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Recent studies have suggested that humans cannot estimate their direction of forward translation
(heading) from the resulting retinal motion (How field) alone when rotation rates are higher than
~ 1 deg/sec. It has been argued that either oculomotor or static depth cues are necessary to
disambiguate the rotational and translational components of the How field and, thus, to support
accurate heading estimation. We have re-examined this issue using visually simulated motion along
a curved path towards a layout of random points as the stimulus. Our data show that, in this
curvilinear motion paradigm, five of six observers could estimate their heading relatively
accurately and precisely (error and uncertainty <~ 4 deg), even for rotation rates as high as
16 deg/sec, without the benefit of either oculomotor or static depth cues signaling rotation rate.
Such performance is inconsistent with models of human self-motion estimation that require rotation

information from sources other than the flow field to cancel the rotational Hlow. Published by

Elsevier Science Ltd
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INTRODUCTION

{t has long been known that a compelling illusion of self-
motion can be clicited by a purely visual stimulus, a
phenomenon called vection (e.g. Berthoz et al., 1975;
Sauvan & Bonnet, 1993). The question that we address in
this study is: can such visual stimuli also support accurate
estimation of the direction of self-1aotion? Over 40 years
ago, Gibson (1950) postulated that humans could use the
visual motion experienced during locomotion to deter-
mine their motion relative to a stationary environment,
The retinal motion resulting from self-motion is com-
monly referred to as “optic flow™.§ Much of the
information in the optic flow is captured in the “flow
field™, the vector field consisting of the velocity of each
point in the three-dimensional (3D) environment pro-
jected onto the two-dimensional (2D) retina. If locomo-
tion is pure forward (ranslation, then a “translational”
flow field is generated: a radially expanding pattern with
all of its vectors emanating from a single point. This
point, the focus of expansion (FOE), indicates the
direction of translation or heading [see Fig. 1(A, B)].
Therefore, to determine one’s heading, one need simply
locate the FOE. It has been shown that human observers
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are generally able to estimate their heading to within
~ 1 deg of visual angle during simulated translation
(Warren et al., 1988). However, it is not clear that such
performance is necessarily an indication of 3D self-
motion perception as the task could easily be performed
by merely identifying the center of the simple 2D
expansion pattern without any 3D interpretation. Further-
more, in most real-world situations, cye movement or
self-motion along a curved path produces “rotational”
flow which, when combined with the translational flow,
shifts and disrupts the FOE. The net result is a singularity
(an imperfect FOE) which is no longer in the same
dircction as heading [see Fig. 1(C, D)]. Estimating
heading from the flow field then becomes more
complicated (Regan & Beverly, 1982).

The question of how humans might estimate their sclf-
motion has been the subject of many theoretical analysces.
As human self-motion perception appears dominated by
vision (see Henn et al., 1980), a number of investigators
have examined the visual cues that could provide
information about sclf-motion (Gibson, 1950, 1966;
Calvert, 1954; Llewellyn, 1971; Johnston e¢f al.. 1973;
Lee, 1974; Nakayama & T.oomis, 1974; Koenderink &
van Doorn, 1975, 1987; Warren, 19706 Regan & Beverly,
1979, 1982; Longuet-Higgins & Prazdny. 1980: Prazdny,
1981; Ricger, 1983; Ricger & Lawton, 1985; Verri ef al.,
1989; Zacharias et al., 1985; Cutting 1 al., 1992;
Hildreth, 1992; Pcrrone, 1992 Heeger & Jepson, 1992;
Lappe & Rauschecker, 1993; Perrone & Stone, 1994;
Royden, 1994; Vishton & Cutting, 1995). Most have
focused on the visual problem in its simplest form, i.c.,
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FIGURE 1. Examples of flow ficlds produced by sclf-motion, with cither no yaw (A, B) or rightward yaw (C, D) rotation,

towards cither one frontoparallel plane at 12.5 m (A, C) or two at 12.5 and 25 m (B, D). These examples illustrate the flow field

at the onset of trials in Expts 1 and 2. The crosses indicate heading (which is along the linc-of-sight). The open circles in () and
(D) show the location of the singularity of the 12.5 m plane.

the input is limited to a single instant of 2D retinal
velocity (a single flow field) without other sources of
visual information (e.g. disparity, perspective, occlusion,
higher-order derivatives, etc.) or contributions from the
oculomotor, vestibular, and other sensory systems.
Although all of these cues may play an important role
in human sclf-motion perception, if noise is neglected
and there arc no independently moving objects, it is
mathematically possible, under most circumstances, to
recover onc’s exact instantaneous direction of self-
motion with respect to the line of sight (retinocentric
heading) from the flow field alone (e.g. Longuet-Higgins
& Prazdny, 1980; Zacharias ef al., 1985). This fact led to
the development of a number of models of human self-
motion perception which estimate retinocentric heading
from a single flow field (c.g. Rieger & Lawton, 1985;
Perrone, 1992; Heeger & Jepson, 1992; Hildreth, 1992;
Lappe & Rauschecker, 1993; Perrone & Stone, 1994).
The question we address in this paper is how well can
humans perform this task.

Over the last decade, a number of investigators (Rieger
& Toet, 1985; Cutting, 1986; Warren & Hannon, 1988,
1990; Warren et al., 1988, 1991a,b; Cutting et al., 1992;
Warren & Kurtz, 1992; van den Berg, 1992, 1993; van
den Berg & Brenner, 1994a,b; Royden et al., 1992, 1994;
Turano & Wang, 1994; Banks er al, 1996) have
examined human heading ecstimation. In all of these
studies, the stimuli consisted of visually simulated self-
motion which included rotation. The earlicr studies
(Ricger & Toet, 1985; Warren & Hannon, 1988, 1990)
concluded that humans can visually cstimate their
heading from the flow ficld even in the presence of
rotational flow, but they only cxamined rotation rates
below 2 deg/sec. However, Banks and colleagues (Roy-
den et al., 1992, 1994; Banks et al., 1996) have presented

evidence that humans cannot estimate heading accurately
from visual cues alone in the presence of rotational flow.
They conclude that accurate visual heading estimation
may be restricted to stimuli in which the rotation rate is
less than 1 deg/sec and argue that, for higher rotation
rates, oculomotor cucs are “required”. van den Berg and
colleagues (van den Berg, 1992, 1993; van den Berg &
Brenner, 1994a,b) have also challenged the view that
heading can be estimated from the flow field alone and
claim that static depth cuecs arc “essential” for robust
heading estimation. The above discrepancies invite a re-
examination of the issue.

Several important methodological issucs must be taken
into consideration when interpreting the above results,
particularly, the self-motion scenario, the layout, and,
most importantly, the frame of reference. First, a number
of different scenarios can introduce rotational flow into
the flow field. Three common scenarios are self-motion
along a curved path, self-motion along a straight path
while tracking a moving object in the scene (transla-
tion + pursuit), and self-motion along a straight path
while fixating a stationary point in the scene (transla-
tion + gaze-stabilization). Second, the layout (the posi-
tions and depths of the environmental points) can either
be pscudorandom (c.g. a cloud or multiple planes of
random dots) providing no static cues for raotion in
depth, or can have recognizable structure (e.g. a ground
plane) providing depth infor:mation through perspective
and/or texture gradients. Third, the frame of reference for
the psychophysical judgments can be egocentric (with
respect to the moving observer) or exocentric (with
respect to a reference point in the stationary environ-
ment). Although it should be noted that there are a
number of possible cgocentric refcrence frames: with
respect to the line of sight or gaze (retinocentric), with
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respect Lo the head (craniocentric), or even with respect to
the body. If the three are not aligned, cye-position and
head-position information can be used to move from one
egocentric coordinate to another.

While cach of the three scenarios (or combinations
thereof) described above exposce the observer to different
optic flow, the instantancous flow field (and thercfore
retinocentric heading) can be identical in any of these
cases. However, the conditions differ over time, e.g.,
retinocentric  heading  systematically changes in the
translation + pursuit and the translation + gaze-stabiliza-
tion cases, but can be fixed during self-motion along a
curved path. Therefore, while a single flow ficld defines
an unambiguous and unique instantancous retinocentric
heading, cither higher-order spatio-temporal information
in the optic flow, integration over time, or information
from sources other than optic flow is required to
distinguish between the various possible  exocentric
trajectories  (Ricger, 1983; Warren ef al., 1991a,b;
Royden, 1994).

