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We have shown that people steer toward a target by aligning their heading with the target when target
egocentric direction is not available for steering [24]. Here we examined what visual strategies people use
to steer toward a target when target egocentric direction is available for steering. The display simulated a
participant walking over a ground plane with a target placed off to one side. The participant’s simulated
heading in the display was displaced 10� away from the participant’s straight ahead. A textured ground
display that provided dense global optic flow and an empty ground display that provided nearly no flow
were tested. Participants were instructed to use a joystick to control their simulated self-motion in the
display to (a) steer toward the target, (b) center the target at their straight ahead, or (c) minimize the tar-
get drift on the screen. We found that participants produced similar heading error profiles when they
were instructed to steer toward the target or to center the target straight ahead, but not when they were
instructed to minimize the target movement on the screen. Furthermore, regardless of the instructions
received, final heading errors were about 5� smaller with the textured than with the empty ground dis-
play, indicating the effect of optic flow on the control performance. We conclude that when target ego-
centric direction is available for steering, people do not steer toward the target by canceling its optical
drift. Optic flow contributes to steering toward a target even when control could be based on egocentric
direction alone.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Steering or walking toward a target is a task that we frequently
experience in our daily life for which vision plays a key role. While
the importance of vision in the control of steering or walking has
been widely accepted, how exactly vision contributes to such
behavior is still controversial. Specifically, there is an on-going de-
bate on the use of the following visual strategies in goal-oriented
locomotion control.

1. Optic flow strategy. It has long been proposed that humans use
information in the projected retinal image motion of the envi-
ronment generated during self-motion (optic flow) to perceive
and control their movement in the world [1]. For example,
when we travel on a straight path with no body, head, or eye
rotation (pure translation), the flow pattern is radial. The focus
of expansion (FOE) in the radial flow pattern indicates our
instantaneous direction of travel (i.e., heading), which can be
used to control our self-motion in the world. Specifically, to
steer toward a target, we can align heading specified by optic
flow with the target (Fig. 1a). Previous psychophysical studies
have shown that humans can locate the FOE in optic flow to
ll rights reserved.
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accurately estimate heading (within 1� of visual angle) to sup-
port the precise control of locomotion in the world (e.g.,
[2,3]). Under more complex but natural conditions when travel-
ing on a straight path with eye, head, or body rotation or trav-
eling on a curved path (translation and rotation), the retinal
flow pattern is not radial anymore as the rotation shifts the
FOE away from the heading direction. Although the added rota-
tion complicates the process of extracting heading from optic
flow [1,4], previous studies have shown that when the display
provides sufficient optic flow information, observers can still
estimate heading within 2� of visual angle to sustain successful
steering toward a goal (e.g., [5–11]).

2. Centering strategy. In contrast to the optic flow strategy, it has
also been proposed that humans can steer/walk toward a target
using its egocentric direction with respect to their straight
ahead (i.e., their body midline), the primary axis in egocentric
space, without relying on information from optic flow [12,13].
In natural circumstances, centering the target straight ahead
provides a direct straight line course to the target (Fig. 1b)
[13,14].

3. Canceling target optical drift strategy. In an early study, Llewellyn
[15] noticed that participants tried to steer toward a target by
canceling the target drift on the image screen (i.e., the target
optical drift). Later, several researchers showed mathematically
that to walk or steer to cancel the target optical drift to keep it
ntrol of steering toward a goal, Displays (2012), http://dx.doi.org/10.1016/



(a) (b) (c)
Fig. 1. Illustrations of the visual strategies for the control of steering toward a goal: (a) Align heading specified by optic flow with the target, (b) center the target straight
ahead, and (c) cancel the target optical drift to keep it in a fixed direction from the straight ahead (i.e., maintain a constant target bearing angle a with respect to the straight
ahead).

Fig. 2. A bird’s eye view of the experimental setup with the target placed at 20� to
the right of the initial heading. Participants’ simulated gaze direction was aligned
with the center of the screen that was calibrated to correspond to their straight
ahead, and their simulated heading was displaced 10� to the left of their straight
ahead. The target would drift to the left on the screen when participants tried to
minimize the target-heading angle, causing the change of the target egocentric
direction relative to their straight ahead.
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in a fixed direction away from the straight ahead results in trav-
eling on equal-angular spirals toward the target (Fig. 1c)
[14,16,17]. Rushton and Harris [14] further computationally
illustrated that if an observer overcompensates for the target
optical drift, e.g., when the target drifts 1� to the right, the
observer rotates 2� (100% overcompensation) to the right, the
path eventually straightens out as the target egocentric direc-
tion converges with heading.

