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Peripheral spatial vision: limits imposed by optics,
photoreceptors, and receptor pooling
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We examined the contribution of optical and photoreceptor properties as well as receptor pooling to eccentricity-
dependent variations in spatial vision by comparing the performance of ideal observers with that of human ob-
servers. We measured contrast sensitivity functions in human observers and calculated such functions in ideal
observers for retinal eccentricities of 0-40 deg. Comparisons of human and ideal performance in a variety of
tasks reveal that many aspects of the variation in spatial vision with eccentricity can be understood from an
analysis of the discrimination information available at the retinal ganglion cells.

INTRODUCTION

Optical, photoreceptor, retinal, and higher-order neural
factors combine to determine visual performance, but it is
frequently difficult to determine the relative contribu-
tions of these factors because they cannot be indepen-
dently manipulated. These factors vary with retinal
eccentricity, however, so the study of variations in spatial
vision across the visual field might provide key insights
into how optical, receptoral, and neural properties limit
performance.

Several features of the visual system, including optical
quality,! the size and the shape of individual cones,? cone
packing density,>® the convergence of cones onto retinal
neurons,* and the magnification of retinal-to-cortical con-
nections,® vary with eccentricity. Visual performance
also varies dramatically with eccentricity, and there are
two views of the variations. One holds that the degrada-
tion of spatial vision with eccentric viewing is quantita-
tive: A single spatial scaling factor is sufficient to equate
performance across eccentricities.>” According to this
view, the accuracy and the character of visual perfor-
mance are the same at all eccentricities, except for differ-
ences in the size of underlying mechanisms. The other
view holds that the degradation of vision with eccentricity
is qualitative: No single scaling factor can equate perfor-
mance across eccentricities. The fact that vernier acuity
falls two or three times more rapidly with eccentricity
than does grating acuity®® is one piece of evidence for the
latter view. Indeed, Levi et al.® have argued from such
observations that different structures limit grating and
vernier acuity. They claim that the variation in grating
acuity is due mostly to optical and retinal factors and that
the variation in the hyperacuities is due mostly to cortical
factors.

We examined the contribution of optical and photo-
receptor properties to eccentricity-dependent variations
in spatial vision by relating the performance of ideal ob-
servers to that of human observers. The performance of
an ideal observer is the best possible in the presence of
photon noise, so such performance is a measure of the dis-
crimination information available at a chosen processing
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site.® By calculating the performance of an ideal ob-
server placed at the receptors, we can estimate how varia-
tions in optical quality and in receptor density, optics, and
efficiency affect the discrimination information available
to the rest of the visual system. By comparing ideal and
human performance, we can estimate how much of the
variation in human performance can be explained by in-
formation losses at the outputs of the receptors themselves.

Banks et al. used this approach to examine the physi-
cal limits of contrast sensitivity in the fovea. They found
that the high-frequency slope of the foveal contrast sensi-
tivity function (CSF) can be explained by the operation of
preneural factors (optics and photoreceptor properties)
plus variations in grating summation area. In the
present study we measured CSF’s in human observers and
calculated such functions in ideal observers for eccentrici-
ties of 0-40 deg. We also examined grating and vernier
acuity and spatial summation. We found that many, but
by no means all, aspects of the variation in spatial vision
with eccentricity can be understood from an analysis of
the discrimination information available at the receptors.
We then pushed the analysis further along the visual path-
way by including receptor pooling (the convergence of
cones onto higher-order retinal neurons) and showed that
a great deal of the eccentricity dependence of spatial vi-
sion can be understood from the information at that stage.

GENERAL METHODS

Stimuli and Procedure

The stimuli in all but Experiment 3 and parts of Experi-
ment 4 below were horizontal Gabor patches presented
either foveally or in the nasal visual field -along the hori-
zontal meridian. The display was a Joyce Electronics
cathode-ray tube with a P4 phosphor, and the space-
average luminance was 762 cd/m® We used a range of
viewing distances to ensure that the spatial transfer func-
tion of the CRT did not affect the contrasts of targets at
different spatial frequencies. Either a small black spot
on the cathode-ray tube or a LED served as a fixation
target. We varied retinal eccentricity by changing the
position of the spot or the LED.
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Two well-practiced observers—an emmetrope and a into the appropriate ideal observer. Although OTF mea-
0.75-D myope —viewed the stimuli monocularly through a surements as a function of eccentricity have been pub-
1.5-mm artificial pupil. Retinal illuminance was 1348 Td. lished,! we found in preliminary studies that these
Head position was stabilized with a bite bar, and accom- measurements probably underestimated the quality of
modation was paralyzed with 1% cyclopentolate. Align- peripheral optics in our two observers. Thus we used a
ment of the artificial pupil and optical correction were 1.5-mm artificial pupil in order to render the optics diffrac-
accomplished in the following way. For each eccentricity tion limited. We then calculated the OTF from equations
and viewing distance, the observers adjusted the position for perfect, diffraction-limited lenses and white light."*
of the pupil vertically and horizontally (using a two- The OTF’s were, therefore, identical at all eccentricities.
dimensional microscope stage) and inserted ophthalmic In regard to photoreceptor properties, we used anatomi-
lenses of different powers (in 0.12-D steps) placed close to cal data from Curcio et al.? to estimate intercone spacing
the cornea. The observers identified the combination of and the diameter of cone inner segments as a function of
pupil position and lens power that maximized the per- eccentricity. In addition, we used data from Polyak'® and
ceived contrast of a horizontal grating patch with spatial from Cheng-Yu and Van Sluyters® for cone outer-segment
frequency near the acuity cutoff. Any residual errors lengths and diameters. These dimensions are summa-
in optical correction are unlikely to have affected our rized in Fig. 1. With increasing eccentricity, intercone
findings because the depth of focus is large with 1.5-mm spacing and inner-segment diameter increase, outer-
pupils.? segment length decreases, and outer-segment diameter