In this study, we re-examine the issue of whether
humans can ¢stimate retinocentric heading from flow
ficlds in the presence of rotation. However, we designed
our cexperiments to address issues left unresolved by
previous studics. First, to address the criticism by Royden
and collcagues (Royden ef al., 1992) that previous studies
had only examined the effect of rotation rates at or below
2 deg/see, we examined higher rotation rates. Second, to
determine if static-depth cues, such as perspective,
texture-gradient, or horizons, are essential (van den Berg,
1992; van den Berg & Brenner, 1994b), we used double
planes of random points at different depths so that such
cues were not available. Third, to generate retinocentric
headings that do not change over time, we used visual
stimuli that simulated a special case of self-motion along
a curved path, curvilinear motion, which consists of
rotation around the vertical axis through the observer
(yaw) plus translation in a fixed direction with respect to
the rotating line of sight. Fourth, to avoid the problem of
the potential ambiguity of exocentric heading and to
allow dircet comparison of our results with the predic-
tions of current models, we asked observers to make
retinocentric judgments. Preliminary results were pre-
sented at annual meetings of the Association for Research
in Vision and Ophthalmology (Perrone & Stone, 1991)
and the Socicty for Neuroscience (Stone & Perrone,
1991, 1995).

GENERAL METHODS
Curvilinear paradigm

We simulated curvilinear motion by rotating the
observer’s linc-of-sight at a constant rate around the

*The absolute values of translation rate and distance, here and
clsewhere, are arbitrary. Only the ratio of the two can be recovered
from optic flow (i.c., 1 m/sec toward a point 10 m away will
produce the same flow as 10 m/sec toward a point 100 m away).
The specific values are provided for clarity: to provide the reader
with i more conerete sense of the trajectories.
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yaw axis, while simultaneously translating the obscrver
in a fixed direction with respect 1o the current line-of-
sight. This allowed us to generate stimuli with rotational
flow, but with constant retinocentric heading over the
entirc trial. This is cquivalent to generating circular
trajectories with the observer’s line of sight fixed at some
angle with respect 1o the tangent of the path (the direction
of instantaneous translation). Figure 2(A, B) illustratc the
principle behind our stimuli by showing circular
trajectories that would result if trials were allowed to
last for several tens of seconds, while Fig. 2(C, D) show
examples of actual trajectories. The (wo trajectories in
(A) and (B) were both generated with a translation rate of
2 m/sce and a rotation rate of 2 deg/see, but are for two
different headings. They are circles of radius of ~53 m
and observers would take 180scc to make a full
revolution.® The solid arrows show the line-of-sight at
the beginning of the trial and at two later time points. The
curvature (and size) of the circular path is set by the
translation and rotation rates (independent of heading
angle) and therefore provides no cue for heading,.
Heading changes are produced by resetting the linc-of-
sight with respect to the tangent of the path, which is
equivalent to changing the location of the axis of rotation
in 3D space. In trials where heading was 0 deg [Fig.
2(A)], the observer translated along the circular path
always looking straight ahead along the tangent of the
path (in the direction of their instantancous direction of
translation). On the other hand, if heading was rightward
(leftward), then the observer also moved along a circular
path, but was always looking in a fixed dircction leftward
(rightward) from where they were going [Fig. 2(B)].
Throughout a given trial, retinocentric heading, the
instantaneous direction of translation with respect to the
line-of-sight, remained constant, although c¢xocentric
heading (direction of translation with respect to the
virtual stationary world) was changing over time as
observers experienced a simulated turn. In the case of
zero rotation, curvilinear motion reverts 1o translation
along a straight path which is equivalent to a circle of
infinite radius.

Our actual stimuli were nearly two orders of magnitude
shorter than those shown in Fig. 2(A, B): the trajectories
were in fact small circular arcs (always <2.5% of a full
circle). Our intent was to gencrate a brict stimulus, closc
to a single flow field within the constraints of the finite
temporal integration time of human motion processing
(see e.g. Watson & Turano, 1995). Eighteen examples of
trajectories used in Expt 2 are shown in Fig. 2(C, D). Note
the greatly expanded scales. Figure 2(C) illustrates the
0 and +6deg heading conditions, each for 0 and
12 deg/sec of yaw. For the +6 deg heading trajectorics
(dotted lines), instantancous translation was always 6 deg
to the right of the line-of-sight. For the 0 deg heading
trajectories (solid lines), instantancous translation was
always along the line-of-sight. For the — 6 deg heading
trajectorics (dashed lines), instantancous translation
was always 6 deg to the left of the line-of-sight. In the
() deg/scc rotation case (the straight paths), both retino-
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FIGURE 2. The curvitinear paradigm. (A, B) Hllustrations of circular paths for () and 45 deg heading, respectively. (C, DY Actual
trajectories in Expt 2. The heading and rotation values are shown at the top of cach trace.

centric and exocentric heading remained constant. In the
—2 and +2dcg/scc rotation conditions (the curved
paths), exocentric heading slowly turned leftward or
rightward, although retinocentric  heading  remainced
constant throughout the trial (either —6, (), or +6 deg).
Figure 2(D) shows the trajectories for the —4, ), and
+4 deg/sec rotation conditions as the three dashed lines
for — 10, —12 and — 14 deg headings, as the three solid
lines for —4, () and +4 deg headings, and as the three
dotted lines for +14, +12 and +10 deg headings. Each of
these triplets illustrates that even when the exocentric
trajectorics are similar (except possibly at the end of the
trial), retinocentric heading can be quite different. It
should also be emphasized that the trajectories were not
directly visible in the stimuli.

The curvilincar scenario reduces visual-oculomotor
conflict. It assumes that the eyes remain fixed in the head
(no eye movements). This was true for all our experi-
mental conditions, so there was no conflict with the lack
of cye rotation reported by the oculomotor system.
Furthermore, curvilincar motion assumes en-bloc rota-
tion of the body/head/eyes, so all cgocentric coordinates
remained equivalent and we need not worry about
differences between retinocentric, craniocentric, and
body-centric coordinates.

The layout did not provide static-depth cues. Simulated
motion was always towards one or two transparent
frontoparallel planes of randomly distributed points
(single pixels that did not change size with depth),
yiclding flow ficlds like those shown in Fig. |. The plancs

were perpendicular to the line of sight at the beginning of
the trial and remained fixed in space throughout the trial.
They always extended to the margins of the field of view
and the dot densities were balanced such that the number
of dots on cach plane was the same, at the beginning of
the trial. Distance information could only be derived from
motion. We systematically investigated the effect of
rotation rates between () and 16 deg/sec with translation
rates between 2 and 16 m/sec toward two planes 2.5 and
25 m or 14.4 and 26.4 m away. Details are found in the
specific Methods sections for cach experiment.
Obscrvers were asked to make retinocentric heading
judgments. They were told to fixate a stationary cross (0.3
by (.3 deg in Expts 1 and 2; 1 by [ deg in Expt 3) located
at the center of a screen which appeared at stimulus onset
and remained on throughout the stimulus presentation. In
Lxpts 2 and 3, the cross was not immediately adjacent to
moving points. In addition, its lack of motion was
inconsistent with it being interpreted as part of the layout.
It was provided for three reasons: (1) to enhance fixation
(i.c., to allow observers to suppress cye movements); (2)
to align the observer’s real and virtual lines-ol-sight; and
(3) to provide a directional reference which defined the
linc-of-sight (not a positional reference in the scene). At
the end of cach trial, they were asked to respond whether
the direction of their translation was to the left or right of
their linc-ol-sight. We further explained the task by
pointing out that it is similar to determining whether they
were instantancously skidding to the right or to the left of
straight-ahcad gaze while making a turn. To discourage
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FIGURE 3. Ruw psychometric data for obscrver DG. The solid symbols represent data obtained using a staircase method while
the open symbals represent data obtained using the method of constant stimuli. The circles indicate data for rightward rotation
and the squares for leftward rotation.

abservers from being influenced by their exocentric path,
we instructed them to ignore the direction of the turn
(their exocentric heading) and to respond to the direction
of the skid. We emphasized that the small translation
signal was hidden in and independent of the large
rotational mask. Despite these explanations, the task is
difficult and casual observers are generally not able to
perform well. Just as with many traditional 2D motion
tasks, practice (sce below) was required to achieve
asymptotic  performance  (e.g., speed-discrimination
Weber fractions asymptote at ~5% after practice, but
can be up to an order of magnitude higher in unpractised
obscrvers).