1.1. Previous studies

Under natural situations, heading and the straight ahead coin-
cide, and centering the target straight ahead provides the same
straight line course to the target as does the optic flow strategy.
To separate the use of target egocentric direction from heading
specified by optic flow in the control of walking toward a goal,
Rushton et al. [12] had participants wear displacing prism glasses
that shifted both the target and the heading specified by optic flow
away from their straight ahead. This, nevertheless, left the speci-
fied heading with respect to the target unaffected. Thus, if partici-
pants relied on the specified heading to walk toward the target,
their walking should not be affected by the prism glasses and they
would walk on a direct straight path to the target. Rushton et al.
found that participants walked on a curved spiral path toward
the target, consistent with the idea that participants walked in
the target egocentric direction. Due to fact that the prism glasses
constantly shifted the target away from participants’ straight
ahead, this study however could not determine whether partici-
pants walked to center the target at their straight ahead or to can-
cel the target optical drift to keep it in a fixed direction from their
straight ahead.

Later studies, using either prism glasses [18–21] or head
mounted displays that mimicked the effect of the prism glasses
[22,23], found that participants walked on a straighter path when
the display contained rich optic flow information, supporting the
use of the optic flow strategy. Specifically, Warren et al. [22] dis-
placed heading specified by optic flow 10� away from the partici-
pant’s actual walking direction in a virtual environment, and
found that when the display contained complex 3D structure and
dense flow information, participants walked on a nearly straight
path to place their heading specified by optic flow on the target.

More recently, Li and Cheng [24] had participants sit in front of
a large screen and presented them with displays that simulated
their walking over a ground plane. Participants were asked to use
a high-precision joystick to control their walking to steer toward
a target placed on the ground. Li and Cheng fixed the target
egocentric direction and made this cue unavailable for steering
to force participants to rely on information from optic flow to
perform the task. They found that participants initiated their con-
trol response faster when the display contained richer optic flow
Please cite this article in press as: L. Li, J.C.K. Cheng, Visual strategies for the co
j.displa.2012.10.005
information, and they steered to align their heading but not their
future path specified by optic flow (see [25]) with the target. Fur-
thermore, participants did not steer toward the target by equating
the time-to-closure of the target-heading angle with the time-to-
passage of the target (tau-equalization, see [26]). These findings
provide direct support for the use of heading specified by optic
flow in goal-oriented locomotion control when target egocentric
direction is unavailable for steering.
1.2. The current study

In the present study, we examined what visual strategy people
use to steer toward a target when the egocentric direction cue is
available for steering. Specifically, we examined whether people
steer to center the target at their straight ahead or to cancel the
target optical drift to keep it in a fixed direction from their straight
ahead. Furthermore, we examined how optic flow interacts with
the use of the centering and the target drift strategies for goal-ori-
ented locomotion control.

In previous walking studies, participants were instructed to
walk toward a target, thus their heading was specified by both op-
tic flow and non-visual cues such as the vestibular, proprioceptive,
and motor information from the movement of the limbs [27–30].
As participants’ heading specified by optic flow was displaced
away from their actual walking direction through either prism
glasses or head mounted displays, optic flow and non-visual cues
ntrol of steering toward a goal, Displays (2012), http://dx.doi.org/10.1016/



Fig. 3. Illustrations of the two display conditions: (a) A textured ground and (b) an empty ground. The post is at 10� to the right of the center of the display.

