has private
line connections  for high-frequency mech-
anisms.

We should reiterate that our conclusion con-
cerning private line connections hinges on the
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assumption that similar neural processes cause
information loss at different spatial frequencies.
The other possibility is that different processes
are involved at different frequencies. If that view
is correct, our data would not allow us to infer
the spatial properties of neural mechanisms
involved in grating detection.

CONCLUSION

This research illustrates how the ideal dis-
criminator can provide a rigorous baseline
against which to gauge the performance of
human observers. Using this approach, we have
shown that the luminance and spatial-frequency
dependence of intermediate- and high-frequency
grating detection in the fovea can be explained
by pre-neural factors plus variations in grating
summation area alone. Of course, we are not
proposing an explanation of absolute contrast
sensitivity values in the middle to high spatial
frequency range because the ideal and human
performance differed by a substantial factor.

Several models of post-receptor processing

could account for the observed difference in
absolute levels of performance. Our major ob-
servation is that post-receptor mechanisms pro-
duce a flat neural transfer function in the fovea.
This observation significantly constrains the
possible properties of such mechanisms.
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