
images of the two frames renders infor-
mation in the first frame more resistant
to forgetting than information in the sec-
ond: Most errors in the control condition
were reports of a location that actually
contained a dot in frame 1, not frame 2;
in contrast, the reverse was true for two
subjects in the saccade condition.
Thus, when two packets of informa-

tion were presented at the same spatial
location, but viewed during two different
fixations so that their retinal locations
were different, subjects saw the two
packets as one image at the same spatial
location. But when the spatial locations
of the packets differed, even though the
retinal coordinates were matched to the
condition that produced integration, sub-
jects saw two spatially separated images
that they could not easily integrate. In
both cases, perceptual experience re-
flects environmental events.
We hypothesize that the integration of

information indicated by the saccade
condition requires the use of a special
memory, previously named an integra-
tive visual buffer (6). Our experiment
implies that packets of information with
the same spatial coordinates, but differ-
ent retinal coordinates, are properly
aligned spatially in the buffer (7). This
fused and spatially correct image is then
available for further information pro-
cessing (8).
At least two identifiably different

memories may be involved early in the
stream of visual information processing.
One piece of evidence supporting this
conclusion comes from a comparison of
the time course of the integration phe-
nomenon when the eyes move with the
time course when no eye movements are
required (2). Across subjects, accuracy
increased as frame onset asynchrony in-
creased from 164 to 184 to 224 msec
(Table 1). This effect may obtain within a
single subject as well: Subject 3 was
rerun in the saccade condition with a
signal to initiate his saccade before frame
I onset, and with frame I durations of 27,
87, 127, and 4.67 msec (and hence, frame
onset asynchronies of 64, 124, 164, and
204 msec). His accuracy was 41.9, 59.5,
53.5, and 63.4 percent, respectively.
This result suggests that there is either
an increase or no change in performance
with frame onset asynchrony within the
range investigated. In either case, it
stands in contrast to that reported for
integration within a single fixation (2),
where accuracy decreases with increas-
ing frame onset asynchrony within a
similar range of values. This comparison
suggests that different mechanisms un-
derlie integration in the two contexts.

One intriguing possibility to account
for these different effects is that early in
the visual system, there is a storage site
in which information is coded retinotopi-
cally, and in which this information is
subject to integration and erasure effects
by new entries that arrive within some
time window. Later in the system, there
may be another storage site that codes
information by environmental coordi-
nates, one that has a different set of time
variables governing integration and era-
sure. Our results, along with the results
of others, begin to lay the groundwork
for investigating this second stage of
information storage (9). This, in turn,
offers a new opportunity to understand
one of the most fundamental and intrigu-
ing of perceptual phenomena, the experi-
ence of a continuous visual world despite
temporally discontinuous input.
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How Do We Avoid Confounding the Direction
We Are Looking and the Direction We Are Moving?

Abstract. Contrary to a previous assumption, the center of the expanding pattern
of visualflow is not generally useful as an aid in judging the direction ofselfmotion
since its direction depends on the direction of gaze. For some visual environments,
however, the point ofmaximum rate ofchange ofmagnification in the retinal image
coincides with the direction of self motion, independently of the direction of gaze.
This visual indicator could be used to judge the direction of self motion.

How does an airplane pilot or an auto-
mobile driver judge his direction of mo-
tion when vision is the only guide? One
strategy would be to assume that the
aircraft or car always travels at a fixed
angle relative to the way it is pointing,
but a pilot or driver using this strategy
should expect directional judgments to
fail when the aircraft yaws or when the
car spins on ice. Other possible strate-
gies have been suggested. Gibson (1)
underlined the geometrical fact that,
while an observer is moving forward, the
retinal image of the outside world is
necessarily undergoing continuous geo-
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metrical transformation. Figure 1, how-
ever, illustrates that, for a given direc-
tion of self motion, the retinal image flow
pattern is strongly affected by the direc-
tion of gaze. Although previously noted
(2), this point often seems to have been
ignored in studies of visually guided lo-
comotion (3). One consequence is that
Gibson's much-quoted statement that
the center or focus of the expanding flow
pattern during forward motion corre-
sponds to the observer's destination (1)
is not generally correct. For the specific
case illustrated in Fig. 1, Gibson's state-
ment is not true if the observer looks at
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Fig. 1. Expanding flow patterns similar to those in the retinal image for an observer moving through the outside world. Multiple exposure (left)
was taken with a camera moving toward the girl's head while pointing directly at the head. Multiple exposure (right) was taken with a camera
moving toward the head while pointing to one side (arrow). The center of the expanding flow pattern did not coincide with the direction of motion,
but with the direction of the camera's "gaze."