L. Li, J.C.K. Cheng / Displays xxx (2012) xxx–xxx 3
were in conflict with each other. It still remains in question how
heading specified by non-visual information (i.e., participants’
actual walking direction) interacts with the displaced heading
specified by optic flow for goal-oriented locomotion control. In
the current study, to remove the conflicting non-visual cues and
to ensure that participants could only use visual information to
perform the task, we had participants sit in front of a large screen
with their head stabilized by a chinrest. Participants viewed a dis-
play that simulated their walking over a ground plane. Their head-
ing specified by optic flow was displaced 10� away from the center
of the screen that was calibrated to correspond to their straight
ahead (Fig. 2). At the beginning of each 10 s trial, a target placed
at 25 m in distance and 20� away from their initial heading direc-
tion appeared, and participants were instructed to use a joystick to
control their simulated self-motion to (i) steer toward the target,
(ii) center the target straight ahead, or (iii) minimize the target
movement on the screen (i.e., cancel the target optical drift). We
tested two display conditions, a textured ground (Fig. 3a) and an
empty ground (Fig. 3b), to evaluate the control performance of
each instruction group with and without global optic flow.

The logic of the study was given as follows. If participants
steered toward the target by centering it straight ahead, the perfor-
mance of the participants who were instructed to center the target
should be similar to that of the participants who were instructed to
steer toward the target, in which case the heading error of the stea-
dy-state control performance should be close to the heading dis-
placement (10�). On the other hand, if participants steered
toward the target by canceling its optical drift, the performance
of the participants who were instructed to minimize the target
movement on the screen should be similar to that of the partici-
pants who were instructed to steer toward the target, in which
case the heading error should be constant and close to the initial
target-heading offset angle (20�) throughout the trial. Further-
more, if optic flow affected the use of the centering or the target
drift strategy, given that the textured ground display contained
dense global flow while the empty ground display provided nearly
no flow except the target expansion, participants in all three
instruction groups should display different control performance
for these two display conditions.
1 For interpretation of color in Fig. 4, the reader is referred to the web version of
this article.
2. Methods

2.1. Participants

Twenty-three students and staff (all naïve as to the specific
goals of the study; 7 males, 16 females) between the age of 19
and 38 at the University of Hong Kong participated in the
experiment. All had normal or corrected-to-normal vision and pro-
vided informed consent in accordance with guidelines from the
Please cite this article in press as: L. Li, J.C.K. Cheng, Visual strategies for the co
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University of Hong Kong Human Research Ethics Committee. The
participants were randomly assigned to three groups with different
steering instructions. As a result, nine (7 females, 2 males) were in-
structed to steer toward the target, seven (6 females, 1 males) were
instructed to steer to center the target straight ahead, and seven (3
females, 4 males) were instructed to steer to minimize the target
movement on the screen. One participant (female) who was in-
structed to steer toward the target reported that she was not able
to perform the task as required and was thus excluded from the
data analysis.

2.2. Visual stimuli and experimental setup

The display simulated a participant walking over a ground
plane (depth range: 1.41–100 m) at the fast walking pace of 2 m/
s in an ideal scenario with no bounce or sway of the head. At the
beginning of a trial, a red post target (1.3�W � 6.9�H) was placed
at 25 m in distance and 20� away from the participant’s initial
heading. Participants were asked to use a high-precision joystick
(B&G Systems, FlyBox) to control their simulated self-motion to
steer toward the target, to center the target straight ahead, or to
minimize the target movement on the screen. Participants’ simu-
lated/virtual gaze direction (i.e., the ‘‘camera’’ in the computer pro-
gram for the display) was aligned with the center of the screen that
was calibrated to correspond to their straight ahead, and their sim-
ulated heading was displaced 10� away from their straight ahead
(i.e., the screen center). Given that the initial heading and the tar-
get direction were set to be on the opposite sides relative to the
straight ahead, to steer to center the target straight ahead would
cause a 10� under-steering heading error (Fig. 2). The control
dynamics of the joystick was similar to that of the steering wheel
of a car, i.e., the displacement of the joystick was proportional to
path curvature. The joystick displacement was sampled at 60 Hz
(i.e., every frame of the display). Its values ranged from �1 to 1,
corresponding to peak path rotation rates of ±20�/s.

Two types of displays were tested: (1) a textured ground in
which the ground plane was mapped with a multi-scale green tex-
ture with a power spectrum of 1/f (maximum luminance contrast
+99%, Fig. 3a), and (2) an empty ground in which the ground plane
was filled with solid gray color1 (Fig. 3b). The luminance of the gray
empty ground was equated to the average luminance of the textured
ground. The textured ground display provided dense global flow, and
the empty ground display provided nearly no flow except the target
expansion. The background sky was black in the two display
conditions.

