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SUMMARY

1. Sinusoidal curvature was produced in a vertical stimulus line genera-
ted on an oscilloscope screen. Sensitivity to sinusoidal curvature (periodic
vernier acuity) was measured by the method of adjustment as a function of
spatial frequency of the curvature.

2. Sensitivity was maximal at about 3 c/deg and reduced steeply for
both higher and lower spatial frequencies of curvature.

3. Sensitivity at 10 in the periphery was greatly reduced but showed
very little low frequency reduction.

4. The effect of number of cycles present was checked by reduction of
the field size with spatial frequency such that a fixed number of cycles of
the stimulus were visible. This procedure did not affect the decline in
sensitivity at spatial frequencies below 0-3 c/deg but reduced sensitivity
at higher spatial frequencies.

5. The results were interpreted in terms of cortical orientation detectors.
It is suggested that the low frequency sensitivity is limited by a fixed value
for the maximum difference in orientation in the stimulus (i.e. 20 and 30'
for the present subjects). The high frequency sensitivity was limited by
grating acuity and required spatial integration of the stimulus information
over about 2.50.

INTRODUCTION

A growing body of evidence suggests that contours play a central role i
visual processing. Informal observation indicates that most spatial infor-
mat-ion in a visual scene can be conveyed using contours alone. Psycho-
physical evidence concurs in that for example acuity for orientation ofshort
lines exhibits features which are most simply explained in terms ofdetectors
of contour orientation (Andrews, 1967 a). Blakemore, Carpenter & Geor-
geson (1970) have obtained evidence for lateral inhibition between such
orientation detectors.

It is well. known that figural after-effects occur for prolonged observation
of both straight and curved lines (Gibson, 1933; Vernon, 1934; Kohler &
Wallach, 1944). The perceived orientation of a line or parts of a line is
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displaced away from that of the adapting line. Recently similar effects have
been investigated using gratings (Campbell & Kulikowski, 1966; Campbell
& Maffei, 1971; Gilinsky & Mayo, 1971). These have all been interpreted in
terms of visual channels sensitive to a narrow range of orientation of
retinal contours. Contours are also important in the perception of coloured
areas, but the evidence will not be reviewed here.

Physiological evidence from studies of cat and monkey (Hubel & Weisel,
195%, 1962, 1965, 1968) also indicates the presence of 'complex cells'
responding to edges or contours in a specific position and orientation on the
retina. They also report hyper-complex cells responding to edges or con-
tours at a specific orientation over wide areas of the visual field. However
the details of interactions between two or more such units are not known.
For example, what is the spatial distribution of inhibition of one orienta-
tion detector by another?
Burns & Pritchard (1971) have studied the effects of presentation of two

lines at difference orientations to the same receptive field. Their results are
in accord with the psychophysical studies of Blakemore et al. (1970) in
showing displacement ofpreferred orientation away from the orientation of
a second line for small angular difference. Dodwell (1970) has considered
arguments against contour orientation as a basic visual coding mechanism.

Since the arrangement of contours is such a salient attribute of visual
stimuli, it would seem important to develop a comprehensive method for
investigating the properties of contour perception. The purpose of this
paper is to suggest that the systems analysis approach can serve as such a
method. Consider the use of linear systems analysis in the study of lumin-
ance distributions on the retina.

Schade (1956) and Westheimer (1960) pioneered the extension of the
classical data on grating acuity by means of linear systems analysis to
obtain the transfer characteristics of the visual system with respect to
luminance. They measured visual sensitivity by varying the spatial
sinusoidal modulation of the luminance of a grating pattern to threshold.
The frequency response function, FRF, of the visual system exhibited a
band-pass form. (The term 'frequency response function' is used here in
preference to the more common 'modulation transfer function', as the
former makes none of the presuppositions concerning the linearity of the
system and the generality of the frequency characteristics implicit in
the term 'transfer function'.) Visual sensitivity was limited in the high
frequency region by optical factors (Campbell & Gubisch, 1966) and in the
low frequency region probably by lateral inhibitory interactions in the
neural pathway. The form of the FRF gave a measure of the size of recep-
tive fields for luminance detection (Enroth-Cugell & Robson, 1966).
A further series of experiments has extended linear systems analysis to
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aperiodic bar patterns of various types (Nachmias, 1968; Campbell,
Carpenter & Levinson, 1969). Such patterns are similar to the single and
double bars used in classical detection and resolution acuity targets.
Campbell et al. found that linear predictions from the frequency response
characteristic could account for the delectability of a number of aperiodic
bar patterns, at least in the high frequency region.
From these experiments an integrated picture has been built up of the