Data collection

From trial to trial, the horizontal heading angle
(azimuth) was varied in response to the observer’s
previous judgment using randomly interleaved up—~down
staircases for multiple conditions in which other para-
meters  (layout, rotation rate, translation rate, and
stimulus duration) were fixed. Vertical heading angle
(clevation) was always fixed at 0 deg, as heading was
varied only along the horizontal meridian. In Expts | and
2, the starting values of the staircases were randomly
assigned heading directions from -6 to —8deg for
positive or from +6 0 +8 deg for negative rotation
(positive values of heading and rotation are rightward).
For the 0 deg/sce rotation case, the starting values were
randomly assigned between —4 and +4 deg. These
values were selected 1o minimize the number of trials
needed for convergence, as pilot studies indicated that
staircases tended to converge on heading values some-
where between veridical and  that predicted by the
singularity. Four preliminary trials were presented at
the start of cach staircase, with the staircase step size
initially set to 3 deg. The step size was then reduced to
.5 deg and 26 additional trials werc run per staircase
(one  staircase/condition  or 26 trials/condition/run).

Although the less than optimal randomization initially
biased the staircases towards larger errors than thosc
shown in Figs 4-5, the uncertain starting point together
with the interleaved staircasing eliminated any bias in the
final heading measurements. Furthermore, the naive
observers were unaware of the constraints on initial
staircase position, the number of conditions, and of the
specifics of the staircasing. Finally, Expt 3 explicitly
controls for this issue. In Expt 3, we ran two randomly
interleaved staircases per condition which started at
random heading values between — 14 and +14 deg. The
initial step size was 4 deg, and was reduced by a factor of
2 after each reversal until it reached a minimum of 1 deg.
Five preliminary trials were presented at the onset of each
staircase followed by an additional 20 trials per staircase
(40 trials/condition/run).

Data analysis

The psychophysical responses were tabulated into
psychometric curves (Fig. 3) consisting of plots of
percent rightward responses vs stimulus retinocentric
heading direction. We fit the data with cumulative
Gaussians using a least-squarcs procedure based on
Probit Analysis (Finncy, 1971) to yield “perceived
straight-ahead” as the mean and “heading uncertainty”
as the standard deviation (SD) of the underlying
Gaussian. On the rare occasion that a fit had a correlation
coefficient of less than 0.5 (<5% of the time, except for
DD whose data could not be properly fit 30% of the time),
the unreliable parameters were not included in the
averaged data.

To illustrate our analysis, Fig. 3 shows the raw data
from the + 1.5 deg/sec rotation conditions (filled sym-
bols) for naive observer DG. The fit to the — 1.5 deg/sec
condition had a mean (perceived straight-ahcad) of
+1.6 deg, while that for +1.5 deg/sec had a mean of
—2.7deg. Each psychometric curve is shifted in the
direction opposite to that of the rotation. Note that
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FIGURE 4. Perceived straight-ahead for the two observers in Expt 1.

The open symbols indicate data for single-plane condition and the solid

symbols for the double-plane condition. The solid horizontal line

indicates perfect performance and the dashed lines performance using

singularity-based strategics (see text). Error bars indicate standard

deviation over three or four runs. (A) Data for observer LS. (B) Data
for obscrver JP.

perceived straight-ahead is only an indirect measure of
rotation-induced bias: it is the heading which cancels the
bias causcd by the rotation. Given that perceived straight-
ahcad is biased toward the direction opposite that of the
rotation, we can therefore conclude that heading is biased
toward the rotation direction. Although we cannot be surce
of its magnitude, it is likely to be approximately cqual
and opposite 1o the measured perceived straight-ahecad.
Because of the underlying symmetry of the stimuli, in
Figs 5-7, the data from both rotation directions were
combined. Indeed, in all experiments, five of the six
obscrvers (all but LS) produced symmetric data. We
therefore defined “heading error”™ as the perceived
straight-ahcad for leftward rotation minus that for
rightward divided by two. Positive values of heading
error, therefore indicate that perception is biased toward
the dircction of rotation.

To control for the possibility that multiple headings
might be pereeived as straight-ahead, we ran one naive
observer (DG) using the method of constant stimuli. The
stimulus parameters remained the same as in Expt 2,
except that only the £ 1.5 deg/scc rotation rates at a fixed
range of headings (— 12, —8, —4, 0, 4 deg for leftward
rotation and —4, 0, 4, 8§ and 12 deg for rightward
rotation) were tested in pscudorandom order, with 20
trials per candidate heading (two runs of 10 trials/

L. S. STONE and J. A. PERRONE

heading). The data are plotted as open symbols in Fig. 3
and are consistent with this observer’s staircase data
(solid symbols). The monotonic nature of the constant-
stimuli data show that, under these conditions and within
the limited heading range tested, this observer responded
as if there were only a single heading that was perceived
as straight-ahead. In all subsequent experiments, we used
a staircase method for efficiency. The constant-stimuli
method necessitated a coarse step size (4 deg) to cover
the full range of possible heading responses and required
200 trials to gencrate the data shown by the open
symbols. The staircase method, using a smaller step size
(1.5 deg), took only 60 trials (including the cight
discarded preliminary trials) to provide the more precise
measure of performance shown by the solid symbols.

Visual display

In Expts 1 and 2, the stimuli were generated using an
HP1345A vector graphics unit controlled by a SUN 3
workstation. The graphics unit was used to drive an
HP1310B monitor with a P31 phosphor. The display had
a resolution of 2024 x 2024 addressable points and a
refresh rate of 15 Hz. The arca between the sereen and the
observer was enclosed in a hood to minimize stray light.
The edges of the display were masked off by a 38 x 28 ¢cm
rectangular aperture focated directly in front of the screen
lo minimize glow from the edge of the monitor. The
display was viewed binocularly through natural pupils
from a distance of 0.71 m, thereby allowing a ficld of
view of 30 deg by 22 deg.

In Expt 3, the stimuli were generated using a SPARCL0
GT workstation driving a SUN 21-in monitor with a P22
Phosphor. The display had a resolution of 1024 x 1024
pixels and a refresh rate of 76 Hz. As described above,
the arca between the screen and obscrver was enclosed to
minimize stray light and the edges of the display were
masked off by an aperture 30 by 30 e¢m directly in ront of
the screen. Observers viewed the display binocularly
through natural pupils from a distance of 0.36 m with a
field of view of 45 by 45 deg.

Observers

We used six observers between the ages of 24 and 38
yr, four of whom (DG, DD, CN, DH) were naive as to the
purpose of the experiments, as well as inexperienced
psychophysical observers. No trial-by-trial feedback was
cver provided to observers LS, JP, DD, and DG.
Nonetheless, prior to gathering the data for Expts 1 and
2, these four observers required a variable number of
practicc runs performing the task without feedback
before their data became reliable (defined as correlation
cocfficients higher than 0.5 for the Gaussian [its),
although DD’s performance remained relatively noisy.
[n an cffort to expedite the practising process for Expt. 3,
two naive observers (CN and DH) received trial-by-trial
feedback in three runs of a special training task. The
layout consisted of four large opaque colored cubes at
different  positions  and  depths, toward which  we
simulated 1.4 sec of curvilinear motion at 8 m/sec with
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either —8, 0, or +8 deg/sec of yaw rotation. Such stimuli
provide powerful static perspective, relative displace-
ment, and looming cues as well as motion cues about self-
motion. Under these conditions, the richness of the
stimuli together with the feedback enabled CN and DH to
develop a stable response criterion quickly without ever
receiving feedback with random-dot stimuli. Unlike the
training stimuli, the stimuli in Expt 3 were bricf
(400 mscc), the rotation and translation rates were varied,
and the random-dot layout was rerandomized on a trial-
by-trial basis. Thercfore, any simple trial-by-trial asso-
ciation between stimuli and rewarded responses learned
during training would be of minimal benefit during
Expt 3.