Each trial was initiated by the observer and consisted of varies little. The size of the effective aperture in periph-
two 100-ms intervals of abrupt onset and offset. The two eral cones has not been established, but MacLeod and col-
intervals were marked by tones and were separated by leagues!” argue from psychophysical observations that it
250 ms. The observer identified the interval that con- is correlated with, though noticeably smaller than, the
tained the grating patch. He or she could also discard a diameter of the inner segment at the external limiting
trial if Troxler’s fading or some other difficulty was expe- membrane. Because of the lack of resolution on this
rienced. Auditory feedback indicating the accuracy of point, we will provide two calculations, one assuming that
the observer’s response was given after each trial. inner segments at the external limiting membrane are the

Contrast was varied according to the method of constant ~ effective aperture and one assuming that outer segments
stimuli. Threshold was defined as the contrast associ- are. The true state of affairs probably lies between these
ated with the 75% correct point on each psychometric two extremes.
function and was estimated by probit analysis. Grating Several cone lattice properties vary with retinal eccen-
acuity thresholds were estimated by varying the spatial tricity: In addition to intercone spacing, these include
frequency of a grating patch of 50% contrast according to retinal coverage and optical density. Some consequences
a two-down/one-up staircase. of these eccentricity-dependent variations are depicted in

Fig. 2. The left-hand panel plots retinal coverage, which
Construction of Ideal Observers is the percentage of retinal area covered by cone aper-
Following Geisler,'® we built ideal observers with the op- tures. Clearly, retinal coverage declines significantly
tics and photoreceptor properties of the human eye at 0, 2, with eccentricity whether one assumes that the inner or
5, 10, 20, and 40 deg along the horizontal meridian in the the outer segment is the effective cone aperture in the
nasal visual field. periphery. The change in optical density with eccentric-

In regard to optics, three properties were consid- ity is a consequence of the shorter outer segments of pe-
ered: effective pupil size, ocular media transmittance, ripheral cones. We used standard equations®® to calculate
and the optical transfer function (OTF). The effective = the isomerization rate of cone outer segments in different
pupil size for each eccentricity was calculated and built retinal regions. We assumed that cone outer segments at
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Fig. 1. Cone lattice properties at different retinal eccentricities. Left Intercone spacing and inner- and outer-segment diameters in
minutes of arc. The intercone spacing estimates are from Curcio et al.%; a regular triangular arrangement of cones was assumed in cal-
culating the values shown. Inner-segment diameters were measured at the external hmltmg membrane by Curcio et al.? Outer-
segment diameters are from some recent measurements by ChengYu and Van Sluyters'®; they are consistent with values reported
by Polyak 5 Right: Outer-segment lengths m mxcrometers These data are from recent measurements by ChengYu and Van
Sluyters'® and are consistent with those of Polyak.'®
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Fig. 2. Cone lattice coverage and efficiency at different eccentricities. Left: Retinal coverage, the percentage of retinal area covered
by cone inner or outer segments, is plotted as a function of eccentricity. A regular triangular arrangement of cones was assumed in cal-
culating these values. Two curves are shown, one drawn assuming that inner segments are the effective apertures and one assuming
that outer segments are. Right: Proportion of quanta incident upon the cone lattice that is effectively absorbed at different eccentrici-
ties. The ordinate has been normalized so the foveal absorption rate (assuming inner-segment apertures) is 1.0. These curves take into
account the variation in retinal coverage shown in the left-hand panel. We used Beer’s law equations® to calculate the isomerization rate
in different retinal regions. We assumed that outer segments at different eccentricities differ only in their lengths (that is, that the con-
centrations and extinction coefficients of photopigment are the same).

different eccentricities differ only in their lengths (that is,
that the concentrations and extinction coefficients of pho-
topigment are the same). By our calculations, the isomer-
ization rate of cone outer segments at 40-deg eccentric is
0.25 log unit lower than that of foveal outer segments.

The right-hand panel of Fig. 2 plots the relative quan-
tum catch of cone lattices at different eccentricities. The
reduced retinal coverage and isomerization rate of periph-
eral cone lattices reduces efficiency in converting photons
into isomerizations relative to the foveal cone lattice. If
one assumes that inner segments are the effective cone
aperture throughout the retina, peripheral lattices are
roughly 1 log unit less efficient than the foveal lattice in
converting incident light into isomerizations. If one as-
sumes that outer segments are the effective apertures, the
periphery is approximately 1.6 log units less efficient.

The photoreceptor properties illustrated in Figs. 1 and 2
were built into the ideal observers. Because the effective
cone aperture appears to be smaller than the inner seg-
ment but larger than the outer segment,!” we built two
ideal observers at each eccentricity: one assuming that
inner segments at the external limiting membrane were
the effective aperture and one assuming that outer seg-
ments were.

Finally, we needed to consider grating summation ef-
fects. Ideal observers summate perfectly across space
and time, but humans do not. To avoid contamination of
comparisons of human and ideal sensitivity, we decided to
use target durations within the temporal integration time
of the visual system and to use target patch sizes small
enough to lie within the spatial integration area for con-
trast detection. In regard to temporal properties, we
found in preliminary experiments that 100-ms rectangu-
lar pulses were suitable for all eccentricities and spatial
frequencies. It was evident from the literature!® that we
would have to vary the spatial extents of the targets with
eccentricity and spatial frequency. For this reason, we
conducted an experiment in which we measured the rela-
tionship between the spatial extent of the grating patch
and the contrast sensitivity for the conditions of the main
experiment. The goal was to determine the largest grat-
ing patch, for each experimental condition, for which sum-
mation was complete.

EXPERIMENT 1

Methods

We measured grating summation functions?® by present-
ing Gabor functions of varying spatial extents (but equal
height and width). The stimuli were as described in the
General Methods section of this paper. Contrast sensitiv-
ity was measured as a function of the number of grating
cycles in the Gabor patch at the eccentricities of the main
experiments. We presented three to six patch sizes at each
of two to four spatial frequencies at each eccentricity.

