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Retinal contrast losses and visual resolution
with obliquely incident light
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To determine whether vision with obliquely incident light is degraded by contrast losses originating in the
retina, laser interference fringe patterns were produced on the retina for various directions of incidence of the
two interfering beams. Contrast-modulation flicker [Vision Res. 38, 985 (1998)] was used as a psychophysical
measure of contrast at the level of the photoreceptors. Fringe contrast was shown to be maximal when the
interfering beams were equal in perceived brightness, not in physical intensity. The effective fringe contrast
was slightly reduced with oblique incidence for high spatial frequencies, but the reduction was too slight to be
an important factor in visual resolution. The loss was similar whether the incident beams were displaced
from the pupil center in a direction parallel or perpendicular to the grating bars. © 2001 Optical Society of
America

OCIS codes: 330.1070, 330.4060, 330.5310, 330.5370, 330.6110, 330.6130.
1. INTRODUCTION
An effective way to determine the neural limitations on
spatial visual performance is to design experiments that
quantify resolution losses at specific stages in the visual
system. Previous researchers have compared visual
resolution for CRT grating stimuli with resolution for
gratings produced by laser interference. Since the inter-
ference fringe is immune to optical blurring and diffrac-
tion, the difference between conventional and interfero-
metric measures has been used to quantify the losses in
contrast produced by the anterior optics.1,2 In this paper
we attempt to further partition resolution losses in the vi-
sual system by quantifying the contrast loss originating
in the retina with obliquely incident light. The magni-
tude and basis of this contribution has been controversial,
as a summary of previous work will illustrate.

In 1958, Campbell3 measured grating acuity through a
1-mm artificial pupil. Acuity was similar when the pupil
was centered on the natural pupil and when it was dis-
placed 4 mm in a direction parallel to the grating bars.
However, displacing the pupil 4 mm in a direction perpen-
dicular to the grating bars produced an eightfold reduc-
tion in visual acuity. Campbell reported that the acuity
decrement persisted when spherical aberration was cor-
rected, when it was measured with monochromatic light,
and when the grating target luminance was increased to
compensate for the decreased brightness of the displaced
pupil condition.

To determine whether the effect was due to degradation
of contrast by the anterior optics, Campbell and Gregory4

repeated the experiment with interference fringe stimuli.
Their stimuli, monochromatic Fraunhofer single-slit
fringes, were immune to degradations by optical aberra-
tions or diffraction by the pupil of the eye. The acuity ef-
fect was still present, though much smaller in magnitude
(a factor of 2), suggesting that some of the original Camp-
bell effect was retinal in origin. Subsequently, simi-
lar experiments by Enoch also suggested a small retinal
0740-3232/2001/112692-12$15.00 ©
component for the directional acuity effect, although it
depended only weakly on the orientation of the test grat-
ing.5

Another consequence of varying the angle of incidence
of light falling on the retina was demonstrated by Stiles
and Crawford6 in 1933. They showed that a test light
imaged on the retina through the center of the pupil ap-
pears much brighter than the same test light when it is
imaged through the pupil margin. Wright and Nelson7

proposed that light entering the eye more obliquely is less
likely to be ‘‘trapped’’ within a cone than is axially inci-
dent light. This waveguide-type model of the Stiles–
Crawford effect has persisted, with slight modifications.8

To test the hypothesis that the Campbell effect was also
due to the waveguide properties of foveal cones, Green9

measured laser interference fringe contrast for varying
angles of incidence of the interferometric point sources.
This technique, like the one of Campbell and Gregory,4

used interference to effectively bypass blurring by the an-
terior optics. Green found that when the intensity of the
decentered beams was increased to compensate for the
Stiles–Crawford brightness difference, there was no loss
in resolution. From this, he concluded that the only con-
tribution of the retina to the Campbell effect was through
the decreased brightness of obliquely incident light. In
similar interferometry experiments, Thibos10 also failed
to show a decrease in visual acuity with obliquely incident
interference fringes.

In a separate experiment, Green9 quantified the loss in
contrast sensitivity with eccentric pupil entry for sinu-
soidal gratings produced on a CRT monitor. He found no
loss in resolution with a pupil displacement parallel to
the grating bars. However, there was a substantial loss
in sensitivity when the pupil was displaced in a direction
perpendicular to the bars of the grating, and that degra-
dation occurred only at high spatial frequencies. Van
Meeteren and Dunnewold11 confirmed the loss of resolu-
tion with oblique incidence found by Green9 and
2001 Optical Society of America
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Campbell.3 Their modeling estimated that the modula-
tion transfer function of the eye was diffraction limited for
all conditions of their experiment, and they therefore sug-
gested that the resolution losses were retinal in origin.
Thibos’s10 experiments with a polychromatic interferom-
eter, however, suggested that Green’s decrement in CRT
acuity9 and van Meeteren and Dunnewold’s effect11 were
due to ocular chromatic aberration and that this was the
major factor responsible for the loss of acuity when poly-
chromatic targets were viewed through a displaced aper-
ture. Subsequent measurements with incoherent light
and aberration modeling by Artal et al.12 supported the
conclusion that the Campbell effect was completely due to
monochromatic and chromatic aberration for spatial fre-
quencies up to 16 c/deg. These attempts to parcel out the
contributions to decreased acuity with obliquely incident
light are plagued by the problem of accurately modeling13

or measuring the contribution of the anterior optics.
Chen and Makous14 performed experiments similar to

the interferometric condition of Green9 with the goal of
determining what fraction of obliquely incident light that
escapes a given cone is recaptured by a neighboring cone.
Interference fringe contrast sensitivity was measured
with all beams equated for Stiles–Crawford brightness.
They found a decrease in contrast sensitivity with oblique
incidence, but only for high spatial frequencies. This re-
sult was in conflict with that of Green,9 who found no de-
crease in contrast sensitivity at spatial frequencies as
high as 47 c/deg. The decrease was slightly greater for
point source displacements perpendicular to the grating
bars. Quantitative analysis of their data suggested that
when light entered through the pupil margin, over half of
the light absorbed by cones had previously passed
through other cones but that the spatial extent of the
spreading was very small.

