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READING 18

Phenomenal Coherence
of Moving Visual Patterns

E. H. Adelson and J. A, Movshon « New York University

When a moving grating is viewed through an aperture, only motion orthogonal o its bars is
visible, as motion parallel to the bars 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 grating is ambiguous. In contrast, when two crossed moving gratings are superimposed, the
resulting plaid pattern usually moves unambiguously and predictably. in certain cases, however,
two gratings do not combine into a single coherent percept, but appear to slide across one
another. We have studied the conditions under which coherence does and does not occur, and
we report here that it depends on the relative contrasts, spatial frequencies and directions of
motion of the gratings. These effects may reveal the previously unstudied properties of a higher

order stage of motion analysis.

Figure 18.1a illustrates the problem of ambigu-
ity (1, 2). The grating moves behind a circu-
lar aperture. Any of the physical motions indicated
by the arrows 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 corre-
sponds to direction. As shown in Fig. 18.1a, the
motion of a single grating is consistent with a fam-
ily of motions that lies along a line in velocity
space; this line is paralle] to the grating’s bars and
orthogonal to the vector representing its “primary”
motion. If two moving gratings are superimposed,
the resulting “plaid” pattern moves with a speed
and direction which can be exactly predicted from
the velocity space construction: the two loci of pos-
sible motions intersect at a single point, corre-
sponding to the motion of the coherent pattern (Fig.
18.1b). This solution to the “aperture problem” is
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similar to that proposed (in a rather different con-
text) by Fennema and Thompson (3). It has ad-
vantages over that advanced by Marr and Ullman
(4), which can only infer a range of possible di-
rections from the limited information provided by
a pair of gratings.

The velocity space combination rule is also dif-
ferent from a vector sum or vector average. In Fig.
18.1c, two gratings move downward and rightward
with different speeds and directions. A vector sum
or average would predict a pattern motion that was
also downward and rightward, but the velocity
space solution is a motion upward and rightward,
the motion that observers report when the grat-
ings are seen to cohere (5). Of course, nothing re-
quires that coherent motion be seen, and instead
of a single rigidly moving plaid, the two gratings
are sometimes seen sliding “incoherently” over
each other. We have studied the stimulus condi-
tions under which coherence occurs, in order t0




FIGURE 18.1 m The Velocity-space Representation of Some
Moving Patterns. In each panel, a vector represents a motion
in a direction given by the vector's angle at a speed given
by the vector’s length. a, A single grating moves behind an
aperture. The brokien line indicates the locus of velocities
compatible with the motion of the grating. b, A plaid
composed of two orthogonal gratings moving at the same
speed. The lines give the possible motion of each grating
alone. Their intersection is the only shared motion, and
corresponds to what is seen. ¢, A plaid composed of two
oblique gratings, one moving slowly and the other more
rapidly. Both gratings move down and to the right, but the
pattern moves up and to the right.

characterize the mechanisms that underly the co-
herent percept and resolve the ambiguity of one-
dimensional motion.

Observers viewed a circular cathode ray tube
display subtending 5°; the luminance of the dis-
play was constant on average, but was modulated
by signals from a PDP11 computer to produce a
superimposed pair of sinusoidal gratings that could
each be varied in orientation, direction and speed
of motion, contrast and spatial frequency. Observ-
ers were strictly instructed not to make judgements
unless their eyes were steadily fixated on a small
black circle in the centre of the display. Subjects
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under this kind of instruction are capable of stable
and reliable fixation (6). After each 1.5-s expo-
sure, the observer indicated whether the pattern
appeared ‘“‘coherent” or “incoherent.”

Contrast strongly affects coherence, even when
both gratings are easily visible. Figure 18.2a shows
a psychometric function for detection and a simi-
lar function for coherence, when the contrast of
one of the gratings in a plaid was varied (the other
grating’s contrast was fixed at 0.3). The gratings
were of the same spatial frequency, and moved at
an angle of 135° to one another. Open symbols
show the probability of detecting the low-contrast
grating in the presence of its high-contrast mate.
Filled symbols show the probability of a coherent
percept. Both detection and coherence become
more likely as contrast increases, but reliable co-
herence only occurs at contrasts where both grat-
ings are clearly visible.

In further experiments, we used this contrast
dependence to measure the relative tendency of
different pairs of gratings to cohere. We fixed the
contrast of one grating at 0.3, and used a staircase
procedure to vary the contrast of the other grating
until the observer saw coherent motion on half the
trials. The gratings’ speed, orientation and spatial
frequency all affected the strength of coherence.
Coherence decreased as the speed of the compo-
nent gratings increased, as the angle between their
“primary” directions increased, and as the differ-
ence between their spatial frequencies increased.

Figure 18.2b shows the effect of relative spatial
frequency on coherence. Filled symbols illustrate
a case in which the spatial frequency of the high-
contrast grating was fixed at 1.2 cycles deg™!, while
the spatial frequency and contrast of the second
grating were varied; open symbols illustrate a case
where the spatial frequency of the first grating was
fixed at 2.2 cycles deg™'. As the frequencies of the
two gratings were made different, the tendency to
cohere was reduced, and the contrast needed for
coherence was increased. This spatial frequency
dependence suggests that coherent motion, like
many other visual properties, is analysed by
mechanisms that are selective for spatial frequency.