Results

Figure 3 displays the resulting grating summation func-
tions at two spatial frequencies for an eccentricity of
10 deg. The grating summation curves for the ideal ob-
servers are lines with a slope of 1. Notice that the slope
of the data was ~1 for small numbers of cycles, indicating
complete summation. We wished in our main experiment
to present the largest grating patch for which summation
is complete. To locate this point, we fitted the data with

100 . :
ABS
E=10
= 0.25 cpd
= 10} 3
‘G
=
D
w
% 8.0 cpd
[+
I-E _
=
(=]
Q
0.1 " 1
0.1 1 10 100
Target Size (cycles)

Fig. 3. Grating summation functions at an eccentricity of 10 deg.
Contrast sensitivity is plotted as a function of target size in cy-
cles. Target size refers to two standard deviations of the Gaus-
sian envelope. The lines have slopes of 1 and represent the effect
of manipulating target size when complete summation holds. We
located the point at which the data first deviated from the com-
plete summation lines. The arrows indicate the target sizes at
those points.




1778 J. Opt. Soc. Am. A/Vol. 8, No. 11/November 1991

a line of slope 1, as shown, and defined the critical sum-
mation size as the point at which the slope of the data first
fell below the line. Those summation sizes, which were
used in the main experiment, are given in Table 1 for all
the conditions tested.

EXPERIMENT 2

The main experiment reported here involved measure-
ments of contrast sensitivity from 0 to 40 deg. The re-
sulting CSF’s were then compared with the CSF’s of ideal
observers with the optical and photoreceptor properties of
different retinal eccentricities.

Methods
We measured CSF’s by presenting horizontal Gabor func-
tions along the horizontal meridian. Observer ABS was
tested at 0, 5, 10, 20, and 40 deg; observer SJA was tested
at 2, 10, and 40 deg. The stimuli were as described in the
General Methods section. The standard deviations of the
Gabor functions were determined from the results of
Experiment 1. Table 1 shows the target sizes expressed
as numbers of cycles contained in two standard deviations.
Contrast thresholds were estimated with a two-interval
forced-choice procedure in which contrast was varied ac-
cording to the method of constant stimuli. Percentage
correct was determined for four or five contrasts at each
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spatial frequency with 50-100 observations at each con-
trast. The highest frequency point on each CSF was ob-
tained by varying the spatial frequency of a grating patch
of 50% contrast according to a two-down/one-up staircase
with 12 reversals. Four or more such staircases were run
to estimate this point.

Results
Figure 4 shows CSF’s for both observers at each eccentric-
ity tested. With increasing eccentricity, contrast sensi-
tivity falls off at progressively lower spatial frequencies.
The high-frequency cutoffs range from approximately
2.5 cycles per degree (cpd) at 40 deg to 35 cpd in the fovea.
Low-frequency sensitivity is similar from one eccentricity
to the next, with the exception of the foveal data. Later in
this section we hypothesize that the steeper low-frequency
falloff of the foveal CSF was caused by an experimental
artifact. With the exception of the foveal data, the CSF’s
of Fig. 4 can be nearly superimposed by shifting them
along the log spatial frequency axis (see also Ref. 6).
Figure 5 displays ideal CSF’s for the stimulus conditions
of the present experiment. Functions in the left-hand
panel are based on the assumption that cone inner seg-
ments are the effective receptor aperture, and those in
the right-hand panel on the assumption that outer seg-
ments are. We plot both because, as we mentioned above,

- the effective cone aperture may be between the inner- and

17,21

outer-segment diameters. In both panels, ideal con-

Table 1. Target Size (number of cycles)

Eccentricity (deg)

Spatial Frequency Fovea 2 5 10 20 40
0.25 - - 1.00 0.80 1.70 1.70
0.40 0.80 - 1.21 1.00 1.70 1.70
0.65 1.05 1.00 1.51 1.49 1.81 1.70
1.0 1.20 1.30 1.71 2.00 1.90 1.70
1.6 1.35 1.70 2.20 2.39 2.00 1.70
2.6 1.50 2.40 2.50 3.02 2.00 -
4.0 1.75 3.20 3.40 3.99 2.00 -
6.5 1.90 3.21 4.19 4.50 - -
8.0 - - - 4.50 - -

10.0 2.03 3.79 4.80 - - -
16.0 2.05 3.99 - - - -
26.0 2.05 4.22 - - - -
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Fig. 4. CSF’s at different eccentricities. The left- and right-hand panels display CSF’s from observers ABS and SJA, respec-
tively: open triangles, fovea; filled circles, 2 deg eccentric; filled triangles, 5 deg; open squares, 10 deg; filled squares, 20 deg; open cir-
cles, 40 deg. Experimental conditions are described in the text and Table 1.
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Fig. 5. Ideal CSF’s at different eccentricities. The left-hand panel displays ideal CSF’s assuming that the inner segment is the effective

cone aperture. The right-hand panel shows ideal CSF’s assuming outer-segment apertures. The same symbol conventions as in Fig. 4
areused. The properties of the ideal observers at different eccentricities are described in the text and in Table 1.
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Fig. 6. Human and ideal CSF’s at different eccentricities. The panels display functions at 0, 5, 10, 20, and 40 deg eccentric. The sym-
bols represent the data, and the solid curves represent the ideal observer sensitivity functions. Two ideal functions are shown at 5-
40 deg; the upper curve represents sensitivities when the cone aperture is assumed to be the inner segment, and the middle curve when it
is assumed to be the outer segment. The experimental conditions and ideal observer characteristics are given in the text and in Table 1.

trast sensitivities are reasonably similar at all eccentric-
ities. In other words, the ideal CSF’s do not exhibit the
large contrast-sensitivity losses that one observes in hu-
mans with increasing eccentricity.