In 1998, Pask and Stacey15 extended their earlier
waveguide model of human foveal cones to make predic-
tions about the Campbell effect for interference fringes.
They calculated the proper intensity ratio between the in-
terferometric point sources to achieve maximum fringe
contrast for each direction of point source displacement.
Their model of the interaction between light and the cone
photoreceptor suggested that optimal fringe contrast re-
quired a physical equality of intensity between the two in-
terferometric sources (rather than, for instance, an inten-
sity ratio chosen to compensate for the Stiles–Crawford
effect). This was because independent manipulation of
the beam intensities would drastically alter the modal
amplitudes and fundamentally change the field exciting
the receptor. They modeled retinal resolution losses,
with results consistent with the experimental findings us-
ing incoherent light: Moving the point sources from the
center of the natural pupil led to a decrease in fringe con-
trast if the displacement was perpendicular to the bars of
the grating but not if the displacement was parallel to the
bars of the grating. However, this result was not consis-
tent with the previous interferometric measurements of
Green9 or Chen and Makous.14 Their prediction of the
point source intensities required for maximum contrast
was also inconsistent with experimental results of Mak-
ous and Schnapf,16,17 who reported that when one point
source entered through the center of the pupil and the
other eccentrically, the intensity of the eccentric beam
had to be increased, and indeed had to be increased by
much more than was necessary to make it equally visible
(i.e., more intense than Stiles–Crawford equality), in or-
der to yield fringes of maximum visibility.

The work reviewed above illustrates the range of theo-
retical and experimental findings regarding the source
and extent of contrast losses when light passes through
an eccentric pupil and is obliquely incident on the retina.
Even the experiments that have isolated the retinal com-
ponent with laser interferometry have produced inconsis-
tent estimates of the amount of contrast loss attributable
to the retina. In this paper we reexamine the extent to
which vision with obliquely incident light is degraded by
contrast losses originating in the retina. As in several of
the previous studies, contrast losses due to blurring by
the optics of the eye were avoided by forming interference
fringes directly on the retina. A range of intensity ratios
for the two interferometric point sources was used in each
case, so as to determine by direct experiment both the op-
timal intensity ratio and the corresponding maximal con-
trast. Contrast-modulation flicker18 was used as a psy-
chophysical measure of contrast at the level of the
photoreceptors. This technique provided two distinct ad-
vantages over previous techniques. First, it produced
psychophysical measurements of the effective contrast at
the level of the cone photoreceptors, without contamina-
tion by subsequent neural blurring. Second, it allowed
measurement of the effective contrast for fringe patterns
that are too fine to be subjectively resolved. By making
measurements of effective fringe contrast at spatial fre-
quencies that are comparable to the spacing between
foveal cones, we were able to examine the fine spatial
scale of the interaction between light and the cone mosaic
more directly than was previously possible.

2. MATERIALS AND METHODS
A. Stimuli
Stimuli were generated by a computer-controlled Argon
laser interferometer. The filtered (514-nm) laser output
was split into two equal beams by a beam splitter and di-
rected through two acousto-optic modulators (AOMs).
The AOMs chopped the light beams into a train of 480 ms
rectangular pulses separated by 1 ms. To vary the fringe
contrast, the relative temporal phase of the pulses was
manipulated by computer control of the AOMs. When
the pulses from the two beams were presented simulta-
neously (with complete temporal overlap), they interfered
and a grating of 100% Michelson contrast was produced.
When the pulses were alternated, so that one was off
whenever the other was on, interference was not possible
and a zero contrast grating was formed.19 This proce-
dure allowed the contrast to be varied while maintaining
a constant space-averaged retinal illuminance. The
AOMs were also used to control the instantaneous light
intensity of the two interferometric point sources during
their ‘‘on’’ periods. This permitted us to measure the ef-
fective fringe contrast with different point source inten-
sity ratios and also to measure, and adjust for, the Stiles–
Crawford effect. The beam attenuation produced by the
AOMs was proportional to their drive voltages. Desired
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beam intensity values were converted to AOM drive volt-
ages by a linearizing lookup table, and the required volt-
ages were sent to the AOMs via a National Instruments
digital-to-analog card.

Each channel’s beam was expanded and spatially fil-
tered, and the pinholes of the spatial filters were imaged
as point sources in the pupil plane. The vertical position
of the point source from one channel could be varied by
computer control of an actuator attached to a mirror
mount. The two point sources interfered with each other
to produce a horizontally oriented sinusoidal intensity
pattern on the retina. The fringe spatial frequency, f (c/
deg), is proportional to the separation, d (mm), between
the two point sources in the pupil plane and is repre-
sented by f 5 pd/180l, where l (mm) is the wavelength
of the laser source. The subject’s head was stabilized
with a dental bite bar, which was attached to the optical
table by a three-axis positioning device. The absolute
x –y position of the point sources in the pupil plane could
be adjusted by manual positioning of the bite bar mount.

A field stop limited the field of view of the fringe to 0.9
deg of visual angle. The point sources in interferometric
stimulators that have small circular fields are not ideal
points but Airy disks, in our case with a radius (to the
first zero) of approximately 20 mm. This raises the pos-
sibility that high-order corneal aberrations within each
Airy disk image might affect the interference pattern, a
relevant concern since any optical degradation from this
might well be anisotropic. Such aberrations will not,
however, affect the contrast of the pattern. Full contrast
requires only that destructive interference be complete.
This is guaranteed so long as there are loci on the retina
where the resultant waves from the two sources arrive in
opposite temporal phase, with symmetrical waveforms
that can cancel. Symmetry is given by the monochro-
matic (sinusoidal) nature of the source (which in the case
of our laser, has a coherence length measured in inches
rather than micrometers). Multiple phase-perturbed
sine waves from such a source still give a temporal sine
wave as their resultant, and the opposite-phase condition
will be realized (somewhere) provided only that relative
phase varies continuously across the retina. Continuity,
in this sense, will not be affected by optical aberrations,
and observation of low-spatial-frequency gratings con-
firms that it is maintained.