RESULTS
Experiment 1: Confirming the need for depth in the layout

Mecthods. We simulated 3 see (45 frames at 15 Hz) of
curvilincar motion (translation rate of 2 m/sec and yaw
rolation at rates up to 2 deg/sec) towards two different
layouts: a single frontoparallel plane or two such planes
at different depths. The two observers (LS and JP), while
not naive, were not yet highly practiced in heading
cstimation when this experiment was run.

[n the double-plane condition, one vertical plane was
located at 12.5 m from the observer and the other at 25 m
(both perpendicular to the line-of-sight) at the start of the
trial. Approximately 336 points were visible at the start of
cach trial (168 on cach plane). In the single-plane
condition, a single vertical plane of points was located at
12.5 m at the start of the trial. The points were randomly
distributed on the image plane with approximately 250
points visible at the start of the trial. Examples of flow
ficlds gencrated by the single- and double-plane stimuli
under cither pure translation or curvilinear motion
(rightward yaw rotation) are shown in Fig. 1. Heading
direction is along the line of sight (towards the cross) in
all four pancls. Note, however, that in the lower panels
[Fig. [(C and D)|, the singularity (open circle) is
displaced rightward, in the rotation direction. In the
single-plane condition [Fig. 1(C)], a single singularity,
very similar to a simple FOE shifted to the right, is
largely indistinguishable from a true rightward heading.*
In the double-plane condition [Fig. 1(D)], rotation
produces a singularity for cach of the two planes. The
singularity of the closer plane is indicated by the open
circle while that of the further plane is shifted further to
the right and is not visible as it is outside the ficld of view.
The two issucs being investigated in Expt | are: (1) in
response to a sequence of flow ficlds such as those in Fig.
[, can obscrvers sce that they are going straight-ahead or
do they believe they are headed towards the singularity;

“As the field of view increases, the flow ficld becomes increasingly
different from o shifted expansion pattern. Perhaps, for a
sufficiently large ficld of view, obscrvers might be able to
distinguish  straight-ahcad  translation  plus rightward  rotation
Je.g., Fig. 1{CY] from a true rightward heading.
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and (2) is their ability to make this distinction different
for the two stimuli shown in Fig. I(C and D)? In
particular, we wish to determine if previous findings
related to point (2) are applicable to the curvilinear
scenario.

We measured perceived straight-ahcad for both the
single- and double-plane layouts with rotations ranging
from —2 to +2 deg/sec in steps of (.5 deg/sec. Because
of the large number of conditions (9 rotations x 2
layouts = 18), the experiment was split into a set of four
scparate runs with five conditions cach to reduce the
number of trials per run, while keeping layout and
rotation counterbalanced: cach run had four conditions
balanced for rotation direction (two left, two right) plus
one additional zero-rotation condition, three rotation
rates (either 0, 0.5, and 1 deg/sec, or 0, 1.5, and 2
deg/scc), and cither three single- and two double-plane
layouts or vice versa. Additional conditions reported
elsewhere were also included (Perrone & Stone, 1991;
Stone & Perrone, 1991). The set of four runs was repeated
three or four times to produce the data shown in Fig, 4.

Results. Figure 4 shows two plots of pereeived straight-
ahead as function of simulated rotation rate in both the
single- (open squares) and double-plane (solid squares)
conditions for the two observers. The locations of the
headings that would make the singularity of the closer
plane appear straight-ahead at the beginning and end of
the trial are shown by the steeper and shallower dashed
lines, respectively. Perfect heading estimation is indi-
cated by the solid horizontal line. In the single-plane
condition, perceived straight-ahead for both observers
lies approximately in the middle of the singularity range.
This suggests that both observers were unable to
distinguish true heading from the singularity and that
they responded to the location of the singularity near the
midpoint of the trial.

Both obscrvers performed better in the double-plane
condition. One observer (JP) showed heading consis-
tently biased towards the dircction of the rotation, but
these errors were less than half those in the single-plane
condition. and always less than those predicted by the
strategy of responding to the singularity of the closer
plane at the end of the trial. Responding to the singularity
carlier in the trial or to the singularity of the more distant
planc would produce even larger errors. The other
observer (LS) showed asymmctric responses to rightward
and leftward rotations. For left rotations, LS showed
performance similar to that of obscrver JP. For rightward
rotations, LS showed nearly veridical performance.

Conclusions. These results indicate that humans are
able to compensate, at least partially, for the rotation in
cstimating heading during simulated curvilinear motion
towards the double-plane layout. However, they show no
evidence of this ability for motion towards the single-
plane layout. We conclude, for the restricted ficld-of-
view (30 by 22deg) used, that (1) humans require
variation in the distance of the points in the layout to
distinguish rotational from translation flow during curvi-
lincar motion; and (2) when provided with such depth
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FIGURE 5. Heading error for the four obscrvers in Expt 2. The solid horizontal line indicates perfect performance and the
dashed lines performance predicted from responding to the closer singularity at the end of the trial. Error bars represent the
standard deviation of the average over rightward and leftward conditions and over three or four runs. (A) Data for obscrver LS.
(B) Data for observer JP. (C) Data for naive obscrver DG. (D) Data for naive observer DD (note that the y-axis is shifted).

variation, they can estimate their heading with errors
<5 deg in the presence of 2 deg/sec of yaw. If they merely
confused their heading with the nearer singularity at mid-
trial, one would expect errors for 2deg/sec to be
~10 deg as was found in the single-plane condition.
These results confirm those of others (Rieger & Toet,
1985; Warren & Hannon, 1988, 1990), who have
previously shown that distance variation in the layout is
needed to estimate heading in the presence of rotation,
and extend them to our curvilinear scenario. However,
Expt 1 and these previous studics used low rotation rates,
at or below 2deg/sec. To examine the question of
whether visual heading estimation can be performed at
rotation rates >2 deg/sec, without oculomotor or static
depth cues, we performed two more experiments using
higher rotation rates and naive observers.

Experiment 2: Higher rotation rates at fixed translation
rate

Methods. The stimuli consisted of 2.33 sec of 2 m/sec
curvilinear motion towards two sets of vertical half-
planes above and below the horizontal meridian. The
layout was, therefore, merely the double-planc condition
of Expt | with a gap along the horizontal meridian (height
jittered around 6 deg) to allow easicr fixation. Another
effect of the gap was that the singularities were no longer
visible: their extrapolated locations were always along
the horizontal meridian. As in Expt 1, at the onset of the
trials, the closer two half-planes were at 12.5 m while the
more distant half-plancs were at 25 m. Three observers

(including one naive) were tested with rotation rates from
0 to 4 deg/sec in steps of 0.5 deg/sec. Because of the large
number of conditions (including some not reported here),
as in Expt 1, the experiment was split into a set of eight
shorter runs. Initially only rotation rates of 0.5, 1.0, 1.5,
and 2 deg/sec were tested. Subsequently, we tested 2.5
and 3 deg/sec, and finally 3.5 and 4 deg/sec. Observers
therefore had more cxperience by the time they were
tested with the rotation rates above 2 deg/sec. An
additional naive observer (DD) was only tested with
rotation rates between () and 2 deg/scc (in a set of four
runs). The runs were repeated three or four times to yield
the data shown in Figs 5-6.

Results. Taking advantage of the exact symmetry of
the leftward and rightward conditions, Fig. 5 plots
heading error (sce General Methods) as a function of
rotation rate for the four observers, with positive errors
indicating biases in the direction of the rotation. The
heading error that would result from confusing heading
with the extrapolated location of the closest singularity at
the end of the trial is shown as a dashed line. Responding
to this singularity would be the best simple singularity-
based strategy, as the singularity is further away from the
heading point carlier in the trial and the singularity of the
more distant half-planes is even further out. The solid
horizontal line indicates perfect heading  estimation.
Three of the four observers performed the task reliably.
Two of these three observers (JP and DG) showed small
positive errors which increased with increasing rotation
rate but remained about one-third of those expected from
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responding to the nearest singularity. The last of these
three obscrvers (LS) showed cven smaller errors, largely
unrelated to rotation rate. One of the four observers (DD)
showed large biases away from the direction of rotation
and considerable variability, suggesting an unstable
response criterion.