The shapes of ideal CSF’s at a given eccentricity are
similar for inner- and outer-segment apertures, but the
overall sensitivity for inner-segment curves is ~0.5 log
unit higher in the periphery. This difference highlights
the importance of obtaining more quantitative anatomical
data on inner-segment dimensions and shapes so one can
calculate the waveguide properties of peripheral cones.
In the meantime, one can only estimate ideal contrast sen-
sitivity in the periphery to within 0.5 log unit.

The similarities and dissimilarities between human
and ideal performance are highlighted in Fig. 6. Each
panel plots human and ideal CSF’s, different panels repre-
senting different eccentricities. There are two ideal
observer functions in each panel: the upper for inner-
segment apertures and the lower for outer-segment.

Human contrast sensitivity in the periphery approaches
ideal most closely at intermediate spatial frequencies.
With increasing eccentricity, the frequency of that closest

point occurs at progressively lower values. In the fovea,
human and ideal sensitivity become more similar with in-
creasing spatial frequency up to roughly 4 cpd, after which
the difference becomes roughly constant.

Figures 7 and 8 display the ratios of human to ideal
sensitivity at various spatial frequencies and eccentric-
ities. We call these neural efficiency plots because they
represent the differential efficiency of postreceptor cir-
cuits as a function of spatial frequency and eccentricity.
Figure 7 is based on ideal observer calculations assuming
inner-segment apertures, and Figure 8 is based on calcu-
lations assuming outer segments. The left-hand panels
show these plots for observer ABS at 0, 5, 10, 20, and
40 deg; the right-hand panels show them for SJA at 2, 10,
and 40 deg. Peripheral neural efficiencies are similar at
low spatial frequencies: The maximum deviation is less
than 0.3 log unit. At higher frequencies neural efficien-
cies are quite dependent on eccentricity: With increasing
retinal eccentricity, efficiency falls off at progressively
lower spatial frequencies. Foveal efficiencies appear to
differ from these trends. At high spatial frequencies
foveal efficiencies are relatively flat, and these are the
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highest efficiencies obtained for any eccentricity. At
lower spatial frequencies foveal efficiencies are similar to
or lower than peripheral efficiencies, but this observation
may be artifactual for the following reason. The experi-
ment involved measuring contrast sensitivities at each
spatial frequency for an equivalent number of cycles (see
Table 1). At low spatial frequencies the standard devia-
tions of the Gabor patch were 0.6-1.0 deg for the foveal
measurements, so low-frequency patches were larger than
the foveola. At higher spatial frequencies standard devia-
tions were smaller, so these stimuli were presumably
confined to the foveola. The largest changes in photore-
ceptor and lattice properties across the retina occur be-
tween 0 and 2 deg (see Figs. 1 and 2), and these changes
are detrimental to sensitivity. The ideal observers, on the
other hand, were constructed separately for each eccen-
tricity, so lattice properties were constant regardless of
patch size. Consequently, human sensitivity was de-
graded by peripheral intrusion but ideal sensitivity was
not. This in turn caused a decrease in the estimated neu-
ral efficiency (the ratio of human-to-ideal sensitivity) at
low frequencies.

Although the explanation outlined above seems the
most plausible for the disparity between foveal and peri-
pheral efficiency at low frequencies, it is also possible that
eccentricity-dependent changes in spatial antagonism pro-
duced the disparity. Specifically, greater spatial antago-
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nism among foveal retinal ganglion cells would cause more
pronounced low-frequency attenuation in the foveal data.

The constancy of foveal efficiencies at high frequencies
was reported previously."?> In the present experiment
neural efficiency (the ratio of human/ideal sensitivity) in
the fovea asymptoted at a value of ~0.06, significantly
lower than the value of 0.3—-0.5 obtained in previous experi-
ments.2?2 Such efficiencies, however, depend critically on
stimulus parameters and the psychophysical task. Crowell
and colleagues?? obtained the highest efficiencies by using
small Gabor patches and a contrast-discrimination task.
The values shown in Figs. 7 and 8 are larger because they
are based on the detection, rather than the discrimina-
tion, of relatively large patches.

Estimates of neural efficiency depend on whether one
assumes that the inner or the outer segments are the ef-
fective cone aperture, more so in the periphery than in the
fovea. The efficiency estimates are roughly 0.5 log unit
higher from 2-40 deg eccentric when outer segments are
assumed. Nonetheless, efficiencies are remarkably con-
stant across the visual field at the lowest frequencies
tested. For example, at 0.25 cpd the neural efficiencies of
observer ABS range from 0.014 to 0.025, assuming outer-
segment apertures from 5 to 40 deg eccentric. Efficien-
cies at higher frequencies obviously vary greatly: With
greater eccentricity they plummet at progressively lower

. spatial frequencies.
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Fig. 7. Neural efficiency functions at different eccentricities, assuming inner-segment apertures.

sensitivity is plotted as a function of spatial frequency. The left-

estimate pooling areas (see the Discussion section).

The ratio of human to ideal contrast

and right-hand panels display these functions for observers ABS and
SJA, respectively. The same symbol conventions as in Fig. 4 are used. The circled points in the right-hand panel are the points used to
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Fig. 8. Neural efficiency functions at different eccentricities, assuming outer-segment apertures. Again the ratio of human to ideal
contrast sensitivity is plotted as a function of spatial frequency. The left- and right-hand panels display these functions for observers

ABS and SJA, respectively.
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Fig. 9. CSF’s for vertical and horizontal gratings presented at
eccentricities of 10 and 40 deg. The open symbols represent data
for horizontal (radial) gratings, and the filled symbols data for
vertical (tangential) gratings. The experimental conditions are
described in the text and in Table 1.

EXPERIMENT 3

Experiments 1 and 2 used horizontal gratings only. In
Experiment 3 we examined how stimulus orientation af-
fects contrast sensitivity in the periphery.