The visual stimuli were generated on a Dell Precision Worksta-
tion 670n with an NVIDIA Quadro FX 1800 graphics card at 60 Hz,
ntrol of steering toward a goal, Displays (2012), http://dx.doi.org/10.1016/
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and were rear-projected on a large screen (110�H � 94�V) with an
Epson EMP-9300 LCD projector (native resolution: 1400 � 1050
pixels, refresh rate: 60 Hz). The screen edges were covered with
black cloth to minimize their visibility. Participants sat on a high
chair at 0.56 m away from the center of the screen and viewed
the display monocularly with their dominant eye from a chin rest.
Before the experiment started, participants’ cyclopean eye (i.e.,
their straight ahead) was calibrated to be aligned with the center
of the screen.
2.3. Procedure

Participants were randomly assigned to three instruction
groups. On each trial, participants in the first instruction group
were asked to imagine that they were walking over a ground plane
and their task was to use the joystick to control their walking to
steer toward the red post. In contrast, participants in the second
instruction group were instructed to steer to place the red post
at their straight ahead and keep it there throughout the trial, and
participants in the third instruction group were instructed to steer
to minimize the movement of the red post on the screen through-
out the trial, i.e., to make the red post stay as much in the same po-
sition on the screen as possible. Given that the joystick controlled
path curvature, participants in the second and third groups were
informed that leftward movement of the joystick would effect
rightward movement of the target on the screen and vice versa.
The first frame was displayed until participants pulled the trigger
to start each 10 s trial. Participants could freely move their eyes
when viewing the displays. The time series of the participant’s po-
sition in the virtual world and the joystick displacement were re-
corded for further analysis.

The experiment was composed of two blocks for the two dis-
play conditions. Each block contained 30 randomized trials (15 tri-
als � 2 target directions) for each display condition. The testing
order of the two blocks was counterbalanced between participants.
Before the experiment started, participants received 12 random-
ized practice trials (3 trials � 2 target directions � 2 display types)
to make sure that they understood the instructions and were famil-
iar with the joystick control dynamics. No feedback was given dur-
ing the practice or the data collection trials. The experiment lasted
less than 30 min.
3. Results

To evaluate whether participants used heading specified by op-
tic flow or target egocentric direction to steer toward the target, we
computed the time series of heading error (i.e., the target-heading
angle) from the recorded time series of the participant’s position in
the virtual world. Given the mirror-image performance for the left
and right target direction conditions as indicated by the recorded
time series of the participant’s position (Fig. 4), we collapsed the
performance data across the two target directions such that posi-
tive heading errors indicate under-steering and negative heading
errors indicate over-steering.

Fig. 5a plots the predicted heading error profiles assuming that
participants steered to (i) align their heading specified by optic
flow with the target, (ii) center the target straight ahead, and (iii)
minimize the target movement on the screen, respectively. Specif-
ically, heading error would start at the initial target offset angle of
20�. If participants used the optic flow strategy and steered to align
their heading specified by optic flow with the target, heading error
would quickly converge to zero. In contrast, as the display was
generated in such a way that participants’ straight ahead was in
between their initial heading and the target direction (Fig. 2), if
participants steered to center the target straight ahead, they would
Please cite this article in press as: L. Li, J.C.K. Cheng, Visual strategies for the co
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under-steer which results in a positive heading error equal to the
heading displacement (10�) for the steady state control. Lastly, if
participants steered to minimize the target movement on the
screen and keep it in a fixed direction away from their straight
ahead, heading error would remain constant and close to the initial
target-heading offset angle (20�) throughout the trial. Note that
steering to center the target at the straight ahead or to minimize
the target movement on the screen entails continual adjustments
of the joystick to maintain the required target-heading angle.

Fig. 5b–d plot the time series of the heading error perfor-
mance data averaged across participants for the three instruction
groups. The solid lines represent the heading error data averaged
over 30 trials in each display condition, and the dashed lines rep-
resent the data averaged over the first trial of the two (left and
right) initial target directions in each display condition. Below
we analyze the control performance of each instruction group
in detail.