Other effects of aberrations were also not substantial.
Aberrations occasionally brought the two fields out of reg-
ister, but this was easily detected and compensated for
with a correcting lens. Aberrations could change the
shapes or intensity distributions of the fields, but no sub-
stantial effects of this sort were seen in observations of
the separate fields as the point of entry moved within the
pupil. In principle, aberrations could also perturb the lo-
cal spatial frequency of the fringe pattern, but if this ef-
fect were important, it would be noticeable as a distortion
of low-frequency gratings during head movement, and no
such distortions could be observed. The wave-front-
aberration data of Liang and Williams20 also suggest that
these effects, with the exception of the field misregistra-
tion, should be negligible under our conditions.

A computer controlled the stimulus presentation and
data collection. This permitted the random ordering of
experimental conditions composed of various stimulus in-
tensities, contrasts, and spatial frequencies.

B. Observers
The authors, MM, a protanopic subject with normal acu-
ity, and DM, a deuteranomolous subject with normal acu-
ity, served as subjects.

C. Measurement of the Stiles–Crawford Effect
To measure the Stiles–Crawford effect, the overlapping
fields produced by the two point sources were alternated
at 10 Hz, and the observer adjusted the intensity of the
eccentric beam to minimize the percept of flicker. The
Stiles–Crawford effect was measured over a vertical
range of 7 mm centered on the horizontal extent of the di-
lated pupil.

D. Measurement of Retinal Fringe Contrast
Contrast-modulation flicker was used as a psychophysical
measure of contrast at the level of the photoreceptors.18

In this technique, the Michelson contrast of a fine grating
is altered between zero and 100% contrast at 12 Hz. Al-
though the space-averaged illuminance remains constant,
a low-level retinal nonlinearity generates a flicker signal
equivalent to a full-field modulation of space-averaged in-
tensity. Previous experiments have demonstrated that
the nonlinearity is fed by individual cones and that the
magnitude of the flicker is approximately proportional to
the square of the fringe contrast.18 Since the cones
themselves can respond to spatial frequencies well above
the limit of perceptual resolution, their summed flicker
signal can be transmitted through subsequent stages of
the visual system without the attenuation by neural spa-
tial filtering that high spatial frequencies must undergo.
In this way, contrast-modulation flicker makes it possible
to assess optical attenuation of spatial frequencies too
high to be perceptually resolved. This greatly enhances
the precision with which optical contrast losses can be de-
tected. Aliasing to low-frequency patterns could in prin-
ciple provide another means of assessing the optical con-
trast of spatial frequencies that are not directly
resolvable, but aliasing was not seen at all by our observ-
ers in the frequency range of interest here.

We determined the amplitude of the contrast modula-
tion with a nulling method. A computer-generated lumi-
nance modulation was added on top of the contrast modu-
lation. The phase of the luminance modulation was set
to cancel the flicker generated by the contrast modula-
tion. The observer adjusted the magnitude of the lumi-
nance modulation necessary to null the contrast-
modulation flicker. Appendix A discusses the
relationship between the nulling amplitude and the effec-
tive fringe contrast. This technique provides sensitive
measurements of the effective fringe contrast at the level
of the cone photoreceptors.18

The effective contrast of fringe patterns generated on
the fovea was measured for various directions of incidence
of the two interfering beams. Since the ratio of intensi-
ties that would yield maximal fringe contrast for a given
pair of point sources was not known, a range of intensities
was used, so as to determine both the optimal intensity
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ratio and the corresponding maximal contrast (Experi-
ment 1). The ratio of the point source intensities was
changed over a 2-log-unit range, while their combined lu-
minance was kept constant at the same value produced
when they entered at the Stiles–Crawford peak. In ad-
dition, whenever the experiments called for the two point
sources to be displaced together from the Stiles–Crawford
peak, the intensities of both sources were increased to
compensate for their decreased brightness, based on pre-
vious measurement of the subject’s Stiles–Crawford ef-
fect.

3. RESULTS
A. Experiment 1. Determining the Optimal Point
Source Intensity Ratio for Optimizing Fringe Contrast
Measurements were made of the effective contrast of an
interference fringe generated on the fovea for various di-
rections of incidence of the two interfering beams. The
pupil entry points of the interfering beams fixed the direc-
tion of incidence at the retina, and their separation deter-
mined the fringe spatial frequency. Figure 1 shows the
effective fringe contrast as a function of the intensity ra-
tio of the two interfering beams for three conditions for
subject MM. The first two panels show measurements
made with a vertical point source separation of 1.5 mm,
corresponding to a 51-c/deg grating. The center of the
point sources was shifted 1.5 mm down from the Stiles–
Crawford peak in Fig. 1(a) and 2.5 mm down in Fig. 1(b).
Figure 1(c) shows measurements made with a 2.5-mm
point source separation shifted down 1.0 mm from the
Stiles–Crawford peak. Relative intensities are shown on
a decimal log scale, with reference to the intensity ratio
required for Stiles–Crawford equality for that condition’s
point source positions. Positive log (point source relative
intensity) values correspond to intensities of the more ec-
centric point source that are greater than required for
Stiles–Crawford equality. The small arrow pointing to
the x axis in each plot marks the point source ratio for
physical equality.

The data for each condition were fitted with a theoret-
ical function for fringe contrast (see Appendix A). The
function had two free parameters: the maximum con-
trast and the optimal intensity ratio. The Levenberg–
Marquardt algorithm was used for fitting, and data were
weighted by their standard error of the mean (SEM).
Fringe contrast was maximal when the interfering beams
were equal in perceived brightness, not when they were
equal in physical intensity15 nor when the eccentric beam
was more intense than required for Stiles–Crawford
equality.16,17 The optimal point source log intensity ra-
tios for the three panels in Fig. 1 were 0.06, 20.01, and
0.00 (plotted as a single solid diamond at the top of each
panel). The error bars contain the 95% confidence inter-
val of the parameter estimates, which were 60.08, 60.13,
and 60.06 for the three conditions in Fig. 1. None of the
optimal point source intensity ratio estimates were statis-
tically different from Stiles–Crawford equality.

