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Abstract—Random dot kinematograms present a patch of random dots, uniformly displaced from one
frame to the next. We have re-examined the question of whether the limiting displacement for this
short-range apparent motion is determined by the retinal angle or by the number of pixels across which
the patch is displaced; our data support the former hypothesis. The number of dots in the patch is not a
confounding variable, and in fact has very little effect. Increasing the area of the patch does increase the
displacement limit, apparently due to the invasion of greater retinal eccentricities.

INTRODUCTION

The sensation of a smoothly moving textured planar
surface can be elicited by “random dot kinemato-
grams”, in which a contiguous patch of randomly
positioned dots is uniformly displaced from one frame
to the next, in apparent motion (Anstis, 1970; Julesz,
1971). These stimuli are of great interest because ana-
logously to random dot stereograms, they provide an
instance of figure-ground segregation in which the
only possible cue for segregation is the spatio-tem-
poral relationship of successive frames.

That we can perceive motion in such patterns at all
is of great interest, since it implies that the motion
detection process, like stereopsis, is sophisticated
enough to solve a “correspondence problem”. That is,
any individual dot in a particular frame will be fol-
lowed by many random dots in nearby locations in
the following frame, in addition to the dot in the lo-
cation corresponding to the introduced displacement.
Any process which simply responded to local dot
pairings would signal many “false pairs”, leading to
perception of haphazard local motion. In order to
make the correct correspondences only, the system
must incorporate some “global” process, in the sense
of a process which combines information from an
extended set of dots. The analogous problem has been
widely discussed in the case of stereopis (Julesz, 1971;
Marr and Poggio, 1976). A particular algorithm for
solving this “correspondence problem”™ in the case of
motion has been suggested by Ullman, 1979).

Braddick (1974) demonstrated that the perceived
segregation of a coherently moving region elicited by
random dot kinematograms is mediated by a “short
range process” which operates only for short intersti-
mulus intervals (less than 100 msec between successive
frames) and small displacements (less than about
15 min arc). For displacements greater than this limit
the motion-detecting process evidently becomes
unable to establish the appropriate correspondence
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between successive frames, resulting in an impression
of randomly-directed local motions. The processes re-
sponsible for apparent motion in classical strobo-
scopic displays, in contrast, operate over much longer
interstimulus intervals and displacements {see Brad-
dick (1980) for a review of the evidence for this dicho-
tomy).

Lappin and Bell (1976) independently recognized
that perception of random dot kinematograms is
mediated by a process different in character from
classical apparent motion. But, in contradiction to
Braddick (1974), they presented evidence that the
limiting displacement for correct motion perception
was determined by the size of the displacement
expressed as a number of array positions {“pixels”),
rather than the retinal angle of the displacement.

These two views on the nature of the spatial limit
carry rather different implications for the constraints
dominating the underlying motion-detecting process.
A fixed pixel limit would correspond to a limited
number of possible false pairings of dots that could be
handled; Lappin and Bell's (1976) cross-correlation
model is essentially of this kind. A visual angle limit is
more consistent with a process that only evaluates
pairings over a fixed spatial range; such a range might
be determined, for instance, by the dimensions of
receptive field subunits at some point in the visual
pathway.

The essential idea of both Braddick’s (1974) and
Lappin and Bell’s {1976) experiments was to vary
pixel spacing, and determine whether psychophysical
performance was governed by the displacement,
expressed as a number of pixels, which had not
changed, or by the retinal angle of the displacement,
which had changed. Lappin and Bell (1976) made this
comparison for cases in which the size of the dis-
placed patch, in pixels, was held constant (with a con-
sequent co-varying change in retinal angle of the
patch area). Braddick, however, chose to compare
patches subtending equal retinal angles, with a conse-
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quent co-varying change in the number of pixels, and
therefore the number of dots in his display. Lappin
and Bell (1976) have argued that this change in the
number of displaced dots was a confounding variable
in Braddick’s experiment.*

Some appreciation for this issue is gained by simply
varying one's viewing distance from the display: the
number of elements’ displacement remains constant,
but the retinal angle comprising that displacement de-
creases with viewing distance. For a display in which
the displacement is slightly too great for perception of
motion at a very close distance, backing away from
the display can certainly provide an improvement in
perceived motion, in contradiction to Lappin and
Bell's hypothesis. But further increases in viewing dis-
tance do not give a further improvement in motion
perceptibility, as would be expected if retinal angle
alone were the determinant of the displacement limit.
However, an increase in viewing distance also de-
creases the display area, a variable which has been
reported to affect the displacement limit (Lappin and
Bell, 1976; Chang and Julesz, 1981).