3.1. Steering to minimize the target movement

For participants who were instructed to steer to minimize the
target movement, the heading error profile for the empty ground
display shows that heading error starts at the initial target-heading
angle (20�) and stays relatively constant at that value (within ±3�),
then starts to increase at about 7 s. The increase of heading error
near the end of the trial indicates that participants had difficulty
in minimizing the target movement to keep it at a fixed position
on the screen when they got close to the target, which is natural
given the rapid outward acceleration of the target at close distance
and the limits of steering with the joystick. For the textured ground
display, heading error slowly gets smaller (mean <5� at 6–7 s), then
starts to increase at about 7 s (Fig. 5b). This shows that adding op-
tic flow information to the scene affected participants’ control per-
formance. Nevertheless, the heading error profiles for both the
empty and the textured ground display conditions are consistent
with the fact that participants followed the instructions and
steered to minimize the target movement on the screen.

3.2. Steering to center the target and steering toward the target

For both the group of participants who were instructed to steer
to center the target and the group that was instructed to steered
toward the target, heading error started at 20� and then got smaller
with time, reaching steady-state performance at 6–7 s (Fig. 5c and
d). As the width of the target at 6–7 s is 2.72�, the about 12� under-
steering final heading error observed for the empty ground display
shows that participants could accurately steer to center the target
at their straight ahead, consistent with the predicted heading error
profile for centering the target shown in Fig. 5a. However, for the
textured ground display, heading error near the end of the trial is
smaller than 10� although not close to zero. This again shows that
adding optic flow information to the scene affected participants’
control performance.

To systematically compare the control performance of the three
instruction groups for the two display conditions, we analyzed the
accuracy of the control response, indicated by the final heading er-
ror averaged across the last 1 s of the trial. Fig. 6 plots the mean fi-
nal heading error averaged across 30 trials against display
condition for each participant for the three instruction groups. A
3 (instruction group) � 2 (display condition) mix-designed ANOVA
on the final heading errors revealed that both the main effects of
instruction group and display condition were significant
(F(2,19) = 14.34, p < 0.001 and F(1,19) = 33.15, p < 0.0001, respec-
tively), but not their interaction effect (F(2,19) = 0.77, p = 0.48). Tu-
key HSD tests showed that across the two display conditions, the
mean final heading error for the minimizing-the-target-movement
ntrol of steering toward a goal, Displays (2012), http://dx.doi.org/10.1016/



(a) (b) (c)
Fig. 4. The recorded time series of each participant’s position averaged over 15 trials with the textured ground display for (a) the minimizing-the-target-movement, (b) the
centering-the-target, and (c) the steering-toward-the-target instruction groups. The red dot indicates the target.

(a) (b)

(c) (d)
Fig. 5. (a) The predicted heading error profiles for the three steering strategies, and the time series of heading error performance data averaged across participants for the two
display conditions for (b) the minimizing-the-target-movement, (c) the centering-the-target, and (d) the steering-toward-the-target instruction groups. The solid lines in (b),
(c), and (d) represent the heading error data averaged over 30 trials in each display condition, and the dashed lines represent the heading error data averaged over the first
trial of the two (left and right) initial target directions in each display condition. The dotted line at 20� indicates the initial heading error, and the dashed line at 10� indicates
the heading error for perfectly centering the target at the straight ahead.
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instruction group (21.42�) was significantly larger than those for
the centering-the-target (9.67�, p < 0.001) and the steering-to-
ward-the-target instruction groups (9.54�, p < 0.001), and the latter
two were not significantly different from each other (p = 0.999).
This shows that when target egocentric direction was available
for steering, participants did not steer toward the target by cancel-
ing the target optical drift to keep it in a fixed direction away from
their straight ahead.
Please cite this article in press as: L. Li, J.C.K. Cheng, Visual strategies for the co
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3.3. Effect of optic flow on the control of steering

To examine the effect of optic flow on the control performance
for the three instruction groups, we computed the reduction of the
final heading error as flow was added by subtracting the final
heading error for the textured ground display from that for the
empty ground display. Fig. 7 plots the mean final heading error
reduction averaged across participants for each instruction group.
ntrol of steering toward a goal, Displays (2012), http://dx.doi.org/10.1016/
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Fig. 6. Mean final heading error averaged across 30 trials for each participant along with the mean averaged across participants against display condition for (a) the
minimizing-the-target-movement, (b) the centering-the-target, and (c) the steering-toward-the-target instruction groups. Error bars are SEs across seven participants in (a)
and (b), and across eight participants in (c). The dotted line at 20� in (a) indicates the heading error for perfectly minimizing the target movement on the screen, and the
dotted line at 10� in (b) and (c) indicates the heading error for perfectly centering the target at the straight ahead.