Calculations were performed to estimate the expected
effect of cone-pointing disarray on the optimal intensity
ratio for peak contrast. We expected this to be relevant
because in the presence of disarray, an obliquely incident
beam selectively stimulates cones oriented toward it, and
the effectiveness of an interfering beam must depend on
its stimulation of that subset of the cones. The intu-
itively expected effect was not, however, supported by the
analysis given in Appendix B or by calculations based on
the model outlined there. For a fixed point source sepa-
ration (i.e., a fixed spatial frequency), increasing cone dis-
array resulted in a reduction in fringe contrast, but the
reduction was slight. A generous estimate of pointing
disarray (sigma 5 0.4 mm, compare Ref. 21) resulted in a
0.01-log-unit decrease in contrast for a 68-c/deg grating
with a 2.5-mm displaced pupil. Moreover, the optimal
point source intensity ratio in the presence of disarray re-
mained at the Stiles–Crawford equality setting; measure-
ments of the optimal intensity ratio for maximizing fringe
contrast may therefore reveal nothing about receptor dis-
array or about the acceptance angle of individual cones.

B. Experiment 2. Quantifying the Decrease in
Effective Contrast with Oblique Incidence
To determine if there was a directional acuity effect, the
pupil entry location was varied for a fixed spatial-
frequency grating. The contrast was measured (1) with
the point sources centered vertically on the Stiles–
Crawford peak and horizontally aligned with the pupil
center. Contrast was also measured for oblique incidence
conditions produced (2) with the point sources displaced
together temporally in the pupil (parallel to the bars of
the grating), and (3) with the point sources displaced to-
gether downward in the pupil (perpendicular to the bars
of the grating). The results are shown in Fig. 2 for spa-
tial frequencies of 51 and 68 c/deg.

The first result to note is that there is a decrease in
fringe contrast with oblique incidence. The effect is
small, and it increases with more obliquely incident light.
This can be seen by comparing observer MM’s contrast
loss for the 1.5-mm displacement [Fig. 2(a)] with his con-
trast loss for the 2.5-mm displacement [Fig. 2(b)].

A second result is that the decrease in fringe contrast is
similar when the point sources are displaced parallel or
perpendicular to the bars of the grating. This can be
seen by comparing the parallel and perpendicular dis-
placement conditions within each panel in Fig. 2. Be-
cause the precise location of the Stiles–Crawford peak in
the horizontal dimension was not known, a control experi-
ment was performed with subject MM to ensure that the
pupil center was close to the Stiles–Crawford peak. In
this experiment, a 2.5-mm nasal displacement from the
pupil center produced an effective fringe contrast that
was not statistically different from the contrast measured
with a 2.5-mm temporal displacement. For observer DM
at 68 c/deg, displacement of the point sources perpendicu-
lar to the grating bars may have produced a slightly
smaller contrast decrement than displacement parallel to
the grating bars for one condition [Fig. 2(d)], a result op-
posite to that of Campbell and Gregory4 for spatial fre-
quencies in the visible range.

Corneal birefringence can affect the polarization state
of decentered entry beams. Since the beams are verti-
cally polarized, corneal birefringence may rotate the po-
larization states of each beam in the temporally displaced
condition in an opposite direction, resulting in a decrease
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of fringe contrast. Displacement of the point sources in
the vertical direction would not differentially affect the
polarization states of the two beams, since in that condi-
tion the two displacements are in the same direction from
the pupil center. Thus the net effect of birefringence is
opposite to the one reported by Campbell.3 The effect of
corneal birefringence in the temporally displaced condi-
tion was calculated by using the data of Bour and Lopes
Cardozo,22 who measured a retardation of approximately
40 deg for light entering the eye 2.5 mm temporally from
the pupil center. The decrease in contrast due to this re-
tardation was calculated to be 0.03 log unit for a 51-c/deg
fringe pattern generated by 2.5-mm temporally displaced
point sources. This calculation is in agreement with ex-
perimental results of Chen and Makous14 showing a less
than 0.03 log unit effect of birefringence on interference
fringe contrast. Since this loss is only approximately
15% of the small loss shown in Fig. 2 for data gathered
under these conditions, the losses of Fig. 2 are evidently
of predominantly retinal origin. However, corneal bire-
Fig. 1. Effective fringe contrast as a function of point source intensity ratio. Measurements of fringe contrast were made over a 2-log-
unit range of point source intensity ratios to determine the optimal intensity ratio for maximizing fringe contrast. The 0 log (point
source intensity ratio) denotes the x axis position that equates the beams for brightness, with a deviation from physical equality to
compensate for the Stiles–Crawford effect. The black arrows pointing to the x axis mark the point source intensity ratio for physical
equality. The smooth curves are theoretical fits to the measured contrast values (see Appendix A). Solid diamonds above the curves
show the fitted optimal point source intensity ratio for maximum fringe contrast, with horizontal error bars enclosing the 95% confidence
interval. All three conditions yielded maximum fringe contrast at a point source intensity value that was not statistically different from
Stiles–Crawford equality.

Fig. 2. Effect of oblique incidence on grating contrast. Each panel shows the measured fringe contrast for a 51-c/deg spatial-frequency
grating (68 c/deg for panel (d)). White bars, point sources centered on the Stiles-Crawford peak. Light-gray bars, point sources dis-
placed parallel to the bars of the grating. Dark-gray bars, point sources displaced perpendicular to the grating bars. The results dem-
onstrate a small decrease in fringe contrast with oblique incidence. Unlike the original Campbell result,3 the decrease in contrast was
no greater for displacements perpendicular to the bars of the grating than for displacements parallel to the bars of the grating. A
2.5-mm displacement of the point sources [(b)] produced a larger decrease in fringe contrast than a 1.5-mm displacement [(a)]. Error
bars represent 6SEM.
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fringence may make a small contribution to the unex-
pected reversal of the Campbell effect at 68 c/deg for DM.

