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Optic flow is used to control
human walking
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How is human locomotion visually controlled? Fifty years ago, it was proposed that we steer to a
goal using optic flow, the pattern of motion at the eye that specifies the direction of locomotion.
However, we might also simply walk in the perceived direction of a goal. These two hypotheses nor-
mally predict the same behavior, but we tested them in an immersive virtual environment by
displacing the optic flow from the direction of walking, violating the laws of optics. We found that
people walked in the visual direction of a lone target, but increasingly relied on optic flow as it was
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added to the display. The visual control law for steering toward a goal is a linear combination of
these two variables weighted by the magnitude of flow, thereby allowing humans to have robust
locomotor control under varying environmental conditions.

The visual control of locomotion has been a matter of speculation
for fifty years. To arrive at a goal, an obvious solution is simply to
move in the perceived direction of the goal. However, James Gib-
son proposed that steering is based on optic flow, the pattern of
visual motion at the moving eye! (for example, Fig. 1). When an
observer travels on a straight path, a radial pattern of optic flow is
produced with a focus of expansion (FOE) in the current direc-
tion of locomotion, or heading?. Gibson proposed that one could
steer to a goal by “keeping the focus of expansion in the direction
one must gol” Indeed, humans judge their heading from optic
flow with an accuracy better than 1° of visual angle®-5, even during
pursuit eye movements®-°. The neural support for heading per-
ception may be provided by cells in primate cortical areas MSTd,
7a and STPa that are selective for large-field flow patterns1®-1% and
by homologous areas in human cortex (H. Peuskens et al. Soc. Neu-
rosci. Abstr., 25, 618, 1999)1617, Taken together, these findings sug-
gest that optic flow could be used to control locomotion. However,
researchers have primarily relied on psychophysical observations
and have not determined whether optic flow is actually used in
locomotor tasks!8. Some have argued that optic flow does not have
a significant role in human locomotion1®-2L,

Here we tested whether people actually use optic flow to walk
toward a goal. Specifically, the optic flow hypothesis states that
the observer moves so as to cancel the error between the head-
ing perceived from optic flow and the goal, effectively placing the
FOE on the target. Subsequent flow provides information (‘re-
afference’) about the adequacy of the steering adjustment, in a
perception—action loop. This is similar to a ‘tracking’ strategy in
vehicular navigation. In contrast, the egocentric direction hypoth-
esis states that the observer perceives the visual direction of the
goal with respect to the body, and walks in that direction. This
might be accomplished by centering the goal at the midline and
moving forward as observed in the hoverfly?2, similar to a ‘hom-
ing’ strategy in navigation.

The two hypotheses usually are redundant and predict the same
behavior. To dissociate them, we used an immersive virtual envi-
ronment that permitted us to simulate violations of the laws of
optics. Subjects walked freely in a 12 meter x 12 meter room while
wearing a stereoscopic head-mounted display (HMD) with a
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60° H x 40° V field of view. Head position was measured with a
tracking system and was used to update the display in real time, as
well as to record the subject’s path through the virtual world. In the
critical manipulation (Fig. 1), the heading direction specified by
optic flow was displaced by an angle of & = 10° from the actual
direction of walking, randomly to the right or left on each trial.
Thus, if the subject walked in the egocentric direction of the goal,
the FOE would appear to the right (or left) of the goal, yielding a
virtual heading error of o = 10°. If the subject walked placing the
FOE on the goal, the virtual heading error would be a = 0°, but the
subject would actually walk slightly to the left (or right) of the goal.
Over time, the egocentric direction hypothesis predicts a curved
path in both the physical and virtual worlds and a virtual heading
error of 10° (Fig. 2a), whereas the optic flow hypothesis predicts a
straight path and a heading error that goes to zero (Fig. 2b). A com-
bination of the two would yield an intermediate trajectory.