Fig. 7. Mean heading error reduction for the three instruction groups. Error bars are
SEs across seven participants for the minimizing-the-target-movement and the
centering-the-target instruction groups, and across eight participants for the
steering-toward-the-target instruction group.
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A one-way ANOVA showed that the main effect of instruction
group was not significant (F(2,19) = 0.77, p = 0.48). Separate t-tests
revealed that for all three instruction groups, the mean final head-
ing error reduction was significantly different from zero (p < 0.05).
These results indicate that optic flow similarly affected the control
performance for all three instruction groups. On average, the dense
global flow field provided by the textured ground display led to a
reduction of the final heading error by 5.24�.

4. Discussion

The current study was designed to find out whether, when tar-
get egocentric direction is available, participants steer toward a
goal by centering the target straight ahead or by canceling the tar-
get optical drift to keep it in a fixed direction from their straight
ahead. Furthermore, the current study examined how optic flow
interacts with the use of the target egocentric direction cue for
the control of steering toward a goal. Below we discuss how the
findings from the current study address these issues.

4.1. Use of target egocentric direction

The distinct heading error profile of participants who were in-
structed to steer to minimize the target movement shows that
Please cite this article in press as: L. Li, J.C.K. Cheng, Visual strategies for the co
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although computationally possible [14,16,17], people do not steer
toward the target by simply canceling the target optical drift to
keep it in a fixed egocentric direction from their straight ahead. In-
stead, the similar heading error profiles for the participants who
were instructed to steer to center the target straight ahead and
those who were instructed to steer toward the target suggest that
when target egocentric direction is available for steering, people
steer to center the target at their straight ahead. As the experimen-
tal setup in previous walking studies, which used either displacing
prism glasses [12,18,19,21,31] or head mounted displays
[20,22,23,32], did not allow to assess whether participants walked
to center the target straight ahead or to cancel the target optical
drift, the current study for the first time showed that when people
use target egocentric direction for goal-oriented locomotion con-
trol, they prefer steering or walking to center the target at their
straight ahead.

We then performed detailed analysis of the target optical drift
strategy and found that when the observer’s straight ahead is fixed
relative to the world (i.e., the observer has a fixed body orientation
and is not rotating) during traveling, the observer can walk toward
the target by directly canceling the target optical drift (Fig. 8, upper
panel) as previously shown by the computational models
[14,16,17]. In contrast, when the observer’s straight ahead is not
fixed relative to the world (e.g., the observer rotates to align the
body orientation with heading) during traveling, the observer rota-
tion affects the angular velocity of the target drift (Fig. 8, lower pa-
nel). In this case, the observer needs to take self-rotation into
account when canceling the target optical drift (see also [33]).
Otherwise, walking to cancel the target optical drift would not al-
low the observer to reach the target (Fig. 8, lower panel). Theoret-
ically, given the available retinal and extra-retinal information
generated during self-rotation, observers should be able to accu-
rately estimate their body rotation. However, Cheng and Li [34]
showed that observers could not accurately estimate self-rotation
from retinal information alone when the rotation rate is low
(1.5�/s). This indicates the limitation of the canceling target optical
drift strategy for locomotion control. In comparison, to steer to
center the target straight ahead and keep it there provides a direct
straight line course to the target that does not depend on the per-
ception of self-rotation, and is thus a robust strategy for the control
of locomotion toward a goal.

4.2. Effect of optic flow

For all three instruction groups, the final heading error for the
textured ground display that provides dense global flow is on aver-
age about 5� smaller than that for the empty ground display. The
ntrol of steering toward a goal, Displays (2012), http://dx.doi.org/10.1016/



Fig. 8. The bird’s eye views showing two scenarios of traveling toward a target by canceling the target optical drift along with the computational simulations of the path
traveled and the heading error profile. The observer’s body orientation (i.e., the straight ahead) is fixed along the Z-axis in the world in the upper panel, and is aligned with
heading thus rotates in the world (dr) in the lower panel. The target is at 25 m away from the start position and 20� to the right of the initial heading. The simulated traveling
speed is at 2 m/s.
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similar effect of optic flow on control performance across the three
instruction groups shows that even when the target egocentric
direction cue was available for steering, optic flow still had an ef-
fect on their control performance.