some point in the external world other
than the point toward which he is mov-

ing. In this case, the flow pattern's cen-
ter is displaced away from the direction
of motion and coincides with the direc-
tion of gaze (4). We conclude that, con-

trary to Gibson's suggestion, the center
of the expanding flow pattern in the
retinal image does not provide a general-
ly useful aid to accurately judging the
direction of self motion (5).
We have searched for some feature of

the transforming retinal image that could
indicate the direction of self motion
whatever the direction of gaze. One can-

didate is the local rate of change of
magnification. For some visual environ-
ments, when an observer moves through
the exterpal world, the rate of change of
magnification is greater at the retinal
image of the point toward which he is
moving than at neighboring points in the
retinal image (6). Compared with the
location of the center of the expanding
flow pattern, the location of the maxi-
mum rate of change of magnification
within the retinal image has the geomet-
rical advantage of being independent of
the direction of gaze. We investigated
whether, in practice, subjects can accu-

rately judge the position of a local maxi-
mum in the rate of change of magnifica-
tion independently of direction of gaze.
As an external object we used a sine-

wave grating for simplicity and because
visual responses to such gratings have
been much studied. This visual stimulus
roughly corresponded to approaching an

extended line of vertical fence posts,
these posts appearing somewhat blurred.
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In our experiments the observer did not
move. Instead we mimicked the spatial
transformations of the retinal image
caused by self motion by geometrically
distorting the image of the sine-wave
grating presented to the observer. The
rationale of this experiment was to opti-
cally dissociate two aspects of the retinal
image, namely the expanding flow pat-
tern and nonuniformity in the rate of
change of magnification.
The vertical 30 percent contrast grat-

ing stimuli were generated on the face of
a cathode-ray tube (Tektronix, model
608) by a PDP 11/34 computer. Between
stimulus presentations, the screen was

uniformly illuminated and patternless.
Each presentation consisted of a 2-sec-
ond expanding pattern, starting from a

uniform spatial frequency. (At the end of
the presentation the spatial frequency
was usually not uniform, being lowest at
the point of maximum rate of magnifica-
tion change). The motion of the pattern
consisted of two components, one being
an expansion and one an overall transla-
tional motion. Figure 2 illustrates three
of the six expansions or spatial transfor-
mations. In terms of our notional line of
fence posts, changing the value of n can

be regarded as planting the fence posts
along a new curve. In separate experi-
ments, we used different values of expo-
nent n. While expanding, the pattern
moved bodily sideways. Thus, at the
center of the screen, the pattern never

moved, though it moved everywhere
else on the screen. Subjects fixated on

the stationary center of the screen; a

mark on the glass screen was provided to

aid fixation. This mimicked the situation
when a moving observer looks steadily
at some fixed point in the outside world
that is not necessarily his destination (4).
The grating pattern contained a vertical
black bar, created by blanking one whole
grating cycle, which provided a refer-
ence mark on the pattern and mimicked a
fixed reference mark in the outside
world. In different presentations, the
point of maximum rate of magnification
was located either on the bar or at four
different distances to the left or to the
right of the black bar, and the black bar
was located either at the center of the
screen or at one of four different dis-
tances to the left or to the right of center.
The nine different positions of the bar
mimicked nine different directions of
gaze relative to a fixed reference object
in the outside world (that is, the black
bar), and the nine different locations of
the local maximum rate of magnification
mimicked nine different directions of self
motion for each direction of gaze. The
rate of change of magnification was
equivalent to the forward view from an
automobile traveling at 55 km/hour di-
rectly at a wall 76 m away (7). With
n = 1.0, the subject's task was to judge
whether the center of the flow pattern
was to the left or right of the black bar.
With n < 1.0, the subject's task was to
judge whether the maximum rate of
change of magnification was to the left or
to the right of the black bar. Feedback
was provided. The 81 stimulus condi-
tions were interleaved under computer
control, and presentations continued un-
til ten responses had been obtained for
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each condition. Thresholds were then
computed by probit analysis.