C. Experiment 3. Dependence of the Loss of Effective
Fringe Contrast with Oblique Incidence on Spatial
Frequency
The decrease in fringe contrast with oblique incidence
was measured by comparing (1) the effective fringe con-
trast obtained with centered point sources to (2) the
fringe contrast with 2.5-mm temporally displaced point
sources. The difference in log (effective fringe contrast)
was measured for three spatial frequencies for observers
MM and DM. Data for the six conditions for each ob-
server were collected in random order. Data from similar
conditions in Experiment 2 were not reused.

The results are shown in Fig. 3. The decrease in fringe
contrast with oblique incidence is greater at higher spa-
tial frequencies for both observers.

4. DISCUSSION
The experimental results can be discussed in relation to
several simple models of light capture by human cones.
The first two models predict no decrease in contrast with
obliquely incident light. In the first model, light is al-
ways effectively contained by waveguiding (or in terms of
ray optics, by total internal reflection) within the cone
that it first encounters. This is illustrated in Fig. 4(a).
If this were the case, obliquely incident light would not be
less visually effective and would not decrease contrast by
spreading from one cone to another. The second model,
depicted in Fig. 4(b), proposes that this waveguiding fails
to confine obliquely incident light to the outer segment.
As a result, light ‘‘leaks’’ from the cone it first enters and
is neither absorbed in the initially entered cone nor reab-
sorbed in another one. Although this model is commonly
used to explain the Stiles–Crawford effect (the dramatic
decrease in perceived brightness with obliquely incident

Fig. 3. Spatial-frequency dependence of the decreased contrast
with oblique incidence. Data points represent the difference in
log fringe contrast between centered point entry and a 2.5-mm
temporal displacement parallel to the bars of the grating for that
spatial frequency. This decrease in log fringe contrast with ob-
lique incidence is measured as a function of spatial frequency for
two observers, MM and DM. Error bars 5 6SEM. Also shown
are Gaussian fits to the data from Chen and Makous.14
light8), it fails to predict the loss in contrast with ob-
liquely incident light observed in our measurements.

A model that does predict a loss in contrast with ob-
lique incidence is depicted in Fig. 4(c). In this scenario,
oblique light escapes but is recaptured in the ‘‘wrong’’
cone. Chen and Makous14 proposed this model to ac-
count for their interferometric data, calculating that over
half of the light absorbed with oblique incidence has first
passed through other cones. If light tracked straight
through the cones, as this simple geometrical model sug-
gests, then resolution should be impaired only when the
incoming beam is displaced in a direction perpendicular
to the bars of the grating, as in the original Campbell
effect.3 However, Chen and Makous,14 as well as Enoch,5

found that the contrast loss with oblique incidence de-
pended only weakly on the orientation of the test grating.
The data in Fig. 2, which show no difference between par-
allel and perpendicular displacements, provide further
evidence against the simple directional model.

The magnitude of our contrast loss with oblique inci-
dence is compared with that of Chen and Makous14 in Fig.
3. The dotted curves represent the contrast loss with ob-
lique incidence as a function of spatial frequency for two
observers (see Fig. 7 of Ref. 14). The point sources were
displaced 2.5 mm and 2.9 mm in the pupil for the two ob-
servers, parallel to the bars of the grating. There are
large individual variations, but on the average the observ-
ers in the study by Chen and Makous showed larger con-
trast losses than those reported here. Our results are
thus intermediate between those of Chen and Makous
and those of the earlier studies of interference fringe con-
trast losses with oblique incidence9,10 that found nothing
attributable to the retina. Since the contrast-modulation
flicker-detection mechanism is not affected by the observ-
er’s steeply falling neural contrast-sensitivity function,

Fig. 4. Cone light-capture scenarios. Three simple cone light-
capture models. In (a) light is perfectly waveguided by the
cones. This model predicts no loss in resolution or sensitivity
with oblique incidence. Model (b) proposes that obliquely inci-
dent light escapes from the cone and produces no visual effect.
This type of model is often suggested to explain the large de-
crease in perceived brightness with obliquely incident light (the
Stiles–Crawford effect). Model (c) proposes that some of the
light that leaks from a cone is recaptured by a neighboring cone.
This scenario results in a decrease in fringe contrast with oblique
incidence. The simple case of this model, where light travels
straight through a receptor, predicts a loss in resolution for grat-
ing oriented perpendicular to the pupil displacement, but not for
parallel displacements.
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we believe that our technique possesses a large advantage
in sensitivity over previous ones. This is especially rel-
evant for measurements at high spatial frequencies,
where the retinal contribution is greatest. Individual
differences, differences in technique, and wavelength dif-
ferences must all be considered in evaluating any differ-
ence in results. But one important aspect of the results,
common to all studies, is that retinal contrast losses due
to oblique incidence have only minimal effects on the con-
trast sensitivity function, a point on which we elaborate
below.

The spatial-frequency dependence of the contrast loss
can be used to estimate the spatial extent of the spread-
ing. In our analysis we approximate the point-spread
function for obliquely incident light as the convolution of
the spread function for a centered point source with a
Gaussian blur function. If the effect of moving to oblique
incidence is viewed as a convolution in the spatial domain
then it can be represented as a multiplication in the fre-
quency domain, and Fig. 3, which describes the loss in log
contrast with oblique incidence, can be thought of as the
frequency response of the blur process occasioned by ob-
lique incidence. A Gaussian fit to the data in Fig. 3 was
transformed to the spatial domain by taking the inverse
Fourier transform. The resulting Gaussian spatial blur-
ring profile is shown in Fig. 5, where its width is com-
pared graphically with the cone outer segment length,
width, and spacing (1 mm width, 40 mm length, and 2.3
mm spacing). For comparison, the straight line in Fig. 5
illustrates the angle of incidence associated with a
2.5-mm shift from Stiles–Crawford peak in the plane of
the pupil (approximately 7°). The spatial blur function
derived from our measurements demonstrates that the
spatial extent of the blurring with oblique incidence is not
large in comparison with the size of foveal cones. Even
obliquely incident light is well contained within the single
cone toward which it is directed, in that even the flanking
nearest-neighbor cones absorb little of the incident en-
ergy. This conclusion from our results is consistent with
color vision experiments in which the color change of
monochromatic light at oblique incidence is well ac-
counted for with a model postulating only self-screening
(and not mutual screening) by the visual pigments.23,24

Further, the reported chromatic deviations (notably, a de-
saturation of long-wavelength light) are not of the kind
expected from mutual screening. It should be noted,
however, that when the blurring associated with oblique
incidence is modeled by a translation-invariant spread
function as in Fig. 5, the spread function is wide enough
that the light energy directed toward a point roughly mid-
way between two cones may be captured equally by them
both. If such spreading takes place before light enters
the outer segment, it need not imply any mutual screen-
ing by the visual pigments.