interrelationships between the classical measures of grating acuity, single
line and double-line resolution acuities. The systems analysis approach has
also been widely applied in the temporal domain to luminance flicker
discrimination (DeLange, 1954; Kelly, 1961, 1969), to colour discrimination
for periodic stimuli (Regan & Tyler, 1971 a, b) and temporal pulse stimuli
(Regan & Tyler, 1971 c), and to several aspects of movement perception
(Tyler, 1971, 1972). In each case, the analysis has revealed important
aspects of the visual processing systems.

Previous work on vernier acuity and orientation detection may be
briefly summarized as follows. The threshold for vernier acuity is about
2" of arc (see Riggs, 1965). This value increases with vertical separation of
the test lines (Berry, 1948). When the vertical separation is zero a minimum
line length of about 10' of arc is required for optimum acuity (French,
1920; MacKay, 1961). Hence vernier acuity must involve spatial inte-
gration over the visual field. Acuity for relative orientation increases with
length of shortest line up to about 20 of arc (Sulzer & Zener, 1953; Andrews,
1967b) but is unaffected by the distance of test and reference lines, within
the fovea (Andrews, 1967b).

Vernier acuity has been neglected in the systems analysis of visual
acuity. The vernier stimulus may be regarded as a step input (U) of spatial
displacement (y) as a function of the second spatial dimension (x).
The mathematical description for such a stimulus is given below.
For y =m U (x-x0)

the luminance of the field L(x, y) is given by
L(x, y) = Lo where Xa < X <x+a,
L(x, y) = 0 otherwise

where m is a multiplying factor adjustable by the subject and a describes
the limit of the stimulus field.
Thus the corresponding periodic stimulus is a sinusoidal spatial dis-

placement of a line on the retina as a function of position along the line.
Thus for y = m sin (fx)

L(x, y) = Lo where x-a <X<X+a,
L(x, y) = 0 otherwise,
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where f determines the spatial frequency of the sinusoidal displace-
ment.
The subjective thresholds for discriminating this stimulus from a straight

line as a function of frequency will be called the contour frequency res-
ponse function. In an analogous manner to the grating threshold studies,
the form of the contour FRF can provide information concerning possible
interactions between position detectors or orientation detectors in the
visual system and of the size and form of the receptive fields involved in
the detection of contour position and orientation.
Some representative stimuli are drawn as the subject would see them

in Fig. 1. The field of view here is 20°. The stimuli have spatial frequen-
cies of respectively 0-15, 1P5 and 5 cycles per degree (c/deg.)

Fig. 1. Periodic vernier stimuli at three spatial frequencies ofcurvature. Note
that the visibility of curvature is reduced at both high and low spatial
frequencies. 10° _ 195 in.

It should be noted that the use of spatial displacement as a dependent
psychophysical variable does not require the assumption that the visual
system responds linearly at all spatial displacements. For luminance
gratings, the study of sinusoidal gratings by Davidson (1968) has shown
that suprathreshold (contrast matching) FRFs have different forms from
the threshold FRF. Similarly, the form of the FRF changes as a function
of mean luminance (Van Nes & Bouman, 1967). These changes indicate
that the system is acting non-linearly. Therefore, the range over which the
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visual response may be said to be acting linearly is an empirical matter,
and the presence of non-linearities does not invalidate the systems analysis
approach. In the case of sinusoidal contours its validity should be deter-
mined by experiments such as those described below.

METHODS

The stimuli consisted of bright vertical lines with a sinusoidal curvature. The lines
subtended 200 in height and about 5' in width at the normal viewing distance of
0 3 m. They had a luminance of 3-0 cd/r2 against a dark ground. They were produced
by modulating the y axis of a dual-beam oscilloscope placed on its side. The oscillo-
scope time base was triggered by the unattenuated input wave form. The spatial
frequency of the sinusoidal contour was varied by the setting of the time base. Only
at the highest setting (35 c/deg) was a slight flicker evident in the display. The sub-
ject, supported by a forehead rest, viewed the stimuli binocularly at a distance of
either 0-3 or 3 m. At 3 m the display lines subtended 20 in height and 30' in width.
This width is below that of the line spread function of the eye (Campbell & Gubisch,
1966). Thus, the stimulus is at the optically resolvable limit. No artificial pupil
was used since stimulus luminance did not vary. The use of a fixation point was
undesirable if the subject was to look at the most discriminible part of the stimulus.
The subject was requested to scan the line rather than fixate a particular point. This
avoided any contamination of the response by figural after-effects of curvature
(Gibson, 1933). The two subjects (C.W.T. and J.T.) wore normal refractive correction
during testing. Some wave-forms that could be produced are illustrated in Fig. 1.
Even though the curvature of these stimuli is several log units above threshold, note
that the modulation amplitude (m) of the lowest spatial frequency appears less than
the higher spatial frequencies. This effect is explored rigorously in the threshold
experiments.
The subject had control of amplitude (m) by means of the large circular knob of a

potentiometer. He determined by the method of adjustment the value ofm at which
the line curvature appeared just discriminable from a straight line. At high spatial
frequencies the line became perceptibly thicker before any curvature or modulation
was visible. In this case the subject was instructed that the line should appear just
discriminably modulated and that the increased thickness should be ignored. The
potentiometer was linear, and the experimenter could vary the gain of the oscillo-
scope so that the subject worked within the optimal range of the potentiometer. This
served additionally to reduce any contamination of the settings by tactile memory of
position cues.
The readings were taken in series of alternately ascending and descending spatial

frequency. Each point in the Figures represents the mean of these readings. Since the
variability of the readings was found by inspection to be proportional to the mean
value, the standard deviation was computed on the logarithmically transformed
data. First the differences from the mean at each frequency were combined for all
frequencies in each condition. Then the S.D. for each condition was calculated and
plotted as a vertical bar on either side of one of the points.

RESULTS

Measurements of periodic vernier acuity for two subjects are shown as
the filled circle curves in Figs. 2 and 3. The data are plotted on log-log
co-ordinates for ease of interpretation in system-analytic terms. The
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ordinate is marked in threshold amplitude units increasing downwards, to
provide a reciprocal measure of visual sensitivity reading upwards. The
low spatial frequency portions of the data were obtained at the observa-
tion distance of 0 3 m. At this distance the stimulus line had appreciable
thickness which might limit acuity at high spatial frequencies. Accordingly
a second set of readings were obtained at a 10 times greater distance.
These form the higher spatial frequency portion of the data. The curves do
not differ significantly over the range 1-2 c/deg. Thus the envelope of the
two curves approximates the periodic vernier acuity obtained under
optimal conditions in each portion.

Maximum orientation
difference of 20'

0
U

10

C

E 100 2 20
a.

6 300 l
003 01 03 1 3 10 30 100

Spatial frequency (c/deg)
Fig. 2. Periodic vernier acuity for two distances of observation giving 20
field (right-hand curve) and 20° field (left-hand curve). Subject J. T. dashed
line represents maximum orientation difference in the stimulus of 20'.

The functions exhibit similar properties for both subjects. The high
spatial frequency limit at the 3 m viewing distance reaches about 40 c/deg,
which is commensurate with maximum grating acuity (Campbell & Rob-
son, 1968). This suggests that the high frequency limit is determined by the
optical resolution of the eye (or the width of the stimulus at the close
viewing distance). The acuity reaches a peak sensitivity of about 5". This is
of the same order of magnitude as the classic vernier acuity.
From the peak sensitivity the acuity shows a progressive decline of

about 1-5 log units to the lowest spatial frequencies tested. This must
represent some neural limitation in the processing of contours, since no
optical factor could be responsible. Possible explanations for this limita-
tion are considered below.

Fig. 3 also depicts the periodic vernier acuity for subject C. W. T. at
100 from central fixation. The fixation target was a vertical line 100 about

642



PERIODIC VERNIER ACUITY 643

the sinusoidal line. The subject was free to fixate at any position along the
line. The data indicate that maximum sensitivity is reduced by over 1 log
unit. It remains essentially independent of spatial frequency between the
0 03 and 3 c/deg, then exhibits an early high frequency limit.
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Fig. 3. Periodic vernier acuity for subject C.W. T. Details as for Fig. 2, with
additional data at 100 from central fixation (lower curve).
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Fig. 4. Periodic vernier acuity for a fixed number of cycles. Subject C. W. T.
Upper curve: 200 field sensitivity replotted from Fig. 3. Middle curve: two
cycles of wave form visible. Lower curve: one cycle visible. Dashed line
corresponds to maximum orientation difference in the stimulus of 30'.
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Periodic vernier acuity was measured under one further condition, that
of a fixed number of cycles of the wave form. The purpose of this condition
was to control for the possibility that the low frequency reduction occurs
because sensitivity was proportional to the number of cycles visible. The
data (Fig. 4) indicate that sensitivity is not significantly affected in the
low frequency regions when viewing either one cycle or two cycles of the
wave form. It is at higher frequencies that sensitivity is reduced.

DISCUSSION

One interesting feature of the data is the reduction in sensitivity to
curvature at low spatial frequencies. The results of Fig. 4 demonstrate that
this is not due to the reduced number of cycles visible in the display. The
sensitivities conform to a slope of unity (dashed line) over greater than
one log. unit range. This means that sensitivity is directly proportional to
spatial frequency in this range.

There are three salient hypotheses for such a function. By analogy with
luminance grating studies, the reduction may be attributed to lateral
inhibitory effects (Ratliff, 1965), but it is very difficult to see how these
would operate in the line domain. In order to produce the observed slope,
inhibition must occur between position or peak detectors (orientation
detectors are considered below). This would imply that, at the lowest
frequencies, inhibition is active over a range of 150 separation of the two
peaks. Although inhibitory effects have been reported between adjacent
parallel lines (Ganz, 1966), extension to a range of 15° seems unlikely.
A second hypothesis is that the efficiency of the use of retinal contour

information is degraded for lower spatial frequencies. Andrews (1967b)
finds that for continuous viewing efficiency is degraded from line lengths
of about 10'. For the periodic acuity, sensitivity varies only slightly for
peaks from 10' to 100' apart. If loss of efficiency is the cause of the low
frequency slope, it appears to operate at a different range from that found
by Andrews.

Thirdly, acuity might be determined by cortical detectors of contour
orientation. If detection of the sinusoid were limited by the greatest
difference in orientation of any two parts of the stimulus, an absolute
orientation limit would appear as a slope of unity. The dashed lines are
drawn to fit a unity slope to the data by inspection. They lie at orientation
differences of 20' and 30' for J. T. and C. W. T. respectively. Oatley (personal
communication) has proposed that much vernier and orientation acuity
data is limited by an absolute orientation limit of about 20'. This is in good
agreement with the periodic acuity results.
One problem with large field observations is that differences between
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foveal and peripheral sensitivities may affect the results. Assuming that
orientation detectors responding to foveal input are smaller and more
accurate than those for the peripheral input, how will this affect periodic
vernier acuity? Presumably long contours will stimulate both foveal and
peripheral detectors, whereas short contours will stimulate only foveal
detectors. High spatial frequencies contain only short line elements, so
such an organization may account for the gradual decline in sensitivity
from the orientation limit (dashed line) as frequency increases from
0 3 Hz.
Some information on the role of peripheral detectors may be obtained by

measuring the acuity function in peripheral viewing. The open circles
curve in Fig. 3 show sensitivity at 100 from the fovea. It exhibits little low
frequency reduction, but this may be because the orientation limit was
never reached. Since periodic contour sensitivity is so low at 100 the
periphery cannot be contributing to the central fixation sensitivity which
is probably set by foveal limitations.
The one-and two-cycle data of Fig. 4 suggest that there may be a spatial

limit of integration of curvature information. When stimulus length was
less than this limit sensitivity would be reduced relative to the 200 field
sensitivity. In Fig. 4 the one cycle sensitivity is reduced above 0 35 c/deg,
the two cycle above 0 9 c/deg. These two combine to suggest a spatial limit
of integration of the order of 2.50.

This work was supported by Foundations Fund for Research Psychiatry Grant
70-481.
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