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Figure 1. Generic direction-selective motion sensor. (a) 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 & Levick, 1965). (b) Possible
receptive fields for receptors A and B.

directional selectivity examine motion separately in different spatial-frequency
bands, as proposed by Marr & Ullman (1981), van Santen & Sperling (1984),

Adelson & Bergen and Watson & Ahumada (1985). Some of the evidence is
discussed by Moulden & Begg (1986) and by Anstit (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).lt 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
Berkley, 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
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Figure 3. (a) Two gratings move down to the right at different velocities. The perceived
velocity. of the compound grating is not a vector sum, but is up and to the right. @j velocity
constraint lines of the two moving gratings define the motion of the compoirnd'giating, ui
and to the right (after Adelson & Movshon, 1982).

were component direction selective and25/owere plaid direction selective. They
obtained psychophysical evidence for their model with a 2 x 2 adaptation experi-
ment. Adaptation to a grating makes it harder to see a test grating of the same
spatial frequency and orientation, so they attempted to adapt the first and second
stages of their model differentially. Adaptation to component motion ought to
elevate detection thresholds for the component gratings, whereas adaptation to
pattern motion ought to affect coherence. Their adapting and test patterns
consisted of a horizontally moving grating of vertical bars, and a horizontally
moving diagonal plaid pattern composed of two oblique gratings. They found, for
instance, that adapting to the vertical grating did not elevate the threshold for the
component gratings but did reduce the perceived coherence of the pattern motion.

Do we really need a two-stage model of motion perception? perhaps the visual
system merely tracks the intersections of the two crossed gratings, that is, the moir6
fringes. These fringes are beat frequencies that contain no Fourier energy, but if
there were an early non-linearity in the contrast response function this could
produce intermodulation distortions in the mixture of two sinusoidal gratings
which would supply Fourier energy at the moir6 fringe frequency and orientation.
This would suffice to provide a motion perception using only very-lowJevel
receptive fields. If this were the case, there might be no need to argue for the
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short line segments having the same length as the gaps. The figure now looked far
more rigid, especially when the terminators lay "on" the line. The authors derived
strong support from their results for Hildreth's (198a) model of motion perception,
in which local differences in velocity are integrated (smoothed) but only along
contours. Hildreth's scheme computes the velocity field which minimizes differ-
ences in velocity along contours yet is consistent with constraints dictated by the
aperture problem. For our purposes, the powerful influence of terminators upon
motion perception should be carefully noted.

In the aperture problem the motion of a stimulus is inherently ambiguous. we
shall now describe some new illusions from moving stimuli: first an "Etch-a-sketch
phenomenon", in which the stimulus motion of an intersection is unambiguous but
the visual system is unable to sense the motion, and then a new "chopstick
illusion", in which motion of an intersection is misperceived because it is
perceptually captured by motion of the terminators.

THE ETCH-A.SKETCH PHENOMENON

It is easy to perceive the motion path ol a small moving object. When a fly buzzes
around in circles we can see the fly and we can also perceive the circles; and without
much trouble we can read words written in the air by a moving finger, or written on
a screen by a small cross-shaped cursor that leaves no visible trail behind it. Such
small moving objects are unambiguous. But suppose that a word is being
handwritten on a screen, not by a moving finger or cursor but by Etch-a-Sketch
cross-hairs with long horizontal and vertical lines that extend off the edge of the
screenl hiding the ends of the lines. As one watches the movement the two lines are
not seen as a rigid cross but appear to slide over each other. Surprisingly enough, it
is now almost impossible to read the word. Why? The centre of the cross traces out
the same path as before, and all that is missing is the information from the
terminators-the tips of the cross. Hiding them makes the word hard to read, yet
when they were present they added no new information at all because they simply
duplicated the movements of the centre of the cross. It seems that we pay more
attention to the tips of lines (terminators) than we do to the crossings of lines
(intersections). This is the basis of the chopstick illusion.

THE CHOPSTICK ILLUSION

when a single line moves behind an aperture, the stimulus is ambiguous because
there is not enough visual information to determine the true motion path. when a
pair of crossed lines move orthogonally in the Etch-a-Sketch phenomenon, the
path of the intersection is fully determined but we seem to be unable to perceive this
unambiguous information. we shall now describe a "chopstick illusion" in which
misleading information from the tips of two moving lines or chopsticks alters the
perceived path of their intersection.
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Necessary conditions

The illusion occurred when the lines intersected at any angle between about 30.
and 90', and the lines could be solid or dashed, straight or curved. Even
intersecting circles gave the illusion (not shown). Our standard intersections were
X-junctions, but we found that T-junctions and L-corners were also captured by
their terminators, although to a lesser extent. Link & Zucker (19gg) discuss
psychophysical sensitivity to static L-corners.

It is not the case that the outermost parts of the display simply capture the
central parts, whatever these might be. If the tips of the lines and the intersection
were each replaced by isolated spots (Figure g) the illusion broke down and the
motion of the central dot was seen veridically, and now it was seen not as an
intersection but as a separate moving object, circling anticlockwise in the opposite
direction to the terminator dots. Intersections are captured not merely b""u.rr"
they happen to be in the central region of the stimulus, but because thev are
intersections

The chopstick illusion does not result simply from the fact that terminators
outnumber intersections. An array of eight parallel horizontal lines intersected with
an array ofeight parallel vertical lines. As before, the vertical and horizontal lines
all moved clockwise but with a phase shift between them. This array had, 64
intersections and only 32 terminators, but when the array was set in motion the
terminators moving clockwise around the edges of the array still captured the
intersections. As before, the intersections were really moving anticlockwise but
appeared to move clockwise.

む
(Cl)                                       (b)
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such that two transparent motions are seen, can a thirdmotion be seen, namely themotion of the intersections? we find that the answer ir g"n".urry ,o.

The Role of Covering and Uncovering

If a man walks along in front of a picket fence, his body successively covers uppickets ahead of him and uncovers pi"t .tr behind him. As he walks to the right,pickets disappear on the right and other pickets reappear o, trr" t"rt. These pickets
generate spurious signals of apparent motion whichihe visual system suppresses orignores (Ramachandran & Anstis, 19g6). Also, the edges oini, uoay define amoving shape which is of perceptual interest, but the inteisections of his curved oroblique body contours with the vertical edges of the pickets define occlusionintersections that do not correspond to any physicar object. These intersections
generate spurious signals of verticar movement up and down the pickets, which thevisual system ignores. So the visuar system's seaning inability to process movingintersections may be not a design faurt but a useful and adaptive rejection ofspurious motion signals whose uncritical acceptance would hamper, not herp, ourinterpretation of a moving visual world.
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