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Summary

We have the ability to locomote at high speeds, and
we usually negotiate bends safely, even when visual
information is degraded, for example, when driving at
night. There are three sources of visual information
that could support successful steering. An observer
fixating a steering target that is eccentric to the current
heading must rotate their gaze. The gaze rotation may
be detected by using head and eye movement signals
(extra-retinal direction: ERD) or their retinal counter-
part, visual direction (VD) [1]. The gaze rotation also
transforms the global retinal flow (RF) field, which may
enable direct steering judgments [2]. In this study, we
manipulate VD and RF to determine their contribution
toward steering a curved path in the presence of ERD.
The results suggest a model that uses a weighted
combination of all three information sources, but re-
sults also suggest that this weighting may change in
reduced visibility, such as in low-light conditions.

Results and Discussion

Optic flow, the pattern of moving ground texture ele-
ments across a fixed image plane, is often described
as the primary source of information for controlling the
direction of locomotion [3]. In practice, there are prob-
lems with this simple solution to locomotor control. Gaze
motion willintroduce a rotation component into the optic
flow projected onto the retina, and additional informa-
tion may be needed to recover optic flow from this retinal
flow field [4]. It is possible that steering could be accom-
plished by using pure retinal flow (RF) rather than optic
flow [2, 5]. In some cases, however, RF information can
be severely degraded or absent altogether, and visual
direction information may become more important. For
example, at night, a visual reference, such as the body
of a car or bicycle handlebars, can provide a reference
to the locomotor axis that clearly defines the visual di-
rection (VD) of the steering goal at a retinal level. The
direction and speed at which ground features, such as
cats’ eyes, move in relation to the visual reference can
specify whether the current trajectory will take the driver
around or over each obstacle [6]. If the mode of locomo-
tion does not provide a fixed visual reference, an esti-
mate of egocentric visual direction could be recovered
from extra-retinal information (extra-retinal direction:
ERD) arising from the control systems for the eyes and
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head. By aligning our head and eyes with the desired
direction of travel, it is possible to steer accurately [7,
8]. In summary, there is considerable redundancy in the
information provided by RF, VD, and ERD, and a steering
system based on a combination of all three should be
robust across changing conditions [6].

It has been demonstrated that walking a straight path
toward a goal can be affected by both RF and ERD,
but that the weighting attached may depend upon the
quality or quantity of optic flow [9]. This walking task,
however, required simple alignment of the observer with
their perceived goal, whereas many everyday locomotor
tasks require prospective judgment of more complex
curved paths. In this paper, we examined the reliance
on RF and VD in the context of high-speed steering of
a curved path by introducing a subtle bias into each
source of information that should result in steering errors
if that source is being used. We then examined how
reliance on RF and VD was influenced by three light
levels, which simulated daylight, twilight, and night and
reduced the salience of RF information. A further experi-
ment examined the condition of complete darkness. We
were therefore able to examine the changes in control
strategy as the quality of optic flow was degraded, and
we present a simple control model that exhibits equiva-
lent behavior.

We simulated high-speed locomotion (8 m/s) in a di-
rection that was eccentric to a target gate that was 60 m
away. The task was to steer a smooth, curved path that
would approach the gate and require a controlled and
systematic reduction of the steering angle rather than
direct target alignment [9]. In Experiment 1, an additional
component was introduced into the ground plane mo-
tion (RF) that would promote either oversteering or un-
dersteering if RF was the primary source of information.
The light levels for the environment were then manipu-
lated to vary the quality of RF, in the presence of ERD
(which occurred by default as the target moved relative
to the observer), and thereby detect any associated shift
in weighting. In Experiment 2, a vehicle emblem that
provided a very strong reference for VD was introduced
(Figure 1). An additional motion component that would
promote oversteering and understeering, if the manipu-
lated source was used, was then introduced into either
the ground plane motion (RF) or emblem (VD) (Figure
2A). Each trial stopped 10 m from the target, and the
steering errors were calculated by fitting a fixed curva-
ture path to the final 1/3 of the trajectory, then extrapo-
lating it to the 60 m mark to predict how close the
trajectory would pass to the target.