Besides the partitioning of obliquely incident light be-
tween adjacent cones, two other potential contributions to
the contrast reduction reflected in the finite width of the
spread function in Fig. 5 warrant mention. First, the ef-
fective aperture of single cones might become greater
with oblique incidence. The waveguide properties of the
human photoreceptor array are complex, and the existing
models are sensitive to small changes in a number of pa-
rameters, such as phase variations across cones; the in-
dex of refraction within cones and the interphotoreceptor
matrix; and the dimensions of the cone length, width, and
taper.25,26 Therefore more sophisticated waveguide mod-
eling of our results is unlikely to place strong constraints
on any of the relevant physiological parameters. The
anatomical dimensions of the cones, however, are small
enough that this can hardly account for the full effect.
Moreover, the even smaller estimates of the effective ap-
erture of single photoreceptors obtained by MacLeod
et al.27 are based mainly on measurements with oblique
incidence.

Fig. 5. Spatial extent of the retinal blurring produced by ob-
lique incidence. The point-spread function for obliquely incident
light was assumed to be the convolution of the spread function
for a centered point source with a Gaussian blur function. The
calculated Gaussian spatial blurring profile for oblique incidence
is shown and is compared graphically with the cone outer seg-
ment length, width, and spacing (1 mm width, 40 mm length, and
2.3 mm spacing). The straight line across the outer segments il-
lustrates the angle of incidence associated with a 2.5-mm shift
from Stiles–Crawford peak in the plane of the pupil (approxi-
mately 7°). The spatial blur function derived from our measure-
ments demonstrates that the blurring with oblique incidence is
small in comparison with the size and spacing of foveal cones.
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Second, some absorbed light may have undergone
forward scatter in transit through the retina before enter-
ing the outer segments, and this light will be relatively
more effective when the unscattered light loses the
advantage of axial incidence. Van de Kraats et al.28 mea-
sured the fundal reflection for two retinal angles of inci-
dence: first, with an entrance pupil centered on the
Stiles–Crawford peak and second, with it displaced 2.5
mm temporally. Their calculations showed that stray
light in the fundal reflection greatly increases with
oblique incidence. This suggests that light scattered
by retinal structures and absorbed by adjacent cones
may also play a role in decreasing contrast with oblique
incidence, but the present results indicate that such
scattering does not extend beyond the nearest-neighbor
cone at an intensity sufficient to reduce the image
contrast by a substantial factor. The directional sensitiv-
ity of cones must help to diminish the visual effectiveness
of the scattered light observed in the fundal reflection
with oblique incidence, and for this reason the extent of
visually effective scatter is likely to be considerably less
than the extent of scatter in light returned from the fun-
dus.

What is the role of retinal contrast loss with oblique in-
cidence under normal viewing conditions? The retinal
component plays a large role only at high spatial frequen-
cies (Fig. 3), where the human contrast sensitivity is
dropping steeply as a result of the modulation transfer
function of the human eye2 and subsequent neural
filtering.29 Figure 6 shows CRT grating contrast sensi-
tivity measured by Green9 through a 2-mm artificial pu-
pil. The curve represents the average of fits to his data
gathered with the pupil displaced 2 mm and 3 mm from
the center of the natural pupil. This steeply falling func-
tion reflects the combined influence of optical and retinal
factors in decreasing contrast sensitivity with oblique in-
cidence. The inset to Fig. 6 shows an expanded view of
the spatial-frequency range near the resolution limit,
which is 19.4 c/deg for the curve based on Green’s experi-
mental measurements. Our calculation of the retinal
contribution to the loss in contrast sensitivity with ob-
lique incidence (using the data of Fig. 3 for a 2.5-mm pu-
pil eccentricity) was then subtracted from the contrast-
sensitivity function measured by Green.9 The inset to
Fig. 6 shows that the resolution limit with the retinal con-
tribution removed increases only by 0.1 c/deg to 19.5
c/deg. This minuscule increase in resolution implies that
the decrease in fringe contrast with oblique incidence has
a very small retinal component under normal visual con-
ditions. Under these conditions, it is off-axis monochro-
matic and chromatic aberration that are responsible for
the large decrease in contrast sensitivity observed with
obliquely incidence light.10,12 These factors obliterate all
image contrast in the high-spatial-frequency range where
retinal contrast losses are greatest.

It is also possible to calculate the decrease in contrast
by using the simplest geometrical model, where light is
not trapped within the photoreceptor waveguide at all but
tracks straight through the cone outer segments [Fig.
4(c)], as illustrated by the heavy straight line in Fig. 5.
The loss in resolution can be calculated by estimating the
sampling aperture for obliquely incident light as the con-
volution of the sampling aperture for central entry with a
rectangular spread function having a width given by the
lateral distance across the cone outer segments subtended
by the obliquely incident ray (4.9 mm, for a 7° angle and a
40-mm outer segment length). The resulting loss in con-
trast is a sinc function of spatial frequency. The previ-
ously calculated resolution limit for a 2.5-mm displaced
pupil under normal viewing, with the retinal blurring
component removed, was 19.5 c/deg. The simple model
described here, which simulates a complete lack of
waveguiding, would lower the resolution limit to 18.9
c/deg (Fig. 6). This simple calculation provides a rough
estimate of the benefit of waveguiding in preventing off-
axis contrast losses in normal vision. The benefit is
slight, but it is possible that even so small a benefit in
resolution has significant adaptive value.