The oblique effect is well known in foveal vision. In
the periphery, the oblique effect gives way to a meridional
effect: Grating acuity, for example, is best for gratings
oriented radially rather than tangentially with respect to
the fovea.”®** Meridional effects are also observed among
various hyperacuity tasks in the periphery: Bisection
acuity is better when the dots are oriented tangentially, so
the offset is tangential with respect to the fovea, than
when the dots are oriented radially and the offset is ra-
dial®® Although image formation in the periphery is sub-
ject to astigmatism of oblique incidence,?® these meridional
effects are not caused by orientation-specific optical
errors.?*?® They also cannot be attributed to the geome-
try of the receptor lattice because that geometry is essen-
tially isotropic.? For these reasons, meridional variations
in peripheral resolution must be caused by anisotropies
in postreceptoral circuits. We measured stimulus ori-
entation effects in one observer at eccentricities of 10
and 40 deg in order to examine the magnitude of such
anisotropies.
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Methods

Vertical grating patches were presented along the horizon-
tal meridian in the nasal visual field. Except for the 90-
deg change in stimulus orientation, the stimuli and the
procedure were identical to those of Experiment 2.

Results

Figure 9 displays the peripheral CSF’s of one observer for
vertical and horizontal gratings. As expected,?*?* a mod-
est, but consistent, meridional effect was observed. At
higher spatial frequencies in particular, contrast sensitiv-
ity was lower for vertical (tangential) than for horizontal
(radial) gratings. This effect was somewhat larger at
40 deg eccentric.

We calculated neural efficiencies, and, as one would pre-
dict from Fig. 9, efficiencies above some spatial frequency
are lower for tangential than for radial gratings. The
lowest spatial frequencies at which radial and tangential
efficiencies differ by more than 0.2 log unit are 4 cpd at
10 deg eccentric and 1 cpd at 40 deg.

EXPERIMENT 4

We used ophthalmic lenses and carefully aligned 1.5-
mm artificial pupils in Experiments 2 and 3 in an attempt
to eliminate focus errors and spherical and chromatic

_ aberrations and thereby render the optics diffraction lim-

ited. Recent reports, however, have shown that lateral
chromatic aberration can be quite pronounced in the pe-
riphery.?’-?®* Consequently we were concerned about
overestimating the quality of peripheral optics for our
viewing conditions. To look for contamination by lateral
chromatic aberration, we made some contrast-sensitivity
measurements under spectrally broadband and narrow-
band conditions. Image degradation caused by lateral
chromatic aberration has to be more pronounced for
broadband lights, so we reasoned that any ill effects of
chromatic aberration would be manifest in the compari-
son of contrast sensitivity in the two spectral conditions.

Methods

Horizontal and vertical Gabor patches were presented at
10 and 40 deg in the nasal visual field. In the narrow-
band condition the observer viewed the stimuli through a
Wratten 57 filter (dominant wavelength 540 nm, half-
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Fig. 10. Contrast sensitivity with spectrally narrow-band and broadband lights. The left- and right-hand panels display data for hori-
zontal (radial) and vertical (tangential) gratings, respectively. The filled symbols represent data with the broadband light (P4 phosphor
viewed through a Wratten 96 neutral-density filter). The open symbols represent data with the narrow-band light (P4 viewed through a
Wratten 57 filter). The circles and squares represent data at 10 and 40 deg eccentric, respectively. The experimental conditions are

described in the text.
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width at half-height 37 nm). In the broadband condition
the observer viewed the stimuli through a neutral filter.
Retinal illuminance was 851 Td in both conditions. Sensi-
tivity to a low and a high spatial frequency was tested at
both eccentricities: 0.65 and 1.6 cpd at 10 deg and 1.0 and
8.0 cpd at 40 deg. If lateral chromatic aberration affected
the measurements in Experiments 2 and 3, one would ex-
pect sensitivity at high frequencies with broadband lights
to be lower than with narrow-band lights.

Results

Figure 10 displays the results for horizontal (radial) and
vertical (tangential) gratings in the left- and right-hand
panels, respectively. Contrast sensitivity for horizontal
gratings is essentially identical for the narrow-band and
broadband stimuli. This proves that lateral chromatic
aberration did not affect thresholds for horizontal grat-
ings in Experiments 1-3. Contrast sensitivity for verti-
cal gratings is slightly higher for narrow-band stimuli but
only at higher spatial frequencies. This shows that some
of the orientation effect observed in Experiment 3 (see
Fig. 9) is due to chromatic aberration. We hasten to point
out, however, that the orientation effect in Experiment 3
is much larger than the spectral effect in Fig. 10, so most
of the orientation effect must be due to anisotropies
among neural mechanisms.

DISCUSSION

The main findings in the present paper are highlighted by
the neural efficiency plots of Figs. 7 and 8. Neural effi-
ciency was computed by first constructing ideal observers
with the optical and photoreceptor properties of various
retinal eccentricities and then comparing ideal and hu-
man performance. These comparisons revealed that neu-
ral efficiency across the visual field is constant at low
spatial frequencies but varies dramatically at intermedi-
ate and high frequencies.

We now discuss how receptor pooling might affect neu-
ral efficiency and how anisotropies in pooling might affect
efficiency for different stimulus orientations. The dis-
cussion of pooling is then related to recent anatomical
measurements of cone-to-ganglion cell convergence. Next
we consider how eccentricity-dependent changes in front-
end properties might affect performance in different sorts
of spatial tasks, particularly spatial summation and grat-
ing and vernier acuity. Finally, we ask whether our find-
ings support the notion that visual pathways subserving
central vision are specialized for fine-detail vision.

