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A Global Process in Motion Segregation

MARY J. BRAVO*
R ceived 24 July 1996, in revised form 23 May 1997

Observers viewed sparse random dot cinematograms in which the moving dots were confined to
eight windows. The motions in seven of the windows were consistent with a global flow pattern,
while the direction of motion in the eighth window deviated from this pattern. The observer’s task
was to determine which of the eight windows contained the inconsistent motion. The task was
performed on two types of global flow patterns: spirals, which appear rigid, and deformations,
which appear highly non-rigid. Although these patterns produce qualitatively different global
percepts, they are exactly matched in their local velocities and velocity differences. Observers were
better able to locate an inconsistent motion in spiral patterns than in deformation patterns,
indicating that they were using more than just local metion information to find the target. This
result is taken as indirect support for a segregation process that involves fitting the stimulus with a
global motion pattern and segregating motions inconsistent with this pattern. © 1998 Published by

Elsevier Science Ltd. All rights reserved.
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INTRODUCTION

Cne simple but powerful assumption that can be made
akout the retinal motions produced by surfaces is that
volocity varies smoothly across a surface and so a
discontinuity in velocity indicates a surface boundary
(*arr, 1982). The human visual system evidently
itcorporates this assumption into motion processing:
uader appropriate conditions a velocity discontinuity
appears as a perceptually salient edge. Moreover, these
n-otion-defined edges can serve the same functions as
contrast edges in 2D shape perception (Narwot, Shannon
& Rizzo, 1996; Banton & Levi, 1993), spatial illusions
(Cavanagh, 1989) apparent motion, (Petersik, Hicks &
Puntle, 1978), and stereopsis (Halpern, 1991).

While it is clear that velocity discontinuities provide
rc hhable information about surface boundaries, it is also
¢ zar that such discontinuities are, by themselves,
irsufficient to organize a scene. Figure 1(a) depicts the
n:otions generated by a surface moving in front of a
sccond surface. A segregation process based solely on
lc cal velocity differences would divide this stimulus into
three regions. A human observer, however, would
a sociate the outer regions and perceive two surfaces.
F gure 1(b) depicts the patchy flow field that an observer
n.ight see when approaching a partially occluded wall.
Although the neighboring patches in this flow field have
vty different velocities, they all originate from the same
surface. A segregation process that detects velocity
differences would parse this scene into eight small
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regions, while a human observer would probably sec a
single extended surface.

Such considerations have led to the proposal of a
second, global approach for using motion information to
organize a scene. This second approach involves fitting
the stimulus with a limited set of motion patterns that
correspond to the flow fields an active observer
commonly encounters [e.g., the expanding pattern
depicted in Fig. 1(b)]. If many of the local motions in a
scene can be well fit by a single motion pattern, then these
motions are grouped together and segregated from
motions that are inconsistent with the pattern. This idca,
which was initially developed for computer vision (see,
for example, Bergen, Burt, Hingorani & Peleg, 1992;
Irani, Rousso & Peleg, 1992; Darrell & Pentland, 1991:
Black & Anandan, 1993), has recently been incorporated
into theories of human vision (Yuille & Grzywacz, 1997).

There is abundant evidence that humans are quite
sensitive to certain flow patterns (Lappin, Norman &
Mowafy, 1991; Freeman & Harris, 1992; Morrone. Burr
& Vaina, 1995) and that we can use these patterns to
derive heading information (Warren & Hannon, 1988;
Warren, Morris & Kalish, 1988). In addition, there are
cells in the medial superior temporal area (MST) of the
monkey brain which respond selectively to these same
global flow patterns (Saito, Yukie, Tanaka, Hikosaka,
Fukuda & Iwai, 1986; Duffy & Wurtz, 1991b; L.ugae,
Maes, Raiguel, Xiao & Orban, 1994; Graziano, Andersen
& Snowden, 1994). It is not known, however, whether
humans can use these global flow patterns to segregate
motions produced by different surfaces. The goal of this
study was to look for such evidence.