REsuLTS

We asked subjects to walk to a goal nine meters away, in four vir-
tual worlds that varied the available optic flow. In the first virtu-
al world, a thin target line ran off the top and bottom of the
display (Fig. 3a), and no surrounding flow was defined. Subjects
followed a curved path close to that predicted by the egocentric
direction hypothesis, and maintained a virtual heading error close
to 10°. This confirmed that people rely on egocentric direction
when no flow is available. (The reduction in error near the end
of the trial is likely due to the late expansion of the target line.)
We also observed that subjects tend to face the goal and walk for-
ward, consistent with a centering strategy. The second virtual
world added a textured ground plane to provide some optic flow
(Fig. 3b), and subjects in this case took an intermediate curved
path. Subjects initially walked in the egocentric direction of the
target line (heading error near 10°), but over the first two to three
meters, they reduced this error to about 5°, revealing an influence
of the ground flow. In the third virtual world, subjects walked
through a doorway with a textured floor and ceiling (Fig. 3c), and
had even straighter paths and smaller heading errors. In the
fourth, we added an array of textured posts to the doorway dis-
play (Fig. 3d) to create a cluttered scene with high motion paral-
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lax, a form of optic flow. This produced the straightest path and an
overall heading error below 2°, close to the predictions of the optic
flow hypothesis. Across the four worlds, the mean lateral devia-
tion of the path decreased significantly (F; ,; = 36.81, p < 0.001),
as did the mean heading error (F3 5; = 30.33, p < 0.001). The turn-
ing rate in the first two to three meters became faster. (The slope
of heading error in Fig. 3 gets steeper.)

It thus seems that locomotion was governed by a combination
of the two variables. When no flow was available, behavior was con-
sistent with the egocentric direction hypothesis, but as flow was
added to the display, it increasingly dominated behavior, following
the optic flow hypothesis more consistently. Subjects in the three
textured worlds started walking in the egocentric direction of the
goal at the beginning of each trial, and then changed course dur-
ing the first two to three meters (two to three seconds) as the optic
flow was detected. This indicates that the reduction in heading error
across the four worlds cannot simply be attributed to visual adap-
tation of perceived target direction. Subjects tended to face the goal
and ‘crab’ slightly sideways, suggesting a shift in the direction of
thrust rather than a shift in the perceived straight ahead.

Rushton and colleagues!® examined the same issue by using dis-
placing prisms to offset the optic flow by & = 16° as subjects walked
across a grass lawn. Contrary to our results, they reported that sub-
jects followed curved paths with heading errors close to 16°, as if
guided solely by egocentric direction. This finding has been inter-
preted to support the view that optic flow has no significant impor-
tance in the control of locomotion2%21, However, prisms introduce
optical distortion that warps the flow pattern, which might lead sub-
jects to depend more on egocentric direction. We tested this in a
second experiment, by having subjects wear binocular wedge prisms
inside our HMD while viewing the same four worlds. The prisms
displaced the image of the virtual environment by & = 10°, always
to the right. This was compared with a no-prism control in which
the computed offset in the HMD was always 6 = 10° to the right.

The results were similar to those in the first experiment, but were
attenuated with the prisms. In the control condition (Fig. 4a), the
lateral deviation of the path and the heading error decreased as flow
was added to the display (F5 33 = 15.26, p < 0.001, and F3 33= 15.46,
p <0.001, respectively), replicating the first experiment. In the prism
condition (Fig. 4b), a similar reduction in lateral deviation and head-
ing error also occurred (F3 33=10.65, p <0.001, and F3 33=9.41,

Fig. 1. Manipulating optic flow in a virtual environment. Locomotion
normally produces optic flow with a focus of expansion (FOE) in the
direction of walking (T). We displaced the FOE by & = 10° from the walk-
ing direction, and measured the virtual heading error o between the FOE
and the goal. B represents the egocentric direction of the goal with
respect to the axis of thrust.

p <0.001, respectively), but the effect was significantly smaller (world
X prism interaction, F3 33=3.00, p <0.05and F3 33=3.01, p <0.05,
respectively). This indicates that prismatic distortion leads subjects
to rely more on egocentric direction. Nonetheless, the ground envi-
ronment in the prism condition—which is comparable to Rushton
and colleagues’ open field—showed a clear influence of the optic
flow, with moderately curved paths midway between the two
hypotheses (Fig. 4b, dashed curve). This suggests that our coarse
noise texture provided more detectable flow than their fine grass tex-
ture. A similar effect occurs in open-field prism experiments when
the optic flow is enhanced by adding visual structure on the ground
(B.J. Rogers & R.S. Allison, Perception 28 Suppl., 2, 1999)%3, Even
though our displacement was always to the right, subjects again tend-
ed to walk toward the goal at the start of each trial (large initial head-
ing errors in Fig. 4), so the subsequent reduction in error cannot be
attributed to visual adaptation of perceived direction.