There are two kinds of model that might account
for our results. The first relies on the presence in
our patterns of localizable blob-like features where
the peaks and troughs of the crossed gratings in-
tersect. Some process based on direction selective
elements not selective for orientation might de-
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FIGURE 18.2 m Two Parameters influencing Perceptual
Coherence. a,The influence of contrast on the detectability
and coherence of two crossed sinusoidal gratings. One
grating was fixed in contrast at 0.3. The other was of variable
contrast, and moved at an angle of 135° to the first; both
had a spatial frequency of 1.6 cycles deg-1, and moved at
3 deg s-1. Filled symbols show the probability that the
observer judged the two gratings to be “coherent”; open
symbols show the probability that the observer detected the
presence of the iower contrast grating. The half-circle on
the ordinate shows the probability that the observer judged
the second grating to be present when its contrast was zero—
"false-positive rate” for detection; the false-positive rate for
coherence judgments was zero. Subject, E.H.A. b,the
influence of spatial frequency on coherence. The standard
grating again had a contrast of 0.3 and moved at 3 deg s~1.
The test gratings moved at an angle of 135° to the standard,
also at 3 deg s-1. Open symbols show the resuilts for a range
of test spatial frequencies when the standard grating had a
spatial frequency of 1.2 cycles deg-1 (open arrow). Filled
symbols show the results when the standard grating had a
spatial frequency of 2.2 cycles deg-1 (filled arrow). Subject,
PA.

tect and signal the motion of these “blobs,” which
is of course identical to the motion of the pattern
as a whole. We have evidence to suggest that such
a scheme is incorrect. We superimposed one-di-
mensional dynamic random visual noise (a rap-
idly changing pattern of random-width lines) (7)
on our test patterns. A non-oriented mechanism
that responds directly to the motion of blobs should
be most affected by noise oriented at right angles

to the coherent motion. But a mechanism that com.
bines the outputs of oriented channels shoylg be
most affected when those channels are mogt af-
fected—when the noise is oriented at right angleg
to the primary motion of one or the other of the
component gratings. Our results support the orj.
entation-based model. Coherence is strongly re.
duced when the noise mask is perpendicular tg 5
component’s motion (and thus parallel to tpe
component’s orientation), but is almost unaffecteq
when the mask is perpendicular to the coherent
motion of the pattern. This suggests that some orj.
entation-selective process must precede the analy-
sis of coherent motion, and our second mode] ip.
corporates this feature.

There is abundant evidence that visual analysing
mechanisms selective for orientation and spatial
frequency exist at a relatively early stage in the
visual pathway (8-12). It is clear that such mecha-
nisms are often sensitive to the direction of mo-
tion of one-dimensional contours (8, 9, 13-15),
but they also seem unable to signal the true direc-
tion of motion of two-dimensional patterns (16-
19). The perceptual coherence of two gratings into
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FIGURE 18.3 m The Velocity-space Representation of 2
Random-texture Field Moving to the Right. The field contains
components of all orientations, and the primary motor vector
for each ends on the circle passing through the origin; the
common motion “implied” is the rightward motion given by
the bold arrow. This circular locus of primary motions
represents all the motions that can exist in a single rightward-
moving pattern. As such, the locus could represent the
preferences of a family of primary motion analysers whosé
outputs are combined to signal coherent two-dimensional
motion (see text).




single moving p!aid may therefqre represent Fhe
ction of an additional stage of visual processing
ond those usually considered to be involved in
palysing motion. At this second stage, the out-
uats of several “one-dimensional” motion
alysers would be combined. Coherence phenom-
a may offer an approach to studying the proper-
es of this postulated second-stage motion
analyser.

Figure 18.3 shows how the velocity space con-
struct helps to assign motion to more complex
atterns, such as a horizontally moving random-
texture field. The texture contains components of
many orientations; their motions are represented
in velocity space by the arrows in Fig. 18.3. As
~the speed of each component is proportional to
- the cosine of the angle between its direction and
- porizontal, the vectors all end on a circle that passes
. through the origin. Note also that the motion *‘fami-
lies” associated with the various components ail
pass through the common point corresponding to
the horizontally directed pattern motion.

A given vector in Fig. 18.3 could represent the
- preference of a one-dimensional motion detector,
and the circle might represent the “receptive field”
in velocity space of a second-stage motion
analyser. If it combined the outputs of one-dimen-
sional analysers corresponding to points on the
circle by an operation akin to a logical “and,” the
second-stage analyser would respond only to a
particular direction of motion of the two-dimen-
sional stimulus. Our results on perceptual coher-
ence might reflect the relative strengths of the dif-
ferent inputs to such a motion analyser. They would
suggest that this analyser computes the weighted
combination of signals arising from a collection
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of one-dimensional motion analysers having dif-
ferent velocity preferences but similar spatial fre-
quency preferences.
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