To determine whether humans can use global motion
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FIGURE 1. (a) Flow field produced by two surfaces translating at different velocities relative to the observer. (b) Flow field seen
as an observer approaches a partially occluded wall. (c) Cartoon of the stimuli used here (target in lower left).

p:ilerns to segregate an image, I measured how well
otservers could locate a target that is moving inconsis-
tetly with a global flow pattern. Such a stimulus will
orlinarily produce velocity discontinuities in the vicinity
ot the target. Given that these velocity discontinuities
provide powerful information for segregation, the key to
th:s study is to both reduce and control for the information
pr wided by these local differences in velocity.

To reduce the efficacy of velocity discontinuities for
scrregation, motion was confined to windows as shown
in Fig. 1(c). If the visual system computes velocity
di:ferences locally, then this windowing will obscure the
di-ferences surrounding the target. If gradients are
conputed across neighboring windows, then, as noted
abyve, the visual system will likely detect sizable
di ferences throughout the display and not just in the
vicinity of the target.

WVhile windowing reduces the efficacy of velocity
ditferences for segregation, it may not completely
climinate this source of information. When neighboring
windows are compared, the largest velocity differences in
the display may still surround the target. To control for
an ' residual effects of velocity differences, it is necessary
to :ompare performance on two global flow patterns that
arc composed of identical local velocities and local
ve ocity differences. As described below, two stimuli that
arc 5o matched are spirals (combinations of expansions
an | rotations) and deformations (expansions along one
ax-s and contractions along the orthogonal axis). Despite
the ir dissimilar global appearance, spiral and deformation

*B: cause of the finite spatial resolution of the display system, speed
varied slightly with the direction of motion, however, this variation
‘~as well under 5% when measured over a 100 msec interval.
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patterns have identical local motion characteristics. Thus,
if observers base segregation solely on local motion
differences, they should be able to find the target motion
equally well in either pattern.

MAIN EXPERIMENT

Methods

Apparatus. Random dot movies were displayed at
100 Hz on a Tektronix 608 monitor (P31 phosphor)
controlled by a Strawberry Tree D/A board and a
Macintosh computer. At the viewing distance of
57.3 cm, the display’s spatial resolution was 15 sc¢ ¢f
arc. Subjects viewed the monitor monocularly through a
reduction tube which included a 1 log unit neutral density
filter to reduce the visible persistence of the phosphor.
The only light visible to the subject came from the dots in
the eight windows of the display and from the fixation
mark. The Juminance of the moving dot texture (47 Jdots/
cm?) was 3 cd/m?.

Display. The dots were confined to eight squar:
windows (0.8 deg.v.a. wide) arranged in a circle. The
circle was centered on the fixation mark and had a radius
of 4 deg. v.a. Taking O deg to be the 3 o’clock position on
the circle, the first window was centered at 22.5 deg and
the remaining windows were evenly spaced at 45 deg
intervals around the circle [Fig. 2(a)]. The eight windows
contained 30 randomly positioned dots apiece. On vach
frame of the movie. the dots within a window werc all
displaced by a constant amount in a constant direction,
When a dot reached the edge of a window it wrapped
around to the opposite edge. All the dots in the stinulus
moved al 2.5 deg/sec* only the direction of dot motion
varied across windows. Three methods were used to

Direction of Motion

\

Window Angle

FIGURE 2. (a) Window configuration and definition of window angle. (b) Definition of direction of motion. (¢) Plot of direction
of motion against window angle for an expansion pattern.
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FIGURE 3. (a) Pattern of directions for spiral stimuli. The expansion pattern (top) and rotation pattern (middle) are special cases

of the spiral stimuli; the majority of the stimuli were combinations of these two patterns (bottom). (b) For all spiral stimuli, as

one moves around the circle of windows, direction of motion changes by the same angular amount. Thus, when direction of

motion is plotted against window angle, it produces a line of slope 1. Spiral stimuli differed only in the location of the y-intercept

of this line. (c) For all deformation stimuli, direction of motion and window angle changed by the same angular amount but in

the opposite direction. For these stimuli, a plot of direction of motion against window angle produces a line of slope — 1. (d)
Corresponding pattern of directions for deformation stimuli.

ass gn directions to the windows, with each method
pre lucing a different global flow pattern.