Another possible explanation of the straighter paths we observed
in textured environments should be considered, an explanation
based on the egocentric direction strategy. The offset of the focus

a b

Moo X
Z-I\\ ?"\\
OB
5 4
4 virtual
heading

214

<« v=01m/s

d ¢ b a
NI N\ A\
SEREk
A

Fig. 2. Predictions of the two hypotheses, in a physical
world coordinate frame. (a) Egocentric direction hypothe-
sis: the subject walks from point A to point B, in the direc-
tion of the goal at a. However, we displace the subject to
point B” in the virtual world, creating a virtual heading
4 = 10° to the right of the goal. The goal consequently
drifts leftward in the physical world at about 0.1 m/s. On
the next time step, the subject walks from point B to point
C, toward the new position of the goal at b. Iteratively, this
predicts a curved path in both the physical and virtual
worlds, and a constant virtual heading error of a = 10°.
(b) Optic flow hypothesis: the subject walks 10° to the left
of the goal at a (from point A to B), placing the FOE on the
goal. The virtual heading is thus toward the goal (from A
to B"). Goal and observer drift leftward together, such that
the relative position between the FOE and the goal is con-
O B stant. Iteratively, this predicts a straight path in both physi-
cal and virtual worlds, and a virtual heading error of a = 0.
(To visualize the paths in the virtual world, one can redraw
the diagrams putting the dashed arrows head-to-tail and
superimposing the goal in each time-step.)
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Fig. 3. The four virtual worlds, and results of experiment 1.

(a) ‘Target line,’ (b) ‘line + ground, (c) ‘doorway, (d) ‘doorway

+ posts.” Center column, mean path in the virtual world; right
column, mean virtual heading error (a) as a function of longi-

tudinal position. Data (: ) are collapsed and plotted as
though the displacement is to the right (6 = 10°), together with a
the between-subject standard error (sssssses ). The predictions

of the egocentric direction hypothesis (++++) and the optic

flow hypothesis (—.—.— ) are also indicated.

of expansion to the right caused surfaces in front of the
observer to drift to the left. This may have been perceived

as a slow observer rotation to the right, inducing a right- b
ward drift of the perceived straight ahead. This could have
resulted in an illusory leftward drift of the perceived ego-
centric direction of the target (relative to the perceived
straight ahead), leading the observer to walk left of the
actual target along a straighter path. However, this expla-
nation rests on several convenient assumptions, and a
number of observations render it unlikely. First, despite
the local drift of frontal surfaces, the global flow pattern
was not consistent with observer rotation, but specified
translation along a displaced axis, and the subjective expe-
rience was one of translation rather than self-rotation.
Second, data from a variety of tasks show that although
background flow induces illusory motion of a target, it
does not influence responses to the egocentric direction d
of the target?4-25, Third, if the perceived egocentric direc-

tion of the target drifts, we might expect that subjects
would face in the illusory target direction, but they tend-

ed to face in the actual target direction. Taken together,

these considerations make it unlikely that drift in the per-

ceived straight ahead is a plausible explanation of the pre-

sent results.

DiscussioN

These findings establish that humans rely on both optic flow and
egocentric direction to guide locomotion to a goal. We modeled
this pattern of behavior with a visual control law?7-28, in which
the turning rate (dg/dt) is a linear sum of egocentric direction
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and optic flow, the latter weighted by the magnitude of flow in
the field of view:
dg/dt = k(B + wva) @

Here, @ represents the walking direction in an extrinsic reference
frame (Fig. 5a), B is the egocentric direction of the goal defined
with respect to the axis of thrust, a is the visual angle between the
FOE and the goal, w is a measure of the magnitude and angular
area of flow due to environmental structure, v is observer velocity
(which co-determines the flow rate), and k is a turning rate con-
stant. Because 3 and a depend on @, equation 1 is a well-defined
dynamical system. Simulation results for the virtual heading error
o are in Fig. 5b. With no flow (w = 0), behavior is governed by the
direction term, yielding a constant heading error of 10°. As the
amount of optic flow increases (w > 0), the flow term comes to
dominate, yielding smaller heading errors and faster turning rates,
as observed in the human data (compare Fig. 3, right column).