We shall show that the difference in findings is
related to the means of equating area—the patch area,
in retinal angle, has a marked effect on the displace-
ment limit. We also examine the effects of varying dot
density. This allows the number of false pairings
within a given range to be viewed independently of
pixel size. We find that this variation, with dot
densities as low as 5%, does not affect the displace-
ment limit. In this situation pixel size is a parameter
of pattern construction but is not evident from the
pattern itself; a displacement limit in terms of pixels is
therefore inapplicable. Furthermore, since changing
dot density changes the number of dots in the pattern,
this result implies that changes in dot number are not
responsible for the area effect we find. Instead, evi-
dence will be presented that the area effect can be
accounted for by the increase in displacement limit
with eccentricity.

METHODS

Each display consisted of two arrays of randomly-
positioned dots, presented in succession on a compu-
ter-controlled display oscilloscope. Each frame was
presented for 80 msec, with an interframe interval of
20 msec determined by the refresh rate, giving a total
stimulus duration of 160 msec. Each frame consisted
of an N x N matrix of pixels, each of which was
either empty or contained a dot. The second matrix

*Another difference between the two experiments was that
Braddick {1974) scaled dot size along with pixel spacing
while Lappin and Bell {1976) used dots of a constant
size, However, Bell and Lappin (1973) scaled dot size
and reached similar conclusions to their later paper on
this point. In the present paper, dot size was not scaled
except for the transitions between two viewing distances
in the data of Fig. 7; it does not appear that dot size, in
the range under consideration, makes a difference for the
issue under discussion.
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was identical to the first, except for a uniform dis-
placement of dots within a central patch. The dis-
placement was an integral number of pixels; a con-
ventional “wrap-around” scheme was used, in which
dots displaced beyond a patch boundary reappeared
on the opposite side of the patch. Except as noted,
dots occurred in each pixel with 509, probability.
Viewing distances of either 1 or 2 metres were used,
depending on the experiment (see below).

The spread of each individual dot on the screen was
such that individual dots were just visibly distinct
when they were spaced at 0.5 mm (pixel spacing in the
experiments described was always at least twice this).
A packed array of dots at this spacing had a lumin-
ance of 88 cd/m?, which can thus be taken as an ap-
proximate estimate of the luminance of a dot. The
dots appeared on a background luminance of
34 ¢d/m? from room illumination of the screen.

Other aspects of the display are described more
fully in Baker and Braddick (1982),

Two types of psychophysical task were employed
(Fig. 1)

(1) Segregation. The subject viewed a square array
containing a rectangular patch of uniformly displaced
dots; the surrounding dots of the array were uncorre-
lated in the two frames. Only one pair of frames was
presented (total presentation time 160 msec). The per-
centage of errors in orientation discrimination (i.e.
horizontal vs vertical rectangle) was scored.

(2) Direction discrimination. Again only one pair of
frames was presented, but the subject’s task was to
discriminate the direction of motion (left or right) of
the patch of uniformly displaced dots. The patch
orientation was held constant, and there was no
uncorrelated surround unless otherwise noted (in all
the cases examined, the presence or absence of an
uncorrelated surround had no effect on performance
in this task).

Trials were preceded by a fixation mark, whose lo-
cation indicated the centre of subsequent displays
{except in experiments testing the effect of eccentri-
city). In all cases the subject initiated each trial by a
button press. Discriminated conditions (orientation or
direction) were randomly chosen with equal prob-
ability. Following an initial task familiarization
period, feedback as to correctness of responses was
not provided to subjects. With the exception of ex-
periments on the effect of area and eccentricity, all of
the conditions being tested in each experiment were
randomly interleaved.