Receptor Pooling

Banks et al.!! found that neural efficiency was constant
from 5 to 40 cpd in foveal vision. They argued that con-
stant neural efficiency implies that information from
individual cones is preserved in foveal vision. This im-
plication is consistent with the observation that there
is no convergence or pooling of foveal cones onto higher-
order retinal neurons, such as retinal ganglion cells.*

It is evident from Figs. 7 and 8 that neural efficiency
functions in the periphery are not at all flat. Convergence
or pooling of cones onto higher-order neurons, which is the
rule in the periphery,* is a likely contributor to the high-
frequency roll-offs in the peripheral efficiency plots.
Pooling increases the diameter of the effective sampling
unit. By virtue of the inverse relationship between sam-
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Table 2. Estimated Sampling Unit Diameter (min)

Eccentricity (deg)

Observer Fovea 2 5 10 20 40
ABS 0.48 - 4.26 5.76 11.82 30.36
SJA 0.48 1.8 - 6.21 - 24.78

pling unit size and bandwidth,* the larger diameter re-
duces sensitivity to higher spatial frequencies. The sam-
pling units of our ideal observers were individual cones, so
the ideal contrast sensitivities used to calculate the effi-
ciency plots of Figs. 7 and 8 do not reflect the conse-
quences of receptor pooling. This is one reason that they
exhibit progressively better high-frequency sensitivity in
the periphery than do human observers.

We hypothesized that receptor pooling is the sole deter-
minant of the high-frequency roll-off in the neural effi-
ciency plots. To pursue this idea, we calculated how much
pooling has to be added to the various ideal observers to
flatten the efficiency plots at each eccentricity. Specifi-
cally, we found how much pooling was required to equate
efficiency at two spatial frequencies: the highest one at
which a threshold could be measured and the one at which
efficiency was highest (see Figs. 7 and 8). We did this by
constructing ideal observers with cylindrical sampling
units of different diameters. We then found the diameter
required to reduce ideal high-frequency sensitivity
enough to flatten the various neural efficiency plots.
Those diameters are given in Table 2. Note that the di-
ameters of the sampling units increase by more than a
factor of 50 from the fovea to 40 deg eccentric. Figure 11
displays neural efficiencies calculated with ideal observers
with these larger sampling units. Notice that the ratios
of human to ideal contrast sensitivity are nearly constant
across spatial frequencies and eccentricities. Constant
efficiency across spatial frequencies was manufactured
because we manipulated the diameter of the sampling
units to achieve this. But constant efficiency across ec-
centricities was not manufactured, and this observation
suggests that the ability of postretinal mechanisms to
transmit contrast information may be constant across the
visual field once the consequences of optics, photoreceptor
properties, and pooling are taken into account. We re-
turn to this point below.

Before considering whether the pooling estimates corre-
spond to any particular anatomical observation (such as
cone-to-ganglion cell convergence®), we consider whether
the performance of ideal observers with pooling is consis-
tent with other data. Ricco’s critical diameter is an index
of the spatial extent of complete summation and should be
sensitive to pooling effects. We examined whether criti-
cal diameters for ideal observers with the pooling given in
Table 2 are similar to the diameters actually observed at
different eccentricities.

Wilson®' measured increment thresholds as a function
of test spot diameter at eccentricities of 5-50 deg. We
used these measurements to calculate critical diameters
at 5, 10, 20 and 40 deg. Wilson did not measure critical
diameter in the fovea, so we used data from Davila and
Geisler.®

Figure 12 shows how we estimated critical diameters
for human and ideal observers. The left-hand panel is a
replot of Wilson’s results at 40 deg; the two lines fitted to
the data have slopes of —2 (indicating the region of com-
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plete summation or Ricco’s law) and —1 (indicating the
region of partial summation). Critical diameter was de-
fined as the intersection of these lines. Because the data
did not conform perfectly to lines with slopes of —2 and
—1, we tried a range of fits to see how accurately the in-
tersection could be identified. The fits were generally
significantly poorer if the intersection was changed by
+0.1 logunit. The right-hand panel shows the same analy-
sis for ideal observer data at 40 deg with receptor pooling.
Again, critical diameter is the intersection of the best-
fitting lines with slopes of —2 and —1.

Figure 13 displays human and ideal critical diameters
as a function of eccentricity. The circles represent psy-
chophysical results from Wilson’s and Davila and Geisler’s
experiments. The thick solid and dashed curves repre-
sent ideal observer results with pooling. The similarity
between human and ideal critical diameters is remark-
able. In both cases, critical diameters range from ~3 min
at the fovea to ~23 min at 40 deg. The similarity of
human and ideal critical diameters across the visual field
illustrates the linkage between high-frequency contrast
sensitivity and spatial summation. It also shows that the
performance of ideal observers with the optics and recep-
tor properties of different retinal regions and with differ-
ent amounts of receptor pooling depending on eccentricity
is closely similar to human performance at different
eccentricities, except for a shift in overall sensitivity.

We have shown that some amount of pooling renders
neural efficiency plots constant across the visual field and
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that the same amount of pooling renders ideal and human
critical diameters the same at various eccentricities.
There is no obvious way to determine from psychophysical
data alone whether the pooling required to achieve these
ends corresponds to the convergence of cones onto a par-
ticular anatomical site, but it is important to ask whether
these indirect means of estimating pooling are consistent
with specific anatomical-physiological findings.