The visual control law can thus accommodate the apparently
contradictory empirical findings. When the flow is reduced or dis-
torted, as on a grass lawn or at night, w is small, so behavior tends
to be governed by egocentric direction. With greater flow and
motion parallax, as in a savannah or forest, w increases, and optic
flow dominates behavior. The visual system seems to depend on
both variables in a complementary manner, thereby achieving

Fig. 4. Mean paths and virtual heading errors in experiment 2.
(a) Computed offset control condition. (b) Prism condition. The four
virtual worlds are the same as those in Fig. 3.
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Fig. 5. Visual control law for steering to a goal. (a) Definition of vari-
ables. Note that = @—Wand a = (¢+ 8) — W, so equation 1 is a well-
defined dynamical system. (b) Simulations of equation 1. Each curve
represents the time series of virtual heading error (a) for a constant
value of w (0, 1, 3, 6), with k = 0.5 and & = 10°. To simulate the initiation
of walking, v increased from 0 to 1 m/s as a logistic function of time
over the first 2 s. Initial direction of walking was toward the goal, 3 = 0.

robust locomotor control under a variety of environmental con-
ditions. Contrary to previous claims'®-2!, humans indeed make
use of optic flow to walk to a goal, and the specific flow variables
exploited for locomotor control deserve further investigation??,

METHODS

Subjects wore a ProView-80 HMD (Kaiser Electro-Optics, Carlsbad, Cal-
ifornia) covered with a black shield, so the surrounding field was dark.
Stereo images of a three-dimensional virtual environment were generat-
ed on an Onyx2 graphics workstation (SGI, Mountain View, California) at
60 frames/s. Head position (4 mm RMS) and orientation (0.1° RMS) were
measured with an 1S-900 hybrid inertial/ultrasonic tracker (InterSense,
Burlington, Massachusetts) and were used to update the view of the envi-
ronment at 60 Hz, with a latency of 3 frames (50 ms). Head position
records were subsequently downsampled at 30 Hz, filtered with a Butter-
worth filter (0.6 Hz cutoff), and ensemble averaged, to reduce the effects
of gait oscillations. For analysis, records were divided into 15 segments,
each 52 cm in length, and statistics were computed on the segment means.
The first and last meter were not analyzed, to avoid initial transients and
final lateral deviations that created large angular errors. Four virtual worlds
were generated: first, the ‘target line, a vertical red line (8 mm diameter)
that ran off the top and bottom of the display; second, the ‘line + ground,
a red line that rested on a ground plane mapped with a black and white
random noise texture; third, the ‘doorway, a 50-cm wide doorway on a
frontal wall with a ground plane and ceiling having the noise texture;
fourth, the ‘doorway + posts, an array of randomly positioned vertical
blue posts (5-cm diameter) on both sides of the doorway, with approxi-
mately 19 posts visible in the first frame.

Subjects were asked to walk to the goal. On each trial, the subject turned
to face a marker and began walking when the virtual environment
appeared. In experiment 1, the computed offset angle of the optic flow
was chosen to be to the left (& =-10°) or right (6 =10°) randomly on each
trial. Ten volunteers performed eight trials in each ‘world x offset’ con-
dition, blocked by world in a random order. In experiment 2, the subjects
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wore a pair of 17.63 diopter wedge prisms in optometric frames inside
the HMD. The computed offset angle was 0°, but the prisms displaced
the image by 10° to the right; in the control condition, the prisms were
not worn and the computed offset was 10°, always to the right. Twelve
volunteers performed ten trials in each ‘world x prism’ condition, fol-
lowed by three no-offset trials, blocked in a counterbalanced order. This
research was approved by Brown’s Institutional Review Board.
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