At 4 deg/see of yaw, the location of the closer half-
plane’s singularity was 22.6 deg at the middle of the trial,
while the average (unsigned) heading error for the three
reliable obscrvers (£SD) was 4.0 + 3.1 deg [Fig. 5(A,
B, C)]. Therefore, their crrors were, on average, ~35
times smaller than if they were simply responding to the
singularity at mid-trial, as two of them (LS and JP)
apparcently did in the single-planc condition of Expt 1
(Fig. 4, open squares). However, their heading errors
were larger than in the no-rotation condition (average
unsigned error 0.5 + 0.5 deg).

Figure 6 shows plots of the heading uncertainty (see
General Methods) as a function of rotation rate. The three
obscrvers (LS, JP, and DG) who made reliable heading
judgments made relatively precise heading judgments,
even al rotation rates as high as 4 deg/sec. The average
uncertainty for these three observers was 2.2 + 0.4 deg
at 4 deg/see of yaw. In the no-rotation condition, it was
only (0.9 4 0.3 deg, which is similar to that found
previously by others (Warren et al., 1988). Subject DD
[Fig. o(D), note scale difference] showed higher
uncertainty in all conditions, including the no-rotation
case.

Conclusions. All four observers made heading judg-
ments unlike those expected if they were simply unable to

distinguish rotational from translational flow and re-
sponded to the closest singularity as if it were an FOE.
Three of the four observers made relatively precise
(<3 deg uncertainty) and accurate (<6 deg bias) judg-
ments at all rotation rates tested (up to 4 deg/sec) without
the benefit of a rotation signal from either the oculomotor
system or static depth cues, although not as precise and
accurate as in the no-rotation condition (uncertainty and
bias ~ 1 deg).

In both Expts 1 and 2, the display system could not
generate a frame rate higher than ~ 15 Hz. This likely led
to small but potentially visible temporal quantization
artifacts. Furthermore, the stimuli lasted several seconds,
so significant temporal integration could have contrib-
uted to performance accuracy and precision. Finally, in
Expt 2, the gap was part of the layout so its height
increased during the trial. Although the increase in gap-
height did not provide a direct heading cue, it did provide
information about forward speed which could indirectly
have facilitated heading estimation. To eliminate these
potential problems, we therefore performed a third
experiment using a faster (76 Hz refresh rate) display
system.

Experiment 3: Higher rotation rates with covarying
translation rates

Methods. The stimuli consisted of 400 msec of
simulated curvilinear motion towards two sets of
frontoparallel planes. For threc of the four observers
(all but DG), a 45 by 6 deg virtual mask, equiluminant
with the background, was placed over the horizontal
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FIGURE 7. Heading error for the four observers in Expt 3. The solid horizontal line indicates perfect performance and the

dashed lines performance predicted from responding to the closer singularity at the end of the trial. Error bars represent the

standard deviation of the average over rightward and leftward conditions and over two to five runs. (A) Data for observer LS. (B)
Data for naive observer CN. (C) Data for naive observer DG. (D) Data for naive observer DH.

meridian. This had the same effect as the gap in Expt 2,
excepl that the mask did not change size during the trial.
At the onset of the trials, the closer plane was at 14.4 m,
while the more distant plane was at 26.4 m. Four
observers (including three naive) were tested with six
interleaved conditions: (1) — 16 deg/sec of rotation and
16 m/sec of translation; (2) —8 deg/sec and 8 m/sec; (3)
0 deg/sec and 16 m/sec; 4) 0 deg/sec and 8 m/sec; (5)
+8 deg/fsec and 8 m/sec; and (6) +16 deg/sec and
16 m/sec, with positive rotation indicating rightward
yaw. Two to five repeated runs were performed to yield
the data in Fig, 7. The purpose of this experiment was to
test higher rotation rates, to use brief presentations to
minimize temporal integration, to use a 45 deg FOV to
enhance performance, to use a 76 Hz refresh rate to make
temporal quantization artifacts invisible, and to eliminate
the “growing” gap.

Results. Figure 7 plots heading error as a function of
rotation rate for all four observers. The dashed lines
indicate the performance predicted by a strategy of
responding to the singularity of the closer plane at the end
of the trial. The solid horizontal line indicates perfect
heading estimation. All observers tested were able to
make heading judgments with better than 4 deg of
accuracy, even with a stimulus presentation of only
400 msec, despite rotation rates as high as 16 deg/sec.
Observers LS and CN showed small biases towards the
direction of the rotation [Fig. 7(A, B)] while observers
DG and DH showed small biases away from the direction
of the mtation [Fig. 7(C, D)]. The location of the

singularity of the closer plane at mid-trial was 13.3 and
11.5 deg for the 8 and 16 deg/sec conditions, respec-
tively. The average (unsigned) heading error (+SD) for
the four observers was 1.8 + 1.3 and 2.3 + 1.5 deg at 8
and 16 deg/sec, respectively, or ~35 times smaller than
that predicted from responding to this mid-trial singular-
ity, as observers apparently did in the single-plane
condition of Expt 1 (Fig. 4, open squares). However,
the average (unsigned) error in the no-rotation condition
was even smaller (0.4 + 0.1 deg). The average uncer-
tainty (£SD) was 1.1 + 0.8, 3.7 + 0.8 and 3.2 +
1.0 deg at 0, 8, and 16 deg/sec, respectively.

To examine the possibility that the fixation cross was
influencing our results, we ran an additional control
experiment on two observers (LS and CN) with the
+ 16 deg/sec conditions, but extinguished the fixation
cross 500 msec before the onset of the flow-field
stimulus. The results were qualitatively unchanged. The
average (unsigned) heading error was 1.8deg and
average uncertainty was 2.1 deg, showing that our basic
finding does not depend on the presence of a fixation
Cross.

Conclusions. Our observers were able to make
relatively accurate (<4 deg errors) and precise (<4 deg
uncertainty) heading estimates during simulated curvi-
linear motion, even when the rotation rate was as high as
16 deg/sec. This shows that accurate human visual
heading estimation is not limited to conditions with
rotation rates below ~ 1 deg/sec. This finding is con-
sistent with the theoretical expectation that, for a fixed
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layout, the ratio of rotation to translation rates rather than
the absolute rotation rate should limit precision (Koen-
derink & van Doorn, 1987) and with preliminary results
in cxperiments where we varied this ratio (Stone &
Perrone, 1996; see also Turano & Wang, 1994).

DISCUSSION
Multimodal strategies for self-motion estimation

In the real world, human sclf-motion estimation is a
multisensory task with possible contributions from a
number of visual, vestibular, oculomotor, and even
auditory and proprioceptive inputs (Fig. 8). In addition
to flow-ficld information, the visual system could use
disparity (van den Berg & Brenner, 1994a), perspective
or texture gradients (van den Berg, 1992; van den Berg &
Brenner, 1994b), and cognitive cues (Vishton & Cutting,
1995) to support navigation. The vestibular system could
also provide separate measures of both self-rotation and
self-translation (albeit confounded with tilt with respect
to gravity) from the canals and otoliths, respectively
(Goldberg & Fernandez, 1971; Fernandez & Goldberg,
1976).* Information about eye-movements could be
derived from the visual system (reatference) and/or from
the oculomotor system (efference copy) (von Holst,
1954). The auditory system might provide cues about
motion (¢.g. Lackner, 1977) and/or displacement with
respect to localized stationary sound sources (for a

*Preliminary observations using oscillations in the az-plane in
darkness suggest that human heading cstimation using vestibular
cues is imprecise (Stone and Tomko, unpublished results).