Subjects consisted of one naive observer (RM.C.)
and five experienced psychophysical observers {our-
selves, CM.S., H.B.B. and P.P.),

RESULTS

Displacement limit determined by retinal angle, not
pixels

In order to determine whether the decline of per-
ceived motion with increasing displacement depends
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Fig. 1. Forced-choice psychophysical tasks used in our ex-
periments. Top panels illustrate a segregation task, in
which subject must judge the orientation (vertical vs hori-
zontal) of a rectangular patch of uniformly displaced dots,
which are embedded in a surround of randomly displaced
dots. In the direction discrimination task (lower panels),
subject must report whether dots in the patch were dis-
placed leftwards, or rightwards; in this case the surround
pattern of uncorrelated dots is optional.

on the displacement expressed in retinal angle or in
pixels, pixel spacings of 2.0, 2.9 and 4.7 min arc (view-
ing distance 2 m) were used, with corresponding patch
sizes of 20 x 40, 14 x 28, and 9 x 17 pixels respect-
ively (thus giving a patch area of approx. 0.66 x 1.33
deg in all cases). The size of the uncorrelated sur-
round was 50 x 50 pixels in all cases. Patch displace-
ments of 1, 2, 3 and 4 pixels were tested.

Figure 2 shows the results of this experiment for
one subject, using both segregation and direction dis-
crimination tasks. Note that in all cases the data
points representing different pixel spacings show a
very similar dependence on the displacement when
expressed in retinal angle (left column), but not when
expressed as number of elements or pixels (right
column). Similar results were obtained on a second
subject (P.P.). :

These data confirm the conclusion reached by
Braddick (1974) using a segregation response time
task, and extend that result to other psychophysical
tasks, including the direction discrimination used in
studies by Lappin and Bell (1976). (The displacement
limit here is smaller than that reported by Braddick
(1974) because of the use of a smaller patch, as dis-
cussed under “effects of area™)

A possible confounding variable in the experiment
of Fig. 2 is the size of the surround, which varies with
the pixel spacing. However, experiments in which the
surround size alone was varied showed no significant
effect of this variable.

A more cogent criticism of this experimental design,
raised by Lappin and Bell (1976), is that the number
of elements in the petch is varied reciprocally with
pixel spacing (since retinal angle of the patch is held
constant). They propose that the displacement limit
increases with number of elements in the patch.

We sought to address this issue by repeating the
experiment, but varying the dot density (percentage of
pixels containing a dot) in a compensatory manner so
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Fig. 2. Displacement in retinal angle, not number of pixels,
determines performance in motion perception. Three pixel
spacings were tested, with the patch area held at approx.
0.67 x 1.34 deg. @——@: patch = 20 x 40 pixels spaced at
20, O——0O: patch = 14 x 28 pixels spaced at 2.9
: patch =9 x |7 pixels spaced at 4.6. Top
panels show data for segregation task, lower panels for
direction discrimination. Each data point represents per-
centage errors out of 60 trials.

as to maintain an approximately constant number of
dots in the patch, for all pixel spacings. All aspects of
the experiment, except for dot density, were the same
as in the previous experiment. Figure 3 illustrates
examples of the displays used (only the rectangular
patch is shown}. {Dot size was constant and less than
pixel spacing, so that, as illustrated, 50%, density does
not imply that 509 of the screen area was filled.)

a
20x 40, 0%
Gt
b
14 x28, 20%
o~
Cc
9x17, 50%

Fig. 3. Stimuli used to control against possible effects of

number of dots, in experiment of Fig. 2. Dimensions of

three random dot patches were chosen so as to subtend

equal retinal angles, for three corresponding pixel spacings,

as in experiment of Fig. 2. Dot densities were adjusted so

as to maintain an approximately constant number of dots
in each patch. Surround areas not shown.
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Fig. 4. Direction discrimination experiment as in lower
panels of Fig. 2, except dot densities were changed so as to
keep approximately the same number of dots in the test
patch (see Fig. 3). @——@: patch = 20 x 40 pixels spaced
at 2.0"; 10% det density. O---Q: patch = 14 x 28 pixels,
spaced at 2.9'; 20%, dot density. x....x: patch =9 x 17
pixels. spaced at 4.6'; 50% dot density. Each data point
represents percentage errors out of 30 trials.