The measurements and calculations reported here sug-
gest that the photoreceptors are fairly effective in trap-
ping light within the cone first entered. Accordingly, the
contribution of the retina to losses in contrast with ob-
lique incidence is only minor. Indeed, it is certainly off-
set by a positive contribution of the retina to resolution.
The directional sensitivity of the cones (Stiles–Crawford
effect) greatly reduces the visual effectiveness of obliquely
incident light, which is blurred by optical
aberrations.30–32 Thus light trapping and directional

Fig. 6. Retinal contribution to loss of resolution with oblique in-
cidence. The smooth curve shows CRT grating contrast sensi-
tivity measured by Green9 through a displaced, 2-mm artificial
pupil. The inset shows an expanded view of the spatial-
frequency range near the resolution limit, which is 19.4 c/deg for
Green’s measurements. The inset also shows the resolution
limit calculated after removal of the retinal contribution: 19.5
c/deg. The loss in resolution based on the simple geometrical
model in which light tracks straight through the cone outer seg-
ments [Figs. 4(c) and 5] is also shown. This loss in resolution is
calculated by estimating the sampling aperture for obliquely in-
cident light as the convolution of the sampling aperture for cen-
tral entry with a rectangular function given by the lateral dis-
tance across the cone outer segments subtended by the obliquely
incident ray. This simple model, which simulates a complete
lack of waveguiding, would lower the resolution limit to 18.9
c/deg.
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sensitivity work together to minimize losses in contrast
sensitivity with obliquely incident light or with large
pupils.

5. CONCLUSION
There is a large decrease in grating contrast sensitivity
with obliquely incident light under normal viewing condi-
tions. This paper demonstrates that only a very small
part of this decrease is attributable to contrast losses
within the retina. This retinal contrast loss was greatest
at high spatial frequencies and was similar whether the
incident beams were displaced from the pupil center in a
direction parallel or perpendicular to the grating bars.

APPENDIX A: RELATIONSHIP BETWEEN
LUMINANCE NULLING AMPLITUDE
AND EFFECTIVE FRINGE CONTRAST
The following notation will be used in this appendix:

• NA, luminance flicker nulling amplitude
• CE , effective fringe contrast
• x 5 I1 /I2 , intensity ratio between the two point

sources

From He and MacLeod,18

NA } ~CE!2. (A1)

Born and Wolf 33 described the relationship between in-
terference fringe contrast C and the intensities of the
sources (I1 , I2):

C 5
2AI1I2

I1 1 I2
. (A2)

So, for a point source intensity ratio x:

C 5
2Ax

x 1 1
. (A3)

Substituting relation (A3) into relation (A1), we obtain

NA }
4x

~x 1 1 !2 . (A4)

Data from Experiment 1 were fitted with the following
equation:

log~CE! 5 kH m1 1 logF 4 * 10~x2m2!

~10~x2m2! 1 1 !2G J Y 2,

(A5)

where m1 5 @peak log(NA)#, m2 5 (optimal relative
intensity), and k 5 constant.

Because the proportionality constant k is not deter-
mined by our experiments, the absolute fringe contrast is
not known. At the beginning of data collection, the log
contrast of a 17-c/deg grating was estimated, with the
point sources centered, for each subject. This produced a
contrast value that was close to maximal, since it is
known from previous work that the magnitude of
contrast-modulation flicker decreases gradually with in-
creasing spatial frequency.8 All subsequent estimates of
log contrast were subtracted from this reference level.
Using this difference in log contrast as a response mea-
sure cancels out the effect of the proportionality constant
k.

APPENDIX B: EFFECT OF CONE ANGULAR
TUNING AND POINTING DISARRAY
ON INTERFERENCE FRINGE CONTRAST
Receptor disarray could reduce the effective contrast of
fringe patterns and thereby affect the results of the ex-
periments of this paper, but its influence has never been
quantitatively considered. If receptors are disarrayed,
the effective amplitudes of two interfering wave fronts
will be different for the differently oriented receptors in
any given small retinal region. The amplitude ratio can-
not then be optimal for all receptors, and a loss of fringe
contrast will result. Here we evaluate this loss and show
it to be slight and equal for all orientations.

The relative intensities required for best fringe con-
trast will also be affected by disarray. Intuition might
suggest that when the two interfering beams both enter
on the same side of the pupil center, the retinal response
will be dominated by receptors oriented toward the two
beams, making the optimal intensity ratio different from
the one that compensates for the Stiles–Crawford effect.
The following analysis, however, gives theoretical
grounds for what we find experimentally: Even in the
presence of disarray, contrast is optimized simply by com-
pensating for the Stiles–Crawford effect. It follows that
measurements of the intensity ratio required to optimize
fringe contrast are not useful for estimating either recep-
tor disarray or the acceptance angle of the individual pho-
toreceptors.

We proceed on the standard assumption that photore-
ceptor sensitivity is a Gaussian function of the angle be-
tween the cone axis and the direction of incidence. This
allows the problem to be reduced from a two- to a one-
dimensional one, if the distribution of pupil intercepts is
also a circular Gaussian.21 On the line L containing the
pupil entry points of the two interfering beams, we take
the point of maximum sensitivity as the origin for pupil
coordinates x along L, and y in the orthogonal direction.
The tilt of a photoreceptor can be represented by the co-
ordinates (x, y) of its ‘‘pupil intercept’’: the point at
which its axial ray meets the pupil plane.21