review, see Middlebrooks & Green, 1991). Propriocep-
tion might also contribute by providing head/neck or
body motion information (e.g. Hlavacka et al., 1992). We
and others have previously suggested that at least some of
this multimodal self-motion information might be
combined in area MST or 7a (see Perrone & Stone,
1994). Although a study of the effects of lesions and/or
microstimulation of MST and 7a on heading estimation
will be needed to test the above hypothesis directly, there
is, nonetheless, considerable evidence for oculomotor
(Newsome et al., 1988; FErickson & Thier, 1991;
Bremmer & Hoffmann, 1993; Duffy & Wurtz, 1994),
vestibular (Kawano ef al., 1984; Thier & Erickson, 1992),
and disparity (Roy & Wurtz, 1990), as well as visual-
motion signals within MST. To facilitate this sensory
fusion, visual information could be transformed from
retinocentric (eye-centered) coordinates in which visual
motion is encoded in the retinae through area MT (for a
review see Maunsell & Newsome, 1987) into cranio-
centric (head-centered) coordinates in which vestibular
and auditory inputs are coded. For navigation through a
complex environment, heading information might ulti-
mately be further converted from craniocentric into
exocentric (world-centered) coordinates to generate
estimates of future paths using oculomotor signals related
to eye or gaze velocity (Newsome ¢r al., 1988; Stone &
Lisberger, 1990), integrated proprioceptive or vestibular
signals (Isragl & Berthoz, 1989; Brotchic et al., 1995),
higher-order visual-motion information (Rieger, 1983),
integrated flow-field information (Warren et al., 1991a),
or displacement with respect to identified landmarks
(Vishton & Cutting, 1995).
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If a retino-to-craniocentric coordinate transformation
occurs along the primate visual-motion processing path-
way, it is not clear where. However, there is recent
evidence that eye position can significantly modulate
responscs in both MST (Bremmer & Hoffmann, 1993)
and area 7a (Siegel & Read, 1994). It has been shown that
such modulation could be used to perform a retino-to-
craniocentric transformation (Andersen et al., 1985). If
MST and/or 7a are in fact involved in heading estimation,
these recent findings suggest that the retino-to-cranio-
centric transformation may occur prior to, or concur-
rently with, heading estimation. This scenario is
represented by the thin-lined extension of the self-motion
estimation system in Fig. 8. Recently, evidence for a
cranio-to-exocentric coordinate transformation has been
found in posterior parietal cortex with the discovery of
neurons whose responses are modulated by both eye and
head-position, such that collectively they could encode
location in exocentric coordinates (Brotchie et al., 1995).

Retinocentric vs exocentric heading

Current computational models of human heading
estimation are limited to estimating the instantaneous
retinocentric heading from a single flow field (e.g. Rieger
& Lawton, 1985; Heeger & Jepson, 1992; Hildreth, 1992;
Perrone, 1992; Lappe & Rauschecker, 1993; Perrone &
Stone, 1994). We have, therefore, designed our stimulus
paradigm to measure the ability of humans to estimate
instantaneous retinocentric heading from optic flow
under circumstances similar to those used to test models.
Our data are qualitatively consistent with the above
models. Rieger (1983, p. 339), however points out that
“the instantaneous direction of motion (tangential to a
curved path of observation) tells an observer little about
his motion relative to the environment”. Additional
information beyond a single flow field is needed to
estimate exocentric heading or one’s path through the
environment.

Although the visual information that could be used to
judge exocentric heading has been examined (e.g. Ricger,
1983; Warren et al., 1991ab; Cutting er al., 1992;
Royden, 1994; Vishton & Cutting, 1995), no gencral
computational model of human exocentric heading
estimation from optic flow has as yet been proposed,
although the issue of temporal integration has been
addressed in the machine-vision community (e.g. using
Kalman filtering). The problem is two-fold. First, given
that the same instantancous flow field can be produced in
a number of possible scenarios, visual processing across
time is needed to distinguish visually between rotational
flow caused by a curved path and that caused by an eye
movement. Second, even if one can determine that one is
on a curved path (as opposed to translation + cye-
rotation) visually or otherwise, exocentric heading along

*Strictly speaking, o be sure that fixation was properly maintained,
one would nced to monitor eye position. However, the gap and
fixation cross make it likely that fixation was indeed well
maintained.
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a curved path is inherently ambiguous as it changes over
time and depends on a world reference point.

The actual conditions under which humans can
disambiguate translation + cye-rotation from motion
along a curved path have been investigated (Warren &
Hannon, 1988, 1990; Royden ef al., 1992, 1994), but this
question is orthogonal to the issue of how and if the flow
field is visually processed accurately. It is distinctly
possible that human visual cortex has the capacity to
process instantancous flow fields accurately to yield
retinocentric  heading by integrating noisy motion
information from across the visual field, yet lacks the
necessary machinery to keep track of the small
differences in the trajectories of individual points over
time or the small differences in local velocity necessary
to discriminate between optic flow gencerated by a curved
path and that generated by translation + cye-rotation.
Therefore, despite our observers” ability to estimate their
retinocentric heading, it is unclear if they recovered their
exocentric trajectories accurately. However, a previous
study (Warren et al., 1991b) provides evidence that some
observers can estimate exocentric (circular) heading with
<2 deg of bias during curvilincar motion (rotation rate
<2.7 deg/sec) through a random cloud of points with
retinocentric heading fixed along the linc-of-sight and
practice trials with teedback.

Because current models estimate retinocentric head-
ing, distinguishing between retinocentric and exocentric
heading is particularly important when testing models.
Direct comparisons of simulations of retinocentric
heading models with human exocentric heading percep-
tion (Banks ¢t al., 1996; Crowell, 1996) arc inappropri-
ate, unless one further postulates how retinocentric
heading might be transformed into exocentric judgments.
Royden (1994) did such an analysis and showed that the
carlier apparently large errors (Royden et al., 1992, 1994)
could indeed be explained by a veridical flow-field
analysis, followed by an exocentric judgment based on
the assumption of a curved path (sce her Fig. 5), yet could
not be quantitatively explained by an extra-retinal model
which relics on an cye-velocity signal to remove rotation
(see her Fig. 3). Whilc these analyses do not prove that
the flow field is processed accurately, they itlustrate how
data on exocentric heading judgments have not resolved
the issue.

Advantages of our stimulus paradigm

We chose the curvilinear paradigm for a number of
reasons. First, it generates little visual-oculomotor
conflict (except with vergence and accommodation).
During actual curvilincar motion, eye position remains
stationary in the hecad and our observers maintained
fixation straight-ahead.* Therefore, if the oculomotor
system plays a role in our judgments (see below), it
would provide synergistic rather than conflicting infor-
mation. Second, wc asked observers 1o judge their
retinocentric heading, which remains constant during
curvilinear motion, but varies during the translation
+ eye-movement scenarios used by others (e.g. Ricger &
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Toet, 1985; Cutting, 1980). Therefore, observers are not
required cither to track mentally a moving heading nor to
convert the visual retinocentric information into exo-
centric coordinates. Furthermore, if heading estimation is
actually performed in craniocentric coordinates, because
there is no oculomotor contlict, the available eyc-position
signal (which reported fixed straight-ahead gaze) could
support an accurate conversion back to retinocentric
coordinates. Third, our stimuli contained no static depth
cues. The  double-plane  layout provides no  static
information about the relative depths of our random
points (i.c., individual frames have no depth infor-
mation). Fourth, unlike a random-cloud layout, the
double-planc layout allows a direct quantitative compari-
sont of the crrors expected from 2D singularity-based
strategies and actual human performance, and ensures a
sufticient number of close points.

Caveats

While we wished to make conclusions about the use of
instuntancous  flow ficlds in heading estimation and
therefore made our presentation briet (400 msee in Expt
3), our stimuli were in fact sequences of flow fields.
Obscrvers therefore could have either integrated instan-
tancous heading information over time or performed a
more sophisticated spatio-temporal analysis. The initial

flow ficld might only allow an uncertain estimate of

heading which is then made more precise over time as
additional low-field information arrives and is pro-
cessed. However, we have preliminary evidence that
precise heading judgments can be made with only
250 msee presentations (Stone & Perrone, 1991) and, in
Expt 3, we found apparently asymptotic performance at
400 msee. Therefore, il such temporal processing s
oceurring, its integration time is short.

Although the data in Fig. 3 suggest that perecived
heading is @ monotonic function of actual heading, our
staircase procedure only measures one point on this
curve, pereeived straight-ahead (the x-intercept). We
have presented no data related to the slope of the curve
and cannot be sure it is near one. Our data merely show
that the x-intercept is near zero. Future experiments using
a pointer or a reference direction off of the line-of-sight
will be necessary to measure the whole curve.