The reduction of the heading error as global flow is added with
the textured ground display is consistent with the use of heading
specified by optic flow for the control of steering. In fact, the smal-
ler than 10� but larger than zero final heading errors observed for
both the steering-toward-the-target and the centering-the-target
instruction groups with the textured ground display (Fig. 6b and
c) are consistent with the previous findings showing that partici-
pants used both heading and target egocentric direction for the
control of walking toward a goal [18–23], with the final heading er-
ror determined by a weighted average of the use of these two cues
(e.g., [22,35]).

In most cases of traveling in the world, one’s straight ahead is
aligned with one’s instantaneous direction of travel (i.e., heading).
Rushton and Salvucci [36] proposed that when heading specified
by optic flow does not coincide with one’s straight head, one’s per-
ceived straight ahead can shift toward the displaced heading spec-
ified by optic flow. As a consequence, the effect of optic flow on the
locomotion control observed in the current study and in many pre-
vious walking studies could also be indirect through affecting the
perceived target egocentric direction. The empirical evidence that
supports this argument includes the studies showing that after
walking for an extended period of time in a structured environ-
ment with prism glasses that displaced heading specified by optic
flow away from the straight ahead, the perceived straight ahead
shifted in the direction of the heading displacement (e.g., [37–
39]). Recently, Herlihey and Rushton [31] had participants wearing
displacing prism glasses walk toward a goal for a relatively short
period of time and found that reducing the amount of optic flow
Please cite this article in press as: L. Li, J.C.K. Cheng, Visual strategies for the co
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also reduced the amount of shift of the perceived straight ahead.
All these findings support the claim that optic flow plays an impor-
tant role in driving the recalibration of the perceived straight ahead
and thus affecting the perceived target egocentric direction for
goal-oriented locomotion control.

The effect of optic flow on the control of steering toward a goal
observed in the current study is in conflict with what was reported
by Saunders and Durgin [32]. They found that global optic flow
provided by a textured ground had a rather small effect on the con-
trol of walking toward a target attached to the ground. Their find-
ings are also in conflict with previous walking studies that reported
a large effect of optic flow on the control of walking toward a goal
using a similar head mounted display setup (e.g., [20,22,23]). We
surmise that their different findings could be due to the following
reasons. First, unlike the textured ground used in the current study
and in previous walking studies, the textured ground used by
Saunders and Durgin is composed of hexagons that fade out
quickly with distance, thus providing weak global flow. Accord-
ingly, the weak but still significant effect of optic flow observed
in their study is likely due to the smaller amount of flow in their
display. Second, Saunders and Durgin used a dual task paradigm
in which walking toward the target was a secondary task in their
study. This might have further reduced participants’ reliance on
the weak global flow in their display due to insufficient attention
to the walking task. The dual task paradigm also added noise to
participants’ walking data which was revealed by the reported
large variability in the end point of walking across trials.

5. Conclusions

In this study, we examined whether, when target egocentric
direction is available for steering, people steer toward a target by
ntrol of steering toward a goal, Displays (2012), http://dx.doi.org/10.1016/
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centering the target straight ahead or by canceling the target opti-
cal drift to keep it in a fixed direction from their straight ahead. We
also examined how optic flow interacts with the use of the center-
ing and the target drift strategies by testing a textured ground dis-
play that provides dense global flow and an empty ground display
that provides nearly no flow. Three groups of participants were in-
structed to use a joystick to control their simulated walking to (i)
steer toward the target, (ii) center the target straight ahead, or
(iii) minimize the target movement on the screen, respectively.
The heading error profiles showed that when using target egocen-
tric direction for steering, participants steered to center the target
straight ahead. Further computational analysis showed that the
target drift strategy works well when the observer’s straight ahead
is fixed in the world during traveling (such as walking like a crab).
Across all three instruction groups, final heading errors are about
5� smaller with the textured than with the empty ground display,
showing the effect of optic flow on control performance even when
participants were explicitly instructed to use target egocentric
direction for steering. Further research is needed to examine the
extent to which the effect of optic flow on goal-oriented locomo-
tion control is due to the change of the perceived target egocentric
direction caused by the recalibration of the perceived straight
ahead.
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