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How do we know in which direction a visual object is moving? A single receptor is
not enough, since it registers only flicker without direction when a contour moves
across it. So to sense direction you need two nearby receptors coupled together into
a directionally selective unit. But directional selectivity alone cannot reveal the
direction in which an object moves. A single local reading of velocity is not
sufficient to recover the true motion in an image, because a moving line viewed
through a moving aperture could be moving in any of a wide (180°) range of
directions. We shall give a brief review of models of directional selectivity and of
solutions to the so-called “aperture problem” and then turn to a new phenomenon
which we call the “chopstick illusion.” The visual system is unable to sense the
. motion path of the intersection of two moving lines.

DIRECTIONAL SELECTIVITY

Reichardt (1961) proposed a model of directional selectivity based upon his
ingenious experiments on motion detection in the insect eye. The output from a
receptor A (Figure 1) is delayed and then compared with the undelayed output
from a nearby receptor B. When the transit time for the contour to move from A to
B is equal to the internal delay dt then the output from the comparator is maximum
and the whole unit responds. The unit is silent when a contour moves in the null
direction from B to A. Reichardt’s comparator was a multiplicative correlator.
Barlow and Levick (1965) suggested that the rabbit retina makes comparisons
based on subtractive inhibition, and this gives similar results. More recent models
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Figure 1. Generic direction-selective motion sensor. (a) Possible receptive fields for
receptors A and B. (b) When a contour passes from A to B (the preferred direction) the
output of A is delayed then compared with the output of B. When the two outputs match the
unit responds. Comparison could be a multiplicative correlation (Reichardt, 1961) or
subtractive inhibition (Barlow and Levick, 1965). .

of directional selectivity examine motion separately in different spatial-frequency
bands, as proposed by Marr & Uliman (1981), van Santen & Sperling (1984),
Adelson & Bergen (1985) and Watson & Ahumada (1985). Some of the evidence is
discussed by Moulden & Begg (1986) and by Anstis (1988), and van Santen &
Sperling (1985) have written a good critical review.

THE APERTURE PROBLEM

As Adelson & Movshon (1982) have pointed out, a single local reading of velocity
is not sufficient to recover the true motion in an image; to disambiguate the so-
called aperture problem, readings from at least two moving straight lines are
needed. When a moving line is viewed through an aperture (Figure 2a), or through
the receptive field of a directionally selective unit, only the motion orthogonal to
the line is visible because motion parallel to the line causes no change in the
stimulus. Because there is a family of physical motions of various directions and
speeds that appear identical, the motion of the line is ambiguous. Any of the
physical motions indicated by the arrows in Figure 2(b) will appear the same when
viewed through the aperture. The situation can be depicted graphically in “velocity
space”, a space in which each vector represents a velocity: the length of a vector
corresponds to speed, and its angle corresponds to direction. The motion of the line
is consistent with a family of motions that lie along a line in velocity space; this line
is parallel to the moving line and orthogonal to the vector representing its
“primary” motion. This effect was originally called the barber-pole illusion
(Wallach, 1935) but is now more generally known as the aperture problem
(Ullman, 1979). It applies equally well to an observer viewing a line through a hole
in a shutter, as to a directionally selective motion-sensitive neuron (reviewed by
Berkly, 1982) which views moving contours within the small region bounded by its
receptive field. One might think that it would be easy, given such neurons, to
compute the velocity at each region in the visual field, but this is not so. If two
moving gratings are superimposed (Adelson & Movshon, 1982), the resulting
tartan or plaid pattern moves with a speed and direction that can be predicted from