Most studies of human “visual™ heading estimation,
including this one, have used pure visual stimuli to
simulate self-motion and to isolate, supposedly, the
visual-motion contribution. Unfortunately, our results
and those of others must be interpreted with caution
because we have actually measured heading estimation in
a visual-vestibular conflict situation: our observers’
canals and otoliths told them that they were, in fact, not
moving. There was also visual-visual conflict with
disparity (because binocular viewing was used) and
looming cues. as well as conflict with vergence and
accommodation signals. Although we have focused in
this study on the visual contributions to heading
estimation, sensorimotor contlict may have influenced
our obscrvers” responses.
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Task difficulty

Our task was difficult and required practice. There are
at feast three possible causes: (1) we did not provide trial-
by-trial feedback (the standard method for establishing
stable criteria); (2) the FOV of our display was restricted;
and (3) the difficulty was inherent to our paradigm.

It is critical not to provide trial-by-trial feedback so
that observers cannot use a simple 2D lookup-table
strategy to respond accurately. It is equally critical that
observers be given the chance to develop a stable
criterion. For instance, our naive observers were initially
confused by the fact that they could be translating
instantancously leftward along a path that curves to the
right. While their retinocentric heading remained con-
stant, their exocentric heading could indecd become more
rightward over time. It therefore remains unclear whether
DD has an inherent and insurmountable difficulty in
performing the task, or merely remained unsure about the
retinocentric nature of the task. Although in the
experiments presented here, five of the six observers
tested were able to perform well, we have subsequently
tound more obscrvers whose performance is unreliable.
We have no clear explanation for the observed inter-
subject variability and are presently examining training
paradigms to explore whether more reliable performance
can be obtained from all observers given sufficient
practice.

The limited FOV of our set-up may have contributed to
the difficulty of the task and to the inter-subject
variability., Observers cxperienced variable amounts of
vection (visually driven sense of movement) and their
performance therefore may have been  differentially
affected by vestibular conflict. Poor performers were
perhaps not visually challenged, but rather unable to
ignore the conflicting lack of vestibular input. The use of
larger FOVs would likely reduce the scverity of this
potential  problem by increasing both  translational
(Telford & Frost, 1993; but see also Andersen &
Braunstein, 1985) and rotational (Post, 1988; Stern et
al.. 1990) vection. Vection is likely caused by the
confusion of subcortical visual and vestibular signals as
carly as the vestibular nucleus (Daunton & Thomsen,
1979, Henn ef al., 1980). If vection were experienced
more consistently, perhaps performance would improve,
as conflicting vestibular signals would be suppressed
prior to their arrival in cortex (Fig. 8).

It could be argued that heading is more naturally
perecived exocentrically. If heading perception is indeed
experienced exclusively in exocentrie coordinates, then it
might be difficult to convert it back to retinocentric
coordinates. The conflict between the visually simulated
head/body rotation and the lack of vestibular stimulation
might further hamper conversion back to egocentric
coordinates (Fig. 8). However, this explanation is not
supported by previous studies of circular cxocentric
heading estimation (Warren ef al., 1991a,b) which found
that up to 25% of obscrvers were unable to perform the
task. This suggests that the retinocentric nature of our
task is not the culprit.
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Finally, it is also possible that the task was difficult
because humans do not have the capability to process
flow ficlds produced by arbitrary combinations of
rotation and translation. However, they could use their
ability to process a wide (but incomplete) range of
rotation/translation combinations to make relatively
accurate heading estimates, cven when confronted with
a flow ficld outside the repertoire of those that can be
processed perfectly. We have previously proposed that
human flow field processing for heading estimation might
be specialized for that subsct of flow fields generated
during gaze-stabilization (Perrone & Stone, 1994) and
have shown that the performance of this template model
decays graccfully for non-gaze-stabilized flow ficlds and
can yicld performance consistent with our data (Figs 10
and 13 of Perrone & Stone, 1994).

The role of the flow field

The literature contains conflicting conclusions as to
whether humans can indeed estimate heading from a flow
field that contains rotational flow without the benefit of
other visual or non-visual cues. Early studies that
addressed this issue found evidence that humans can
indced do so in the translation + pursuit and trans-
lation + gaze-stabilization  cases. Rieger and Toct
(1985) simulated translation towards one or two vertical
plancs combined with simulated pursuit in a random
direction. They found that humans could estimate their
retinocentric heading accurately in the double- but not the
single-planc condition. Rotation rates, however, were at
or below 1.8 deg/sec and retinocentric heading changed
over time. Warren and Hannon (1988, 1990) similarly
showed that humans can in fact estimate exocentric
heading during visually simulated translation + gaze-
stabilization as long as there is depth variation in the
layout. However, they only tested rotation rates at or
below 0.7 deg/sec. Cutting (1986) also found that humans
could make precise retinocentric heading judgments
(thresholds <4 deg) during simulated translation and
curvilinear motion plus gaze stabilization, but the
retinocentric heading was changing over time, therc
was no vertical component to optic flow, and rotation
dircction provided a heading cue. In addition, in all of
these studies, observers were given practice trials with
trial-by-trial feedback, so the results are open to the
criticisms discussed previously.

More recently, investigators have argued that either
extra-retinal or depth information is needed for accurate
visual heading estimation. Banks and colleagues (Royden
et al., 1992, 1994; Banks ef al., 1996) have argued that
humans - require oculomotor information for accurate
heading estimation during translation plus eye move-
ments. Their obscrvers were asked to make exocentric
heading judgments in translation+cyc-rotation conditions
using cither real or simulated cye movements to generate
the rotational flow. They reported large errors (up to
~ 18 deg) in heading estimation in the simulated eye-
movement condition but only small errors (< ~4 deg) in
the actual cye-movement condition (Royden ef al., 1992,
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1994). They originally concluded (abstract, Royden et
al., 1992) that “humans require extra-retinal information
about eyc-position to perceive heading accurately in the
presence of rotation rates >1 deg/sec”. They later pointed
out (Royden et al., 1994) that a conflicting oculomotor
cue, signaling no eye movement, might have hampered
performance in the simulated eye-movement condition,
so their results are not conclusive on this issuc.

van den Berg (1992) examined the role of static depth
cues in visual heading estimation and concluded
(abstract, van den Berg, 1992) that “recognizable points
at infinity (like the horizon) appcar essential for robust
heading perception in the presence of ego-rotations™. He
compared exocentric heading estimation during simu-
lated gaze-stabilized motion over a ground plane which
provides a wealth of static visuul cues (a horizon at or
near infinity, a priori knowledge that all points are
constrained to lic in a planc, a texture gradient that
indicates relative depth because dot density increases
with depth) with that through a cloud of random points
which provides no extra-flow-ficld cues. He argued that
static cues are necded because “using translation through
a cloud of points, most observers can determine their
heading direction relative to their environment with little
precision or not at all” (van den Berg, 1992, p. 1293).
This statement is at odds with the no-noise data in his Fig.
7. Without added noise, the precision of both naive
observers tested appears statistically indistinguishable in
the cloud and ground-plane conditions and ranged from 2
to 4 deg in the cloud condition for all three observers. [n a
subsequent cxperiment using disparity cues for depth,
van den Berg and Brenner (1994a) again conclude that
“(w)ithout static depth information, visual heading
judgements arc morce vulnerable to noise and the
confounding cffects of eye and head rotation™ (p. 702).
While their data do support the first point, again they do
not support the latter. In fact, with the lowest added noise,
all three observers showed no reliable difference in cither
precision or accuracy between performance in the stereo
and non-stereo cloud conditions (their Fig. 3).