Spiral

O each trial, the first window was assigned a random
dirc ction between 0 and 359 deg. This direction was then
inc eased by 45 deg and assigned to the second window.
The direction was increased again by 45 deg and assigned
to 11e third window, and so on. Recall that the windows
we e spaced at 45-deg intervals around the circle, so
mo1ng from one window to the next results in a change
in 1 1e direction of motion that was equal to the change in

the window angle. This relationship between direction ol
motion and window angle is shown graphically in Fi., 2.
As Fig. 3(a and b) indicate, this method of assigiing
directions to the windows produces a range of spiral
patterns centered on the fixation mark. The relative
amounts of expansion and rotation in the spiral pal:ern
are determined by the starting direction: when the
direction of motion and the window angle are equal, a
pure expansion results, when the direction of motion und
the window angle differ by 90 deg, a pure rotation is
produced.
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FIGURE 4. A target motion was defined by randomly selecting one window and changing its direction of motion by a variable

amount. This amount is referred to as the direction deviation of the target. Note that the changes in direction across windows are

identical in magnitude for the spiral and deformation stimuli; it is only the sign of these changes that differs across the two
conditions.
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FIGURE 5. Percentage of trials in which the subject correctly identified the target window plotted against the

direction deviation of the target. Observers had a | in 8 chance of guessing the target window, and this lower

limit on performance is indicated by the dashed line. Each panel shows the performance of one subject on the

three conditions: with filled squares representing the translation condition, filled circles the spiral condition,

and open circles the deformation condition. Note the large discrepancy in performance on the spiral and
deformation conditions.

Deformation

On every trial, a randomly selected direction was
i ssigned to the first window, just as in the spiral stimuli.

his direction was then decreased by 45 deg and
vssigned to the second window. The direction was
cecreased again by 45 deg and assigned to the third
v indow, and so on. Thus, in deformation stimuli, as one
1oves 45 deg around the circle of windows, the direction
«f motion changes by the same angle but with the
< pposite sign. Figure 3(c) shows this relationship
fetween window angle and direction of motion, and
F12. 3(d) shows the resulting deformation patterns. Note
11t the change in direction across neighboring windows
i - identical for the spiral and deformation stimuli. it is
« aly the sign of this change that differs between the two
<imulli.

Translation

On every trial, a direction was selected randomly from
{ to 359deg, and this direction was assigned to all
vindows to produce a global translation. Thus, unlike
-»iral and deformation conditions in which the motion in
r2ighboring windows differed by 45 deg, in the transla-
von condition neighboring windows have the same
virection of motion. Consequently, the translation con-
¢ition differs from the spiral and deformation conditions
i 1 both its global pattern and its local motion character-

“ A\ second consequence of substituting local translations for true local
flow is that it prevents observers from organizing these stimuli
using the similarity of higher-level motion properties. If continuous
flow had been used, then observers could potentially have grouped
the windows based on the local zero- and first-order spatial
derivatives of the velocity field. In particular, the target window
could be found by fitting the motion in each window with an affine
transformation and then grouping windows with similar fits.
Because the target window would be the only window with a
unique set of affine parameters, it would be excluded from this
group. This approach has proved successtul for computers (Adiv,
1985; Wang & Adelson, 1994), but seems less feasible for humans
because of our insensitivity to small velocity gradients (Nakayama,
1985). In any event, this approach would fail for the stimuli used
here because different sets of affine parameters would be calculated
for each of the eight windows in these stimuli.

istics. Although this condition cannot be used to
differentiate between local and global segrczation
processes, it likely indicates the upper limit to perfor-
mance on this task.