In Experiment 1, there was retinal flow (RF) and extra-
retinal direction information (ERD), but no emblem (VD).
Control trials with no additional rotation were randomly
interleaved with trials in which the ground plane texture
was rotated around the steering goal. Positive texture
rotation increased the RF rotation and caused patrtici-
pants to oversteer and overshoot the target, whereas
negative texture rotation reduced the amount of rotation
within RF and resulted in understeering (F(1,7) = 34.5,
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p < 0.001). As day turned to night, the mean error in
the biased trials was reduced, indicating that the control
strategy shifted from using RF to relying more on the
unbiased ERD information (Figure 3, left bars)

In Experiment 2, an explicit visual reference for ego-
centric direction (VD) was supplied in the form of a white
emblem located at the bottom of the viewing area equiv-
alent to a car hood insignia. In addition to this, RF and
ERD information were both available. When veridical VD
information was present, errors resulting from RF bias
were less than when VD was absent (Figure 3, compare
RF and RF (VD); F(1,7) = 7.4, p < 0.03), indicating that,
when VD is available, it is also factored into the steering
control model. Combining the data of Experiment 1 and
2 confirmed that light attenuation caused a shift in
weighting from RF to ERD (Experiment 1) or to VD +
ERD (Experiment 2) as RF became degraded (F(2,14) =
21.2, p < 0.001). The errors during daytime, when RF
was biased, however, show that, even with two strong
veridical sources of information (VD + ERD), RF informa-
tion still contributes to steering behavior.

Experiment 2 also introduced an equivalent bias into
the VD information, while leaving RF unaffected (Figure
3, right bars). The resulting errors occurred less during
the day than at night, reinforcing the finding that, as

Figure 1. Examples of the Displays during
the Nighttime and Daytime

These show conditions when RF (textured
ground), VD (emblem), and ERD information
was available. Note that the edges of the dis-
play were moved to always keep the target
gate centered but that the whole display was
displaced to offset the target from the ob-
server by the correct degree on every frame;
this gave rise to ERD when the target was
tracked. Bias was introduced by rotating the
ground texture around the point of fixation
(RF) or by rotating the emblem around the
observer (VD).

flow became more salient, the participants relied upon
the biased emblem less; therefore, errors decreased
(F(2,7) = 4.8, p < 0.03). This further demonstrates the
shift in the weighting of VD and RF as lighting conditions
changed.

Finally, to provide a measure of steering performance
when participants were relying solely upon ERD and
VD, a control experiment presented the environment in
complete darkness (i.e., no sky or ground), with only the
posts (ERD and no RF) or with the addition of the emblem
(VD + ERD and no RF). The results (Figure 3, black bars)
show that participants could still steer accurately when
they only had access to ERD information or veridical
VD + ERD. Figure 2B shows the path of a single observer
in these conditions and demonstrates the marked de-
pendence upon VD when it was available and the rela-
tively accurate (though conservative) steering when only
ERD was present.

A robust system for the visual control of locomotion is
essential for survival. If the observer fixates the steering
goal, there are three potential sources (RF, ERD, and
VD) through which gaze rotation can be detected and
used to control steering. In our definition, a retinal esti-
mate of VD is only available to the observer if there is
also a visual reference to the locomotor axis that defines
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steering behavior by using an equation that
generated the rate of change of steering re-
sponse (0) based on a combination of the

4 6 8

three perceptual inputs that were estimates of the degree of rotation of the ground or target as perceived by the observer. Because the
rotation components of RF, VD, and ERD are all functions of observer speed, target distance, and steering angle, there is no need to explicitly
detect these parameters, but the model acts as an attractor to the point of gaze fixation that is scaled for speed and distance: 6= k(B+RF +
B:ERD + B3VD) — bo. A first approximation applies equal weighting (85 to the three sources. The combined outputs are scaled by the
response speed (k) of the steering system, and a damping factor (—b) is introduced to the current rate of turning (é) to model the physical

properties of the locomotor device.
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