Figure 4 shows the results of this experiment for
direction discrimination. Again, the data points for
different pixel spacings plot almost superimposably
when the displacement is taken as retinal angle, but
not when represented as a number of elements. Thus
Lappin and Bell’s suggestion, that the apparent effect
of pixel size results from changes in dot number, is
not upheld.

Dot density invariance

The results shown in Figs 3 and 4 imply that the
density of dots in the displaced patch has no effect on
the displacement limit. This supposition was tested
more fully by varying the dot density over a range of
1%, to 50%,. with a fixed pixel spacing.

Patches of 20 x 40 pixels, subtending approxi-
mately 0.77 x 1.53", were presented; the pixel spacing
was 2.3, at a screen distance of 2m. A direction dis-
crimination task (no surround) used displacements of
2, 3.4, 5 and 6 pixels, while a segregation task (uncor-
related 50 x 50 surround) used displacements of 1, 2,
3 and 4 pixels. Dot densities of 50, 20, 10, 5 and 19,
were tested. Results of these experiments are shown in
Fig. 5. Note that in all cases, dot density has very
little effect on performance, except at the very lowest
values. With the 1%, density, segregation was harder
for each value of displacement than with higher
densities. This presumably reflects the poor definition
of the patch boundary by very sparse dots; the effect
is not present in the direction discrimination data.

In the low density cases, the row and column struc-
ture of the matrix is not discernible. Consequently,
the pixel size is not available to the observer, and it is
highly implausible that the performance of his visual

system is determined by displacement expressed in
pixels.

Effect of area

To measure the effect of patch area on the displace-
ment limit, a direction discrimination task was used
with a patch of random dots of fixed size in pixels
(20 x 20). Displacement was varied from 2 to 7 pixels.
Element spacings of [.15, 2.3, 3.45, 4.60 and 5.75 min
arc (screen distance 2 m) were used to obtain patch
areas ranging from 0.15 to 3.67 deg”. Values of dis-
placement were randomly interleaved, but patch areas
were not, because preliminary studies indicated that
less variable results were obtainable when the subject
had prior knowledge of the area of the forthcoming
display. A block of 180 trials {30 repetitions for each
of 6 displacements) was run for each pixel spacing,
with a pseudorandom order of values.

In order to cover a larger range of areas, a further
set of similar experiments was undertaken, using a
50 x 50 patch, with pixel spacings of 2.3. 4.6, 6.9, 9.2
and 11.5min arc (screen distance 1 m). providing
patch areas ranging from 1.9 to 91.8 deg”.

The results of these experiments arc plotted in
Fig. 6a. Data points connected by line segments corre-
spond to the same patch area. Data for only a few
values of patch area and displacements are shown. for
clarity. Note that the percentage of errors increases
with patch displacement more slowly as patch area
increases. Similar results were also obtained on
another subject (O.J.B.).

Figure 6b illustrates a subset of the data from the
above experiments, in which patch area is constant in
terms of pixels (ie. 50 x 50). Performance is plotted
against displacement, also expressed in pixels, for
fixed spacings of 2.3, 6.9" and 11.5". Notice that the
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Fig. 5. Density of dots has surprisingly little effect on per-

formance on either segregation (a, c) or direction discrimi-

nation (b, d). Only for a 19, density does segregation per-

formance deteriorate, presumably because the patch

boundary is poorly defined (average number of dots in

patch = 8). Each data point represents percentage errors
out of 60 trials (a, d) or 30 trials (b, c).
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Fig. 6. Effect of patch area. (a) As the area of a moving
patch of random dots is made larger, by increases in either
pixel spacing or number of dots, the ability to perform
correct direction discrimination improves dramatically.
Results from only a few of the experiments in this series
(see text) are illustrated, and several data points depicting
error percentage of either 0% or ca. 50% are omitted, to
preserve clarity of illustration. Data points connected by
lines represent percentage errors out of 30 trials, for a
patch size as indicated. (b) Failure of scaling invariance is
shown when data from same experiment as above are plot-
ted against displacement in pixels. Data points connected
by lines correspond to pixel spacings of 2.3, 6.9 and 11.5;
in all of these cases, patch was 50 x 50 pixels. If scaling
invariance (see Burt and Sperling, 1981) held, these three
conditions should produce identical performance.