Into each of these three types of global flow patl.rns, a
target motion was inserted. One window was selected at
random and the direction of motion within that window
was changed by either 0, 45, +90, £135, or X0 ceg
(Fig. 4). The speed of the target motion was unchunged.

There are two characteristics of these stimuli that wre
worth noting. The first is that an observer could not
examine a single window and determine whether t was
the target. There was no correlation between target
window and target direction: the target could app:ar in
any window and have any direction of motion betv. een 0
and 359 deg. Similarly, the direction of motion in the
non-target windows varied between 0 and 359 deg. Thus,
the observer could only locate the target by comparing
the motions in several windows.

Secondly, the motion within a window was always a
translation, and so there was a discrepancy between the
local flow and the global flow in the spirdd and
deformation stimuli. In a true rotating flow pattern, ‘or
example, the dots within the windows would movc along
curved paths and neighboring dots would have slightly
different velocities. In the rotating flow pattern used here,
all of the dots within a window moved with a constant
velocity. This constant velocity was equal to the velocity
appropriate for a dot located at the center of the windaw.
Thus, dots at the edges of the windows deviated the most
from true flow, but the magnitude of this deviation was
identical for all spiral and deformation stimuli. Of course,
whether or not this approximation to true flow will affect
performance depends critically on window siz and
eccentricity. A pilot study indicated that undcr the
conditions of this experiment, substituting translations
for local flow had no effect on performance and was
imperceptible to the observers. The advantage of using
local translations is that it guarantees that the local
motion properties of these stimuli would be the same
across the different global patterns.*

Procedure. During the first 20 min of an initial training
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session, the translation stimuli were used to teach the
naive subjects which key on the computer keyboard
cortesponded to each of the eight windows. The subjects
spent the remaining 40 min of the training session
practicing on alternating blocks of spiral and deformation
stinuli. The training stimuli had a 2 sec duration and a
highly discrepant target (a direction deviation of
18+ deg). Auditory feedback was provided on incorrect
trizls in both the training and experimental sessions.

T'wo 1-hr experimental sessions were conducted on
dif‘erent days during the week following the training
session. The experiment was broken down into blocks of
100+ trials: 10 practice trials followed by 90 experimental
trizls. The translation, spiral and deformation conditions
we e run in separate but interleaved blocks. Within a
ble ok of trials, the different levels of direction deviation
we ¢ presented in random order. In all, 70 trials were run
for cach combination of ground pattern and direction
deviation. The presentation of the first stimulus was
initiated by the subject, subsequent stimuli were
presented 500 msec after a response. The stimulus
duration was 70 frames (700 msec).

Lubjects. In total, the author and three paid observers
par icipated in the three experiments reported here. The
three paid observers were recruited from the general
stu lent population at the University and had no previous
ex[ erience as research subjects.

Re: ults and discussion

I'efore comsidering the results of this experiment,
rec Jl the prediction set out in the Introduction. If
obs:rvers used only information about velocity differ-
enc s to segregate the target motion in these stimuli, then
the spiral and deformation conditions should produce the
san-¢ level of performance, since the magnitude of the
velocity differences across neighboring windows is the
san e for these two stimuli. Figure 5 shows the results for
the spiral and deformation conditions with the percentage
of «orrect responses plotted as a function of the direction
dev ation of the target window. When the direction
dev ution was zero, observers had a | in 8 chance of
gucssing the target window. As the magnitude of the
dircction deviation increased, performance on the spiral
and deformation conditions diverged with performance
on +he spiral condition (filled circles), clearly superior to
per ormance on the deformation condition (open circles).
In fct, the two naive observers were essentially unable to
finc the target in the deformation stimuli for all levels of
dirc ction deviation. This marked difference in perfor-
mai ¢e on the spiral and deformation conditions indicates
thar vbservers are using more than just local information
to 1:nd the target.