Recently Wiissle et al.3 and Curcio and Allen* esti-
mated cone-to-ganglion cell ratios from macaque and hu-
man retinal tissue, respectively, at various eccentricities.
Figure 14 plots their anatomically based estimates of
cone-to-ganglion cell ratios and our psychophysically
based estimates of the ratio of cones to higher-order neu-
rons at some unknown site. Notice that the anatomical
ratios are systematically lower than the psychophysical ra-
tios. Consider the possibility that retinal ganglion cells
are the site corresponding to the effective sampling units:
Then the most obvious prediction—that each cone con-
nects to one and only one ganglion cell sampling unit (but
that a ganglion cell might receive input from more than
one cone)—is disconfirmed. It is likely, however, that
there is substantial spatial overlap among ganglion cell
(center mechanisms) receptive fields. For example,
midget ganglion cells come in two varieties in roughly
equal proportions: ON and OFF cells.?® To create the
center mechanisms of ON and OFF subsystems, one
should have two ganglion cells per foveal cone. Moreover,
there are other morphological and physiological classes of
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Fig. 11. Neural efficiency functions once pooling is taken into account in the ideal observers. The left- and right-hand panels represent
functions from observers ABS and SJA, respectively. The ratio of human to ideal contrast sensitivity is plotted as a function of spatial
frequency. The same symbol conventions as in Fig. 4 are used. The procedure for estimating pooling areas is described in the text.
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Fig. 13. Ricco’s critical diameter at different eccentricities.
The circles represent critical diameter estimates from increment
threshold experiments of Davila and Geisler® and Wilson.** The
solid and dashed curves represent critical diameter estimates
from ideal increment threshold calculations (again see Fig. 12).
Two functions are displayed—one for observer ABS and one for
observer SJA—because different pooling estimates were obtained
for the two observers.
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Fig. 14. Anatomical and psychophysical pooling estimates. The
number of cones per ganglion cell is plotted at a variety of eccen-
tricities. The squares and triangles represent psychophysical es-
timates from the present study and from Makous and Chen,*
respectively. The ordinate values—again the number of cones
per ganglion cell —were obtained by first estimating the diameter
and the area of effective sampling units and then finding the
number of cones that (according to Curcio et al.?) would be re-
quired to fill such an area.

ganglion cell in the primate retina,*® so it is likely that
there are more than two ganglion cells per foveal cone.
Consistent with this idea, Curcio and Allen* report a ratio
of two to four ganglion cells per cone in the human fove-
ola, and Wissle et al.*® report a ratio of four to one in the
macaque foveola. From previous studies'' we assume
that the effective cone-to-sampling-unit convergence ratio
is 1:1.. So we examined the idea that reducing the ana-
tomical ratios by a factor of 4 would make the anatomical
and psychophysical estimates similar. We assume in
using a common shift factor for all eccentricities that the
overlap of ganglion cell receptive fields is reasonably con-
stant across the visual field, as it is in cats.®® As Fig. 15
shows, the correspondence between the psychophysical es-
timates of sampling unit size and the shifted anatomical
estimates of convergence ratios is reasonably good. The
largest deviation between psychophysics and Curcio and
Allen’s human anatomy is less than 0.2 log unit. The rea-
sonable correspondence suggests that ganglion cell center
mechanisms are the sampling units revealed in our psy-
chophysical measurements.
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Effects of Grating Orientation

In Experiment 3 we examined how stimulus orientation
affects peripheral contrast sensitivity. In previous stud-
ies?** and in our experiments the high-frequency limbs of
peripheral CSF’s fell more rapidly when the target grat-
ings were oriented tangentially. This meridional effect
cannot be understood from an analysis of information
available at the cone outputs because the optics were
nearly isotropic in our experimental situation and because
the cone lattices are essentially isotropic at each of the
eccentricities that we investigated.? Therefore, the me-
ridional effect in grating acuity and hyperacuity must be
caused primarily by postreceptoral anisotropies.

There is substantial evidence that cone pooling onto
retinal ganglion cells is anisotropic in the mammalian vi-
sual system.’”®® Specifically, pooling is greater radially
than tangentially with respect to the fovea. In the analy-
sis that went into the construction of Table 2 and
Figs. 13-15 we made the unlikely assumption that pooling
was isotropic at each retinal eccentricity. We now exam-
ine this assumption by asking how much anisotropy in
cone pooling has to be added to ideal observers in order to
produce flat efficiency plots for radial and tangential grat-
ings simultaneously. Figure 16 summarizes the results
for tangential and radial gratings. Notice that, at both

- eccentricities tested, more pooling is required for tangen-
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Fig. 15. Psychophysical and shifted anatomical pooling esti-
mates. The same symbols conventions as in Fig. 14 are used.
The anatomical estimates have been shifted upward by a factor
of 4, a factor that brings the foveal ratio to 1:1.
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Fig. 16. Psychophysical pooling estimates as a function of orien-
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gratings. The ordinate values were obtained by first estimating

the diameter of effective sampling units and then finding the
number of cones required to fill such a sampling unit.
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tial gratings, a result that agrees qualitatively with the
anatomical finding that cone pooling onto retinal ganglion
cells is greater in radial directions than in tangential.
Unfortunately, we cannot evaluate how well these esti-
mates agree with anatomical estimates of anisotropies in
cone pooling because none of the human anatomical data
have been examined for such anisotropies.

Aliasing

Unlike the situation for foveal vision, the optical quality of
the periphery theoretically exceeds the sampling fre-
quency of the cone lattice.! Thus it is not surprising that
low-frequency distortion products (aliasing) resulting
from undersampling can be observed in the periphery un-
der conventional viewing conditions.?®**" All the spatial
frequencies tested in our experiments were below the the-
oretical Nyquist limit imposed by the cone sampling lat-
tice and probably below the limit imposed by postreceptor
sampling.*’ Not surprisingly, then, we did not observe
aliasing in any of our experimental conditions. The evi-
dence for this is that both observers were able to deter-
mine the orientation of the grating targets at detection
threshold.

Grating and Vernier Acuity
In many visual resolution tasks the observer is asked to

report the displacement of a feature relative to one or

more other features (e.g., vernier, bisection, separation).
In other tasks the observer is simply asked to report the
presence of a patterned stimulus as opposed to a uniform
field (e.g., grating acuity). Performance in displacement
tasks declines more rapidly with eccentricity than does
performance in grating acuity tasks.®®*?> Westheimer®
pointed out that the diverse effects of eccentricity on
vernier and grating acuity rule out the possibility that
central and peripheral spatial vision are the same except
for a single spatial scaling factor. Levi and colleagues®
expanded this argument by asserting that different struc-
tures must limit the two forms of acuity. The variation
in grating acuity with position in the visual field, they
argued, is due mostly to optical blur! and to retinal factors
such as decreasing cone density.>® In contrast, the varia-
tion in the hyperacuities is supposedly due to cortical fac-
tors, specifically, the eccentricity-dependent mapping
between visual space and the striate cortex known as cor-
tical magnification.®*3** In support of their thesis, Levi
and colleagues showed that normalized grating acuity
varied with position in the visual field as cone density
does, whereas normalized vernier acuity thresholds varied
as cortical magnification does.