displacement limit, expressed in pixels, is clearly dif-
ferent for the different fixed spacings. Thus we fail to
find the scaling invariance (i.e. independence of view-
ing distance, or equivalently, spatial scaling) observed
by Lappin and Bell (1976), and by Burt and Sperling
(1980) in a different type of experiment.

We used linear interpolation to estimate that value
of displacement which would have given a 20%, error
rate, for each value of patch area. This index of the
displacement limit is plotted against the square root
of patch area for two subjects in Fig. 7. Note that the
data points deviate from a linear relationship for
larger patch areas, indicating the failure of scaling
invariance.

Effect of eccentricity

One plausible explanation of the above results
would be that larger patch areas cover more per-
ipheral regions of the retina, where the displacement
limit may be greater. Pilot experiments testing this
idea showed that the displacement limit for a large
patch was not affected by occluding successively
greater central portions of the patch, as long as a
peripheral portion greater than some minimal area
was visible.

Each subject was tested in a direction discrimi-
nation task with a large-area patch (50 x 50 pixels
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Fig. 7. Effect of patch area on displacement limit. Graphs
of percentage errors as a function of displacement, as in
Fig. 6a, were used to find interpolated displacement value
corresponding to 20% errors; these values are plotted here,
one for each patch size tested. Square symbols depict data
tests using 20 x 20 pixel patches viewed at 2m, circles for
40 x 40 viewed at | m. Note that the 2 deg point was
replicated at each viewing distance, implying that the vari-
ation of dot size produced by changing the viewing dis-
tance was not a significant factor in this experiment. Solid
symbols, C.L.B.; open symbols, O.J.B.

spaced at 9.2', giving a 7.7 x 7.7 deg patch at 1 m),
whose center was offset from the fixation mark by 2.3
deg (right-most insert of Figs 8 and 9, data points
shown as crosses connected by dotted line). In ad-
dition a series of smaller patches were used, each
laterally offset from the fixation mark so as to lie just
within the boundaries that would have been covered
by the large area patch (middle inserts of Figs 8 and
9). Data are illustrated for only two of these small
peripheral patches for each subject: the smallest one
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Fig. 8. Central vs peripheral contributions to the area
effect. Graphs show percentage errors as a function of dis-
placement in a direction discrimination task, for 4 patch
configurations. Performance for a large-area patch (right-
most inset, data x....x) is identical to that for a small
peripheral patch (@——@). Displacement limit is consider-
ably less if the peripheral patch is too small (O——-0), or if
it is foveally centred (left-most inset, (0-—~[J). Insets are
drawn to scale; dashed squares indicate area that would be
covered by large-area patch. Fixation mark indicated as +.
Each data point represents percentage errors out of 60
trials.
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Fig. 9. Same as Fig. 8, for a subject who required a larger
peripheral area in order to match performance with the
large-area stimulus.

that had a displacement limit equal to that of the
large-area stimulus (solid circles connected by dashed
lines) and a slightly smaller one (open circles con-
nected by dashed lines). For comparison, a small
foveally-centered patch, equal in area to the former
peripheral case, was also tested (left-most insert, data
points shown as open squares connected by dashed
lines).

Each of 6 displacements were tested in pseudoran-
dom order, in 2 separate blocks of 180 trials (30 repe-
titions of 6 displacements) for each type of patch;
these blocks of trials were themselves in pseudoran-
dom order. In all cases the subject was instructed to
maintain fixation on the location of the fixation mark.

Four subjects were tested in this manner (C.L.B,,
0.J.B, RM.C, and C.S.M.). Figure 8 illustrates data
for C.L.B., whose performance on the large-area patch
was matched by the smallest area of peripheral patch
(3.1 x 3.1 deg). Other subjects required larger per-
ipheral areas to get displacement limits equal to that
of the large-area stimulus, the greatest being 54 x 54
deg (CM.S,, Fig. 9).

We conclude that the improvement in displacement
limit due to invasion of greater eccentricities is suf-
ficient to explain the increase of displacement limit
with area shown in Fig. 7: however, at a given eccen-
tricity, the maximum value of displacement limit can
be obtained only if the peripheral stimulus is larger
than some critical size whose value varies across sub-
jects.

We would emphasize that the range of eccentricities
used in these experiments was quite restricted: it is
quite possible that much greater displacement limits
might be found in truly peripheral vision.

DISCUSSION

We have demonstrated that the displacement limit
for perception of motion from random dot kinemato-
grams is more consistently expressed as the retinal
angle of that displacement, as first proposed by Brad-
dick (1974), rather than the number of pixels, as advo-
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cated by Lappin and Bell (1976). Further, we have
shown that the displacement limit increases with
stimulus area. For increasing area centred at a parafo-
veal point, the displacement limit reached an appar-
ent asympote for quite small areas (see Fig. 8); the
steady increase found with larger areas covering the
fovea (Fig. 7) is apparently due to invasion of the
more eccentric parts of the visual field. These findings
tend to support the notion that the displacement limit
reflects physiological properties of the motion-detect-
ing mechanisms.

The lack of effect of dot density seems to us the
most important argument against displacement being
limited by the number of shifted pixels. In the case of
low density arrays (Fig. 3), a matrix-like structure
(and, therefore, “pixels” as such) are no longer evident
in the random dot pattern.

Lappin and Bell (1976) proposed that the number
of dots in the patch was a critical variable, as pre-
dicted by a cross-correlation model of the neural pro-
cesses underlying motion perception. But their experi-
ment involved varying patch area concomitantly with
the number of dots, and was therefore ambiguous.

To the extent that the dependence of displacement
limit on the linear patch size (i.e., square root of area,
see Fig. 7) can be approximated by a straight line
through the origin, one can expect a reciprocity
between displacement limit and pixel spacing for a
patch of fixed number of pixels. Such a relationship
would give a “scaling invariance” like that described
by Burt and Sperling (1980). In our conditions such
reciprocity seems to hold only for small patch sizes.
For reasons as yet unknown, Lappin and Bell (1976)
evidently obtained such reciprocity much more accu-
rately (see especially their Fig. 3). One possible expla-
nation for this discrepancy of findings may be the
levels of contrast used: our displays were probably
lower in contrast than those of Lappin and Bell, and
thus may have recruited to a lesser degree motion-
detectors in the periphery, where contrast sensitivity
is reduced. This could cause our area effect curve (Fig.
7) to be lower for the larger areas.

A lack of effect of dot density on apparent motion
has also been reported by Petersik (1980), using dis-
plays portraying a rotating sphere filled with random
dots. In view of our conclusions, this result no longer
serves as an argument that such 3-dimensional appar-
ent motion is mediated by processes different from
those underlying the 2-dimensional motion studied
here.

Our finding that the displacement limit increases
with eccentricity is reminiscent of the work by Foster
et al. (1981), demonstrating (at greater eccentricities
than those used here) that the spatial extent of this
“fine-grain movement illusion” (FGMI) increases with
eccentricity, in proportion to the cortical magnifica-
tion factor. This and other similarities strengthen the
liklihood that our short-range apparent motion and
the FGMI reflect the operation of the same motion
detection mechanism.
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It is not yet clear what is the absolute limit on
displacement for the short-range motion process, ot
indeed, whether there is one. Blurring {low pass filter-
ing), for example, extends the displacement limit, as
can be easily observed by placing a diffusing screen
{e.g. tracing paper) in front of a random dot kinema-
togram; Chang and Julesz (1981) have studied this
effect quantitatively.
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