On the assumption of a circular Gaussian sensitivity
profile, any deviation of a photoreceptor’s pupil intercept
from the line L reduces the effective intensities of the two
interfering beams by the same factor, exp(2y2/2s2), where
s is the standard deviation of the Gaussian function for
sensitivity of individual photoreceptors. So the effective
contrast of the fringe pattern, as seen by an array of pho-
toreceptors with a common pupil intercept (x, y), is inde-
pendent of y. And although variation in y does alter both
effective intensity and pupil intercept density, it does so
by a factor independent of x. We can therefore, for com-
pactness, consider a population of photoreceptors with pu-
pil intercepts (x, 0) all lying on the line L. The probabil-
ity density function of the x coordinate of pupil intercepts
is
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f~x ! 5
1

sA2p
expS 2x2

2s 2D , (B1)

where s is the standard deviation of pupil intercepts.
Denote the intensities of the two interfering beams, en-

tering the eye at x1 and x2 respectively, by I1 and I2 .
The amplitudes are the square roots of these intensities.
The peak intensity of the fringe pattern, where the wave
fronts are in reinforcing phase, is (AI1 1 AI2)2; the aver-
age intensity is (I1 1 I2), and the difference, DI, is
2AI1I2. We now assume (perhaps too simply) that each
intensity is scaled, for each cone, by a scaling factor that
depends on the directional sensitivity and pupil intercept
of the cone. The effective intensity of the beam at x1 , as
seen by photoreceptors with pupil intercept x, then be-
comes

I1~x ! 5 I1 expF2~x1 2 x !2

2s2 G , (B2)

where s is the standard deviation of the Gaussian repre-
senting photoreceptor sensitivity in the pupil plane, and
similarly for I2(x). Considered as a function of the pho-
toreceptor pupil intercept x, the difference between the
peak effective local luminance and the average effective
local luminance is therefore

DI~x ! 5 2AI1~x !I2~x !

5 2AI1I2 expF2
~x1 2 x !2 1 ~x2 2 x !2

4s2 G . (B3)

We assume that the effective luminance profile for the
photoreceptor matrix as a whole can be obtained by inte-
grating over all cones, that is, by integrating with respect
to the pupil intercept x, with a weighting coefficient equal
to the probability density function of the pupil intercept.
The effective Michelson contrast then becomes

C 5

E f~x !DI~x !dx

E f~x !I1~x !dx 1 E f~x !I2~x !dx

. (B4)

The numerator here is the deviation of the peak intensity
from the space average and according to Eq. (B3) is pro-
portional to AI1I2 . The denominator represents the
space-averaged effective intensity of the combined beams;
each integral represents the effective intensity of one of
the two beams. Each integral includes a Stiles–
Crawford sensitivity factor that is a Gaussian function of
its entry point, with a standard deviation equal to the
Pythagorean sum of s and s.21 Thus for the beam at x1 ,
denoting the sensitivity by S(x1),

E f~x !I1~x !dx 5 I1S~x1! 5 I1 expF 2x1
2

2~s2 1 s 2!
G .

(B5)

The dependence of C on the intensities of the beams
therefore has the form
C 5
kAI1I2

I1S~x1! 1 I2S~x2!
. (B6)

This is maximal when I1S(x1) 5 I2S(x2), that is, when
the intensities are adjusted to compensate for the Stiles–
Crawford sensitivity loss.

The beam intensities (in arbitrary units) required to
compensate for the Stiles–Crawford sensitivity loss are

I1 5 expF x1
2

2~s2 1 s 2!
G , I2 5 expF x2

2

2~s2 1 s 2!
G .

(B7)

With contrast thus optimized, disarray still has an effect
on contrast, which we investigate next. Substituting for
Eq. (B7) in Eq. (B3) we have

DI~x ! 5 2 expF x1
2 1 x2

2

4~s2 1 s 2!
G

3 expF2
x2

2s2 1 x
~x1 1 x2!

2s2 2
~x1

2 1 x2
2!

4s2 G ,

and the integrand in the numerator of Eq. (B4),
f(x)DI(x), becomes

A2/p

s
expF2x2

~s2 1 s 2!

2s2s 2 1 x
~x1 1 x2!

2s2

2 ~x1
2 1 x2

2!
s 2

4s2~s2 1 s 2!
G .

This can be integrated by expressing it as the product of a
Gaussian in x and a term not involving x:

A2/p

s
expH 2F xAs2 1 s2

2s2s 2 2 ~x1 1 x2!A s 2

8s2~s2 1 s 2!
G 2

1 ~x1 1 x2!2
s 2

8s2~s2 1 s 2!
J

3 expF2~x1
2 1 x2

2!
s 2

4s2~s2 1 s 2!
G ,

which yields for the numerator in Eq. (B4)

E f~x !DI~x !dx 5
2s

As2 1 s 2

3 expF2~x1 2 x2!2
s 2

8s2~s2 1 s 2!
G .

(B8)

We finally show that the factor preceding the exponential
here cancels with the denominator in Eq. (B4). Substi-
tuting for Eqs. (B7) and (B1) in Eq. (B2) yields expres-
sions for the two components of the integrand in the de-
nominator of Eq. (B4): for the beam at x1 ,
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f~x !I1~x ! 5
1

sA2p
expS 2x2

2s 2D
3 expF x1

2

2~s2 1 s 2!
2

~x1 2 x !2

2s2 G ,

which simplifies to a Gaussian in x:

f~x !I1~x !

5
1

sA2p
expH 2F xAs2 1 s 2

2s2s 2 2
x1s

A2s2~s2 1 s 2!
G 2J .

Each of the two components of the integral in the denomi-
nator of Eq. (B4) thus evaluates to s/(s2 1 s 2)1/2. Sub-
stituting for this and for Eq. (B8) in Eq. (B4), we obtain an
equation relating the intensity-optimized effective con-
trast to the beam entry points, the single-photoreceptor
directional sensitivity parameter s, and the disarray pa-
rameter s :

C 5 expF2~x1 2 x2!2
s 2

8s2~s2 1 s 2!
G . (B9)

Since contrast here depends only on the pupil separation
(x1 2 x2) and not on the relation between these entry
points and the point of greatest sensitivity within the pu-
pil, the contrast loss introduced by receptor disarray is in-
dependent of fringe orientation and would not generate a
Campbell effect. Moreover, the loss of contrast implied
by Eq. (B9) is expected to be slight: The disarray param-
eter is not known with precision, but if we adopt the val-
ues s 5 1.56 mm and s 5 0.32 mm,21 then the intensity-
optimized effective contrast for a 2-mm separation
between the interfering beams is greater than 99%.
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