As expected, observers found it easiest to locate the

*Thi. experiment was conducted several months after the main
ciperiment and the following experiment. [n the intervening
mionths, subjects TC, MB and JD participated in several related
crperiments. It is probably because of this additional practice that
s bjects required smaller direction deviations in this experiment
th-an might be predicted from the results of the main experiment.
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target motion when it was added to a translation patiern
(filled squares). In the translation stimuli the motion was
identical in all the windows except for the target window,
and so even the simplest of segregation strategies could
be used to find the target in these displays. Since the
translation condition differed from the other two condi-
tions in both its local and global motion characteristics
the superior performance in this condition could be due to
segregation processes acting at a local or a global level.

The conclusion of the main experiment, that metion
segregation involves a global process, is the centra:
message of the paper. The remaining two experiments
were less theoretically motivated, and instead test some
of the assumptions that were implicit in the design o! the
main experiment. The first of these experiments exum:-
ines whether spiral patterns should be considercd ¢
homogeneous set or whether there are variation. ir
performance across these patterns. The second experi-
ment examines whether the difference in performance on
spiral and deformation patterns is only observed when the
patterns are confined to windows,

SUBSIDIARY EXPERIMENTS: SUB-EXPERIMEN' 1

In the main experiment, the spiral patterns were treated
as a single condition, and the results were pooled acioss
this condition. However. it is quite possible that not all
spiral patterns produced the same level of performarce.
One might expect observers to perform best on the {low
patterns that they see most often. If, as is often argued. we
see expansion patlerns more frequently than contraction
patterns because we typically move forwards through the
world, then observers might perform better with expan-
sion stimuli than contraction stimuli.

It seemed impractical to use the data from the first
experiment to compare performance across spiral pat-
terns, since this experiment involved 360 different spiral
patterns. Thus, a second experiment was conducted In
this subsidiary experiment only eight spiral patterns v ere
used: positive and negative expansions, positive :und
negative rotations, and four mixed spirals compose:i of
expansions and rotations of equal magnitude.

Methods

The methods were the same as those used in the main
experiment except that the directions assigned to the firsi
window ranged from 22.5 to 337.5deg in 45 degree
increments. As before, the observer’s task was to lovate
the one window with a direction of motion that deviated
from the global motion pattern. The magnitude of this
direction deviation was fixed at 45 degrees for TC .:nd
22.5 deg for MB.* Seventy trials were run for each of
these patterns, and within a block of trials the eight
patterns were presented in random order.

One subject, JD. repeated the experiment with six
direction deviations: 22.5, 33.75, 45, 56.25, 67.5, and
90 deg. Each level of deviation was run in a separate
block of trials, with blocks for the different levels
randomly intermixed.
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FIGURE 6. Percentage of trials in which the observer correctly located the target window (radius) plotted against the type of

spiral pattern (angle). The inner circle in each plot shows 12.5% correct, or chance, and the outer circle shows 100% correct.

Two observers performed this experiment with a single level of direction deviation (45 deg for JD and TC, 22.5 deg for MB).
One subject, JD, ran the experiment with six levels of direction deviation.

performed equally well on all the spiral patterns, then th:
data would fall on a circle and clearly they do not. All
three subjects performed better on pure expansions and
pure rotations than on the mixed spirals.

Performance in these experiments was measured as the
percentage of trials in which the observer selects ths

Re sults and discussion

[he polar plots in Fig. 6 show the percentage of correct
re: ponses (radius) plotted against the type of spiral
(a1.gle). Two graphs show performance for a single
direction deviation, and the third graph shows perfor-
m:nce on six levels of direction deviation. If observers
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FIGURE 7. Histograms showing the number of times the observers selected each window, where the windows are identified by

their distance from the target. The column of graphs on the right shows the data from a mixed spiral (contraction/clockwise

rotation), the column on the left shows the data from a pure spiral (contraction). Trials in which the observer selected the target’s

similar neighbor were collected in bin 1, and trials in which the observer selected the target’s dissimilar neighbor were collected

in bin —1. Correct trials were collected in bin (. Note that on a disproportionate number of error trials, observers selected the
target’s dissimilar neighbor.


