As we described above, optical, receptor, and other reti-
nal properties vary in many ways across the retina. The
OTF of the eye slowly becomes poorer with increasing ec-
centricity,! cone density declines more rapidly and nearly
linearly,?® outer segment length decreases precipitously in
the central 2 deg and slowly thereafter,'>'¢ and the conver-
gence of cones onto retinal ganglion cells increases slowly
and steadily across the whole retina.* These factors are
bound to influence performance in spatial visual tasks,
probably in different ways in different tasks. Thus the
hypothesis of Levi and his colleagues—that optical and
retinal factors alone cause the eccentricity-dependent
variations in grating acuity (and other related tasks) while
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cortical magnification alone causes similar variations in
vernier acuity (and related tasks)—may be too simple.

We used ideal observer analyses to examine how front-
end properties—optics and photoreceptor spacing, effi-
ciency, and pooling onto higher-order retinal neurons—
might contribute to peripheral grating and vernier acuity.
The motivation came from work of Geisler and Davila,*®
who showed that ideal two-dot resolution acuity is less af-
fected than two-dot separation acuity by the number of
available photons: Resolution followed quarter-root law
(a 4-log-unit decline in luminance was required for reduc-
tion in acuity by a log unit), whereas separation followed
square-root law.

To examine how front-end properties affect grating and
vernier acuity at different eccentricities, we presented
stimuli like those in an experiment by Westheimer?® to our
ideal observers. Westheimer measured both acuities at
eccentricities of 0, 2.5, 5, and 10 deg. Grating acuity was
measured with square-wave gratings covering a square
area of side length equal to 6 cycles. Vernier acuity was
measured with two small dots whose separation was opti-
mal for the eccentricity being tested. The left-hand
panel of Fig. 17 displays his results. Vernier acuity falls
off approximately twice as much as grating acuity over
the span of eccentricities tested. The luminance of
Westheimer’s targets was increased for the peripheral con-
ditions. We held luminance fixed in our ideal observer
calculations, which are shown in the right-hand panel.*®
Outer-segment apertures were assumed in constructing
the right-hand panel, but much the same picture emerges
when inner-segment apertures are assumed. The open
symbols represent thresholds for the ideal observers with-
out pooling, and the filled symbols thresholds with pooling.
The thresholds have been shifted vertically to aid com-
parison with Westheimer’s data. Ideal vernier thresholds
with and without pooling fall off more rapidly than grating
thresholds with eccentricity.”” The eccentricity depen-
dence of ideal observer performance with pooling is simi-
lar to that of Westheimer’s data: Both ideal and human
vernier thresholds fall off more rapidly with eccentricity
than do grating thresholds.
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Westheimer (1982) Ideal Observers

Minutes of Arc

0.1 T S R T 1 0.1
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Fig. 17. Human and ideal grating and vernier acuity as a func-
tion of eccentricity. The left-hand panel displays the results of
Westheimer.? The right-hand panel displays ideal grating and
vernier acuity for the same stimulus conditions. In both panels
the just-discriminable vernier offset is represented by the circles
and the just-detectable grating bar width is represented by
squares. The points in the right-hand panel have been shifted
vertically to ease comparison with Westheimer’s data. The open
symbols in the right-hand panel represent thresholds for ideal ob-
servers without pooling, and the filled symbols ideal thresholds
with pooling.
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These analyses show that a greater degradation of
vernier acuity with eccentric viewing is expected from
known variations in front-end mechanisms. Thus models
that postulate different neural mechanisms as the limit-
ing factors in different acuity tasks (e.g., retinal factors
for grating and central factors for vernier) are probably
too simple. We are not arguing that front-end properties
alone are sufficient for an understanding of how the
acuities change with eccentricity, because many psycho-
physical observations are inconsistent with ideal observer
performance.” Rather, we are arguing that the discrimi-
nation information available at the retinal ganglion cells
varies with eccentricity and, more importantly, that the
information relevant to vernier acuity declines more
rapidly with eccentricity than does the information for
grating acuity. The differing impact of front-end limita-
tions for different spatial visual tasks should be incorpo-
rated into any model of how anatomical/physiological
structures constrain performance.

Postretinal Efficiency of Foveal and Peripheral Vision

The fovea is clearly specialized for fine-detail vision.
Foveal cones are tightly packed, so the sampling frequency
is much higher than elsewhere. Moreover, there are more
bipolar and retinal ganglion cells in the fovea than there
are cones, so information from single cones can be pre-
served in the outputs of the retina. But, aside from these
retinal specializations, do central visual circuits treat in-
formation from foveal and peripheral cones differently?
Until recently, the conventional wisdom was that central
circuits overrepresent the fovea relative to the rest of the
visual field. This view was quantified by the difference
between retinal and cortical magnification factors.®*?
More recent anatomical measurements, however, suggest
little if any difference between retinal and cortical magni-
fication.*®® OQur results are compatible with these recent
measurements. Consider, for example, the efficiency
functions in Fig. 11. These functions are the ratio of
human contrast sensitivity divided by the contrast sensi-
tivity of ideal observers with the optics, photoreceptors,
and pooling characteristic of different retinal eccen-
tricities. Except for a deviation between foveal and
peripheral efficiencies at low frequencies, which is due
to experimental artifact (see the discussion of Experi-
ment 2), the ratio of human to ideal sensitivity is essen-
tially the same for eccentricities of 0 to 40 deg. The
observation of similar neural efficiency functions in
Fig. 11 suggests that postretinal mechanisms are equally
proficient at signaling contrast information in the fovea
and periphery. Thus the greater contrast sensitivity and
resolving power of the fovea may result from optical and
retinal specializations only.
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