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Wayfinding, Displacements, and Mental Maps: Velocity Fields Are Not
Typically Used to Determine One's Aimpoint

Peter M. Vishton and James E. Cutting
Cornell University

When an individual moves through a cluttered environment, he or she often fixates an object
relatively near his or her path in the middle distance and uses pursuit eye movements to
follow it while moving forward. On the basis of previous evidence, either motion fields or
displacement fields around the fixated object—two alternative representations of the same
information—could be used to determine one's direction of self-movement, sometimes called
heading or aimpoint. In a series of 5 experiments, the relationship between these represen-
tations was explored and it was found that the displacements of identifiable objects, not their
motions, are most likely the direct inputs for wayfinding. It may be that these inputs are used
in conjunction with a mental map to determine one's aimpoint. A mathematical framework
for this process is proposed.

Most animals must successfully negotiate the environ-
mental clutter around them many times a day. Habitually
successful performance of this task, which we call wayfind-
ing, is one of the more important practical abilities an
individual can possess, particularly a human being sur-
rounded by technological artifacts and means of convey-
ance. While moving in a given direction, individuals must
be able to avoid obstacles on or near their path with con-
siderable accuracy. To fail to do so, especially at high
velocities when driving a car, is to risk injury or worse.
Here, however, we generally focus on wayfinding accuracy
during human gait—the walks and runs of the everyday
pedestrian range. We focus on bipedal locomotion because
it is within this range of velocities that evolution is likely to
have molded and selected the wayfinding capacities found
in the human visual system. We begin with two questions:
How accurate do we need to be when locomoting? And,
what is the form of the information we use to find our way?

What Accuracies Are Needed to Avoid Obstacles
During Gait?

During a walk or run, stationary obstacles near one's path
loom and may need to be avoided. If footspeed is to be
maintained, the time to perform the act of obstacle avoid-
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ance may be parsed into three periods: the reaction time
necessary to recognize that an object is critically near one's
path, the time needed to adjust one's footfall, and the time
needed to negotiate a turn to avoid the object. Each of these
periods has a distance associated with it, and each distance
is linearly dependent on forward velocity. For highly accu-
rate wayfinding, the first of these periods is surprisingly
long (as much as 3 s or more) and by far the most dominant
because it accounts for more than 75% of the distance
covered in an avoidance maneuver during the approach to
an object. Cutting, Springer, Braren, and Johnson (1992, pp.
42-44; see also Cutting, 1986, pp. 277-278) provided de-
tails about how the components and the required accuracies
may be calculated. Here we take a somewhat different tack,
based on those previous analyses.

As formalized by Cutting et al. (1992), required wayfind-
ing accuracy, ii (measured in degrees of visual angle), is the
arctangent of a leaning half-body width (the distance one
must move sideways to avoid a point obstacle directly in
one's path) divided by the total distance covered in the
avoidance maneuver. These relations are shown in Figure 1,
and O is the pertinent angle between one's direction of gaze
and direction of movement at the initial point of information
registration. Thus, we call it the initial gaze-movement an-
gle. This angle, when matched to the required accuracy
during gait, can be well approximated by an empirical rule
derived from Cutting et al. (1992, Table 1):

fl = 7.5/v, (1)
where v is forward velocity (in meters per second) but
where units are ignored in this simplified equation). This
approximation is quite accurate because of the linearity of
arctangents measured on small angles and because wayfind-
ing experiments typically confine themselves to such an-
gles. The relation also captures the fact that as one moves
faster, greater wayfinding accuracy is required to continue
avoiding collisions. Thus, at 10 m/s (a sprint) an accuracy of
0.75° is needed, at 5 m/s (a reasonable marathon speed) an
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Figure 1. Four cases showing differential wayfinding require-
ments of an observer moving, and an inset showing that observer
leaning into a turn. Velocities are 10.0, 5.0, 2.5, and 1.25 m/s, and
the requirement is calculated according to the initial angle between
where one is going and where one is looking, called the initial
gaze-movement angle. Requirements are based on Equation 1 and
the analysis presented by Cutting et al., 1992. The distance covered
during the wayfinding maneuver is due to a temporal sequence
with as many as three parts: reaction time to determine one's
direction of movement, footfall modulation time (when running
but not walking), and the avoidance maneuver itself. By far the
most important component is due to reaction time, which we
estimate to be about 3 s. This interval is calculated as part of the
stimulus sequence in our experiments. Adapted from "Wayfinding
on Foot From Information in Retinal, Not Optical, Flow," by J. E.
Cutting, K. Springer, P. A. Braren, and S. H. Johnson, 1992,
Journal of Experimental Psychology: General, 121, p. 42. Copy-
right 1992 by the American Psychological Association.

accuracy of 1.5° must be maintained, at 2.5 m/s (a jog) 3° is
necessary, and at 1.25 m/s (a saunter) only about 6° is
required. These accuracies are suggested in Figure 1, and
these measures serve as our standards against which perfor-
mance is assessed in the five experiments.

What Information Is Used in Wayfinding?: Motion
Fields Versus Displacement Fields and Depth Maps

All approaches to wayfinding have explicitly embraced
the notion that the vector field resulting from an observer's
movement supplies necessary information for an accurate
sense of the direction of motion.1 Each vector, of course,
has both direction and extent, and as such each is a symbolic
representation of change. But as a representation, it can be
interpreted in two ways—either as an instance of motion
(emphasizing the temporal aspect of change) or as an in-
stance of displacement (emphasizing the spatial aspect of
change). Temporal and spatial derivatives of global vector
fields associated with wayfinding typically have the same
form (e.g., compare the equations of Gordon, 1965, with

those of Cutting et al., 1992), but psychologically there may
be a difference.

Interestingly, the literature on wayfinding has almost
wholly concentrated on velocity fields. The two velocity
fields thought most important are the isolated translational
flow field created by displacing an unrotated eye through
space (e.g., Calvert, 1954; Clocksin, 1980; Gibson, 1979;
Nakayama & Loomis, 1974; Perrone, 1992; Prazdny, 1981;
W. H. