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Spatial filtering precedes
motion detection
M. J. Morgan

Laboratory for Neuroscience, Department of Pharmacology,
University of Edinburgh Medical School, 1 George Square, Edinburgh,
Scotland, UK

WHEN we perceive motion on a television or cinema screen, there
must be some process that allows us to track moving objects over
time: if not, the result would be a conflicting mass of motion
signals in all directions. A possible mechanism, suggested by
studies of motion displacement in spatially random patterns, is
that low-level motion detectors have a limited spatial range, which
ensures that they tend to be stimulated over time by the same
object’. This model predicts that the direction of displacement
of random patterns cannot be detected reliably above a critical
absolute displacement value (D,,,,) that is independent of the size
or density of elements in the display’*®, It has been inferred that
D,,.. is a measure of the size of motion detectors in the visual
pathway’>. Other studies, however, have shown that D,,,, increases
with element size®, in which case the most likely interpretation
is that D, ,, depends on the probability of false matches between
pattern elements following a displacement. These conflicting
accounts are reconciled here by showing that D, .. is indeed
determined by the spacing between the elements in the pattern,
but only after fine detail has been removed by a physiological
prefiltering stage: the filter required to explain the data has a
similar size to the receptive field of neurons in the primate mag-
nocellular pathway. The model explains why D,,,, can be increased
by removing high spatial frequencies from random patterns, and
simplifies our view of early motion detection.

The upper motion displacement threshold (D,,.,) was
measured using random binary-luminance patterns (Fig. 1). The
observers’ task was to report the direction of displacement (up
or down) on each trial. D, ,, was defined as the 80% correct
point on the psychometric function’. The data (Fig. 2a)
confirmed previous reports™® that D,,,, is independent of ele-
ment size up to about 10 arcmin. Thereafter, however, D,
rose sharply, reaching levels of more than 1 degree. Similar
findings have been reported by Sato'®. The pattern of results (a
flat region followed by a linear increase) would be expected if
the random patterns were spatially filtered before the displace-
ment of edges (or other features) were detected, and if the flat
region corresponded to a range of element sizes that were smaller
than or similar in size to the filter’. The effect of the filter size
is illustrated in Fig. 3, which shows: a random binary pattern
(a); a Mexican-hat-shaped filter similar to the cross-sectional
receptive field profile of retinal ganglion cells, lateral geniculate
cells, and simple cortical cells'"'? (b); and the convolution
between the pattern and the filter (¢). This is shown for three
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different element sizes. The filtered profile is very similar for
the two smaller element sizes but markedly different for the
largest element size.

To measure the effect of different sizes of filter and pattern
element, I computed the mean distance between like-signed
zero-crossings in profiles such as those in Fig. 3¢. The behaviour
of the model is illustrated in Fig. 2b: it captures both the fiat
region and the region of linear increase found in the psycho-
physical data. The assumption in the model is that the greater

FiG. 1 Each row shows a pair of patterns that produces a perception of
motion if they are presented successively in the same location. Three
different element sizes are illustrated. In the experiment, the observer's
task was to report the direction of motion (up or down), which was randomly
varied in magnitude and direction over trials to determine D,,,,, the upper
displacement limit for motion detection. To determine the threshold for each
element size, eight sizes of displacement were randomly interleaved until
the observer had seen ten trials of each displacement; from these data a
psychometric function was constructed and the 80% correct level deter-
mined”. Each threshold was determined four times for a range of element
sizes 1.2-72.0 arcmin. The observers were the author (M.M.), another
experienced observer (MF.) and two others with little previous experience
of psychophysical tasks (JH. and LP.). In the experiment, element size was
varied over a range 1-72 arcmin and D,,,, was determined for each size.
The result was that D, was independent of element size for sizes less
than about 10 arcmin, but strongly dependent thereafter (Fig. 2). A simple
filtering model (Figs 2 and 3) accounts for the data. Patterns were generated
on a Manitron monochrome display at an 85 Hz frame rate, and each of the
two patterns was presented for 70 ms, with a single blank frame (12 ms)
interval between frames. The patterns subtended a visual angle of 5x5
deg at the standard viewing distance by 2.28 m. The contrast of the pattern
was 100% in the dark but this was reduced to 50% by ambient room lighting,
which supplied a veiling luminance on the screen of about 50 cdm ™2,
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the distance between like-signed zero-crossings, the larger the
displacement that can be detected without ambiguity by match-
ing nearest neighbour zero-crossings between the two patterns
(a similar idea has been applied to stereoscopic matching'?).
Zero-crossings were chosen for convenience, without any impli-
cation that they are the actual primitives used in motion match-
ing: other possibilities such as peaks, and the distance between
the centroids of zero-bounded masses'* gave very similar results.
The separation between zero-crossings is computed only in the
direction orthogonal to the motion: this simplification was jus-
tified by a subsidiary experiment with rectangular elements,
which showed that elongating the elements at right angles to
the direction of motion had no effect upon D,,,,. For large
element sizes the mean distance between like zero-crossings is
four times the size of the pattern elements, as would be predicted
from the statistics of a binary pattern independently of the filter
size, and the curves intercept the y-axis when the mean distance
between like-signed zero-crossings is equal to the filter space
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FIG. 2 Results of an experiment and a model to determine the upper limit
for D,,.x @s a function of the size of elements in random patterns iliustrated
in Fig. 1. a Results of the experiment where each set of points represents
the data from a different observer. Each point is the mean of four readings.
D,.ax IS nearly constant over a range 1-10 arcmin, but arises thereafter, b,
Model to account for the shape of the curves in (a). Each point shows the
mean of 10 independent computations based on different random stimulus
profiles. Each curve shows the results for a different laplacian-of-a-gaussian
filter, specified by the standard deviation of the gaussian. The diagonal
straight line shows the relation y = x, where y is one quarter of the mean
distance between like-signed zero-crossings. The justification for this
measure is that beyond 1/4 of the distance between zero crossings, motion
displacements become increasingly ambiguous. The psychophysical data
also appear to converge on a unit slope between D, and element size.
Note that the model curves capture the flat portion of the psychophysical
curves at small element sizes. Taking into account the knee-point of the
curves and their y intercept, a physiological filter with a standard deviation
in the region of 8-16 arcmin would be inferred.

NATURE - VOL 355 - 23 JANUARY 1992

constant, the ideal result for filtered gaussian noise (N. Barton,
personal communication).

The knee-point on the curves occurs when the standard devi-
ation of the filter is roughly the same as the element size. Using
this fact, we can estimate the standard deviation of the physio-
logical filter to be in the region 8-16 arcmin. For the case of a
laplacian-of-gaussian filter this corresponds to a receptive field
centre size of 16-32 arcmin. This is probably too large to charac-
terize foveal cells of the parvocellular pathway, but it is not
incompatible with estimates of magnocellular (M) units,
believed on other grounds to form the substrate of primate
motion perception'®. One study, for example, described few
M cells in macaque monkeys as having centres smaller than
10 arcmin, with many greater than 20 arcmin'®.

The convolutions illustrated in Fig. 3 were normalized in
height: their amplitude diminished when the element size was
smaller than the filter. This may explain the small but systematic
trend in the psychophysical data towards a reduction in perform-
ance at the smallest element sizes. That this decline is not greater
may well reflect the comparatively high contrast sensitivity of
magnocellular neurons'*'¢

The model does not claim that motion detection is limited to
displacements smaller than the filter: indeed the data show
orderly detection of displacements five times greater than the
centre diameter. Rather, the pattern is prefiltered before the
actual detection of motion occurs at a higher level, and the only
limit to the matching process is in the pattern itself. The model
shares with the ‘elaborated Reichardt model” a localized spatial
filtering preceding motion detection'’, but it does not involve
the additional assumption of that model that there is a fixed
range of bilocal detector separations, matched to the size of the
prefilter. The traditional D, ,, value of about 15 arcmin for
foveal vision reflects, not the range over which correlations can
be detected, but the small sizes of element that were originally
used to determine the motion threshold', in combination with
a relatively coarse prefilter.

i |

e |

FIG. 3 ¢, Result of convolving the stimulus patterns in @ with the filter profile
in b. The pattern represents the luminance cross-section of a random binary
pattern like those in Fig. 1. Three different element sizes are illustrated
(top, middle and bottom rows). Note that the spacing between zero-crossings
does not differ between the top and middle stimuli, but the spacing in the
bottom row is larger.
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FIG. 4 g Examples of low-pass filtered random binary patterns used in an
experiment to measure D, as a function of original element size and filter
size. The patterns were generated by convolving binary patterns with pixel
size 1 (top left), 4 (top right), 8 (bottom left) and 16 (bottom right) with a
gaussian filter having a standard deviation of 3.8 pixels. The original pattern
had dimensions 256 x 256 pixels. Note that the blob size and separation
after filtering is little affected by the original pixel size, except as the largest
size. This leads to the prediction that the upper motion displacement
threshold D, will be little affected by element size, until the element size
is large with respect to the filter: this prediction was confirmed by the

The model predicts that low-pass spatial frequency filtering
(Fig. 4a) will extend the region over which D,,, is invariant
with element size. If we apply a filter before the putative physio-
logical filter, the effect should be to shift the D,,,,/element size
function to a new curve in the family in Fig. 2b. The experimental
results in Fig. 4b show that this prediction is correct. The patterns
were filtered by convolution with a gaussian mask, and then
normalized to have the same peak-to-trough contrast as the
original unfiltered patterns. A filter with a standard deviation
(s.d.) of 4.5 min, which is smaller than the putative physiological
filter, has little effect on the knee-point on the D, /element
size curve, but a larger filter (s.d.=17") clearly extends the flat
region as well as increasing D,,,, overall.

This analysis solves a theoretical puzzle about motion percep-
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experiment result in b. b, Results of an experiment in which D, was
measured as a function of element size with different amounts of prefiltering
of the pattern. The data from a standard deviation of zero (s =0) (unfiltered)
are the original data from Fig. 2. For s=4.5 and s=17 the filters were
gaussian with standard deviations of 4.5 and 17 arcmin, respectively. Results
are shown for two observers (J.H. and M.M.): note that for both observers,
the smaller filter has little effect on the shape of the curve, whereas the
larger filter extends the region over which D, ., is invariant with original
element size. The results may be compared with the theoretical curves in
Fig. 2a.

tion. The displacement limit in band-limited patterns is roughly
proportional to their centre spatial frequency, as would be
expected from the zero-crossing model used here'*'*. This has
been explained by supposing that there are multiple motion
filters at different spatial scales, each with its own D, value'.
But the problem then is to explain why D,,,, values for broad-
band patterns, such as those used to determine D, tradi-
tionally, do not reflect the undoubted presence of low spatial
frequency components in those patterns. To solve this difficulty
it has been proposed' that high spatial frequency filters inhibit
low spatial frequencies. The need for this elaborate scheme
disappears, however, if the detection limit for both broad- and
narrow-band patterns is set by the mean spatial interval between
their elements, albeit after some preliminary spatial filtering. [
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