The accurate and precise exocentric heading judg-
ments during the simulated cye-movement conditions
(with up to ~4deg/sec of rotation) for self-motion
through a cloud in these experiments of van den Berg and
colleagues (van den Berg, 1992; van den Berg & Brenner,
1994a) arc in conflict with those of Royden et af. (1992,
1994). A recent attempt to reconcile this discrepancy
(Fig. 12a; Banks er al., 1996) is unconvincing for two
reasons. First, Banks and colleagues only compare their
data with the worst observer from van den Berg and
Brenner (1994a). The other two observers” appeared to
show littic systematic error at any rotation rate in the
range F ~4deg/sec, although intercept data were
unfortunately not provided. Second, their data on
simulated eyc-rotation plus translation through a 3D
cloud (Banks ef al., 1996), show much smaller errors
(~6-8deg at 5deg/scc) than the ~15-18deg at 5
deg/sec reported in their carlier studies (see Royden et al.,
1994, Fig. 13). Although the different conditions and
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obscrvers may be the explanation, recently, Banks and
colleagues (Ehrlich ef al., 1996) have shown that a wide
range of crror values can be obtained simply by
manipulating the distance of the reference probe. This
illustrates the difficulty in the quantitative interpretation
of exocentric data.

In summary, our results and those of others (Rieger &
Tocet, 1985; Cutting, 1986; Warren & Hannon, 1988,
1990; van den Berg, 1992; van den Berg & Brenner,
19944) support the view that neither oculomotor nor
static depth cues (from cither perspective or disparity) are
necessary (o provide the rotational signal for accurate
retinocentric heading estimation.

The role of oculomotor signals

Our data should not be construed to suggest that
oculomotor signals do not play an important role in
human heading estimation. Indeed the presence in MST
of cye-movement signals  (Newsome ef al., 1988;
Erickson & Thier, 1991; Dufty & Wurtz, 1994) together
with visual-motion responses ideal for processing self-
motion (Saito of al., 1986; Tanaka et al., 1986, 1989:
Tanaka & Saito, 1989; Roy & Wurtz, 1990; Duffy &
Wurtz, 1991a.b, 1995: Orban et al., 1992; Graziano et al.,
1994; Stone & Perrone, 1994) argue strongly for such a
role. OQur findings do not even rule out a direct role for
oculomotor signals in retinocentric heading estimation.
An input signaling ~ 0 deg/see eye velocity may have
influenced the visual processing of our stimuli. None-
theless, under our curvilinear conditions, because eye
velocity was ~ O deg/see but simulated rotation was up to
16 deg/see, simply vector-subtracting the eye-velocity
signal from the flow ficld and then locating the resulting
singularity would have generated performance equal to or
worse than that shown by dashed lines in Figs 5 and 7.

Previous studies of exocentric heading judgments have
not determined the exact role of oculomotor inputs.
Regardless ol where  cortical  heading  signals  are
converted into exocentric coordinates, current exocentric
experimental designs do not distinguish between oculo-
motor inputs at the level of the retinocentric flow-field
analysis from those at the level of the transformation
from retinocentric  to craniocentric  and  exocentric
coordinates: exocentric heading is downstream  from
both (Fig. 8). However, recent findings (Warren et al.,
1996) show that putting recognizable objects in the
layout supports accurate exocentric heading estimation
during, simulated  eye movements, suggesting  that
oculomotor information is not required, even  for
exocentric judgments.

Banks and colleagues (Banks ¢f al., 1996) argue for a
dircet role of oculomotor signals in the flow-ficld
processing. They conclude that their data are inconsistent
with retinal-image models and most consistent with an
extra-retinal model in which rotational flow is subtracted
using an cxtra-retinal signal. They claim that, for an
extra-retinal model, (i)t is a relatively simple matter to
subtract the indicated rotational flow, compuie the
translational flow components, and then estimate head-
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ing” (p. 432), presumably using a flow-field model which
assumes no rotational flow such as that proposed by
Hatsopoulos and Warren (1991). However, the view that
rotational flow is exclusively handled by subtracting an
oculomotor signal would lead to heading being confused
with the singularity during simulated rotation. This view
is at odds with our data as well as those of others (Rieger
& Toet, 1985; Warren & Hannon, 1988, 199(); van den
Berg, 1992; van den Berg & Brenner, 1994a). Our
findings do not prove that cye-velocity is not subtracted
from the flow ficld, nor do they preclude other direct
cffects of an eye-rotation signal on flow-ticld processing
such as the eye-velocity weighting of heading detector
responses (Perrone & Stone, 1994). They mercly revive
those retinal models that Banks and colleagues (Banks ef
al., 1996) deemed inconsistent with their data and rule
out visual models that ignore rotation (e.g. Hatsopoulos
& Warren, 1991). Considering that rotational flow is
introduced without a concurrent oculomotor cye-rotation
signal whenever a human moves along a curved path or if
the oculomotor signal is imperfectly calibrated, it is not
surprising that humans would have this visual ability.
Oculomotor signals may also assist in the proper
conversion from retinocentric to exocentric coordinates.
While the findings of Banks e al. (1996) show that such
an oculomotor signal cannot merely be a binary (eye
movement vs curved path) trigger, they do not rule out
more claborate versions of the conversion hypothesis.

In summary, Banks and colleagues (Royden et al.,
1992, 1994; Banks et al., 1996) have found evidence that
oculomotor signals play a role in exocentric heading
cstimation. However, except possibly for their single-
plane experiment (Royden et al., 1994), their data do not
resolve the issue of whether oculomotor inputs play that
role in the determination of retinocentric heading from
the flow field or in the conversion from retinocentric to
exocentric coordinates or both.

Alternate hypotheses

While a parsimonious explanation of our results is that
our observers used a visual algorithm to make relatively
accurate estimates of their retinocentric heading directly
from the flow field (e.g. Perrone, 1992: Lappe &
Rauschecker, 1993; Perrone & Stone, 1994), there arc
other possible explanations.

First, observers could have estimated their axis of
rotation and determined whether it was in front or behind
them, albeit to the side [sce Fig. 2(A, B)]. Such a strategy
would require knowing that their path was exactly
circular (i.c., had a single center of rotation), a fact not
given Lo our naive observers. Furthermore, it would yield
better performance at higher rotation rates as the axis
would be closer and the distance between centers of
rotation larger for the same step in heading angle. We and
others (Warren ¢r al., 1991b), however, observed the
opposite trend.

Scecond, observers could have estimated their exo-
centric heading and worked backwards to generate their
retinocentric heading. Although we climinated static
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depth cues from our stimulus and used a random layout,
because the random structure of our layout did not change
over time (i.e., the same random dots remained present
throughout a given trial), dynamic depth estimation (from
the accurate processing of the flow field, e.g. Heeger &
Jepson, 1992; Perrone & Stone, 1994) could have
supported accurate heading estimation from exocentric
displacement over time. The finding of successful
exocentric heading estimation with short dot lifetimes
argues against this possibility (Warren et al., 1991a; van
den Berg & Brenner, 1994a).

Third, observers might ignore our instructions and
make exocentric judgments using an approach proposed
by Royden (1994), whereby exocentric heading is
estimated without extracting the 3D self-motion para-
meters from the flow field. This algorithm finds the
largest flow vector on the vertical meridian at mid-trial,
determines its intersection with the horizontal meridian,
computes the angle between the intersection point and the
line of sight, and divides this angle by two (her Fig. 6).
This ad hoc algorithm depends critically on the assumed
depth of the point that generated the original flow vector
and it is difficult to believe that a naive observer would
have adopted such a complex strategy. Nonetheless, it
provides an existence proof for a 2D algorithm that could
have been used to generate the data in Royden et al.
(1994). However, if our observers adopted this strategy
and, despite our instructions, made exocentric heading
judgments, they would have generated biases in the
rotation direction larger than observed (e.g. ~11 deg at
4 deg/sec in Expt 2 and ~ 6 deg for both 8 and 16 deg/sec
in Expt 3). Even if our observers applied this algorithm at
the end of the trial, their errors would still have been
larger than those observed. Furthermore, because this
algorithm does not derive either the curvature or tangent
to the path, it is difficult to sce how exocentric heading
derived using this algorithm could then be used to
estimate retinocentric heading without going back to the
flow field to estimate their 3D motion, It must be
emphasized that, during curvilinear motion, retinocentric
heading is not mercly exocentric heading in retinal
coordinates (Fig. 4 of Royden, 1994).

CONCLUSION

We conclude that at least some humans can disambig-
uate the rotational and translational components of flow
fields to make largely accurate and precise judgments of
retinocentric heading, without static depth cues. There-
fore, humans do not simply rely on an eye-velocity signal
to cancel the rotational flow.
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