Consider first the results for expansion
patterns whose rate of change of magnifi-
cation was uniform (n = 1.0) or nearly
uniform (n = 0.9) over the whole visual
field. With n = 1.0, subjects could not
do the task at all. With n = 0.9, subjects
either could not do the task or were only
able to judge the direction of self motion
to a very poor accuracy of about 5° to 10°
(Fig. 3, A and B). All of these visual
stimuli for n = 1.0 and n = 0.9 con-

tained an expanding flow pattern with a

clear center. These findings show that,
contrary to Gibson's suggestion (1), the
center of the expanding flow pattern in
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itself is not an effective visual stimulus
for judging the direction of self motion.

Subjects performed differently for ex-

pansion patterns for which the rate of
change of magnification was markedly
greater along the (notional) direction of
self motion than elsewhere (n = 0.5 and
n = 0.3 in Fig. 3, A and B). For these
stimuli, a subject's accuracy in the psy-

chophysical task was as high as 0.03°.
These stimuli contained a clear center of
expansion, but in view of our results for
n = 1.0 we assume that subjects were

not using the location of the center of
flow pattern expansion to judge the sim-
ulated direction of self motion. We sup-

pose that subjects used the location of
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.~~~~~~~~~~~~~~~~~~~~~~~.
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Fig. 2 (above). Three of the expanding flow a 0.3
patterns used in this study. The instantaneous 0 0.3

velocity at any point in the pattern was first
made a power function of distance across the 0.8

pattern. Then a uniform translational speed @ 3T
was added to render stationary the pattern at Xt
the center of the screen (the point of gaze). @ 10

Solid line, expansion pattern for which the , NM .
rate of change of magnification was uniform E -4 -2 0 2 4

across the pattern (n = 1.0). Dashed line, rate Direction of gaze relative to direction

of change of magnification was slightly great- ° of simulated self motion Idegrees)
er at one point in the pattern (arrow) than
elsewhere (n = 0.5). Dotted line, rate of Q
change of magnification was considerably X 0.03 C

greater at the arrow than elsewhere (n = 0.3). o
In different stimulus presentations the point of '
maximum rate of magnification occurred at X 0.3
the center of the screen or at various dis-
tances to left and right of center, but the 0 1

pattern at the center of the screen was always
stationary. Fig. 3 (right). (A and B) Sub- ,
jects were not able to disentangle the direc- Q 1o
tion of gaze from the direction of self motion NM D.R.
when the rate of change of spatial frequency
was uniform over the pattern (n = 1.0) and 0.03 D

could hardly perform the task for n = 0.9, but
when the rate of change of magnification was 0.1

appreciably greater along the direction of sim- 0.3
ulated self motion, subjects were able tojudge
the direction of simulated self motion almost 1

independently of the direction of gaze
(n = 0.8, n = 0.7). For n = 0.5 and n = 0.3, 3

subjects were somewhat more accurate when
looking approximately along the direction of 10

simulated self motion. The rate of expansion NMF KB..

in all cases was equivalent to impact with the 0.3 0.5 0.7 0.9

target 5 seconds after onset of stimulation.
Initial spatial frequency, 5 cycle/deg. Field Exponent (n)
size, 160 vertical by 20° horizontal; mean luminance, 30 cd/M2; and viewing was monocular. (C
and D) Accuracy measured with subjects looking approximately along the direction of motion.
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the maximum rate of change of magnifi-
cation to judge the simulated direction of
self motion. Figure 3, C and D, shows
the progressive decay in directional judg-
ment as exponent n increased to unity.
In our experiment, as in real-world
scenes, the location on the retinal image
of the maximum rate of change of magni-
fication was not generally affected by the
direction of gaze, even though the center
of expansion may shift across the retinal
image as the direction of gaze altered.
Our laboratory results suggest that, in

real-world situations, subjects could not
use the center of the expanding flow
pattern to judge the direction of self
motion. Our findings also suggest that, in
judging the direction of self motion, dif-
ferences in the rate of change of magnifi-
cation across the retinal image may be of
much more visual significance than the
distribution of local retinal image veloci-
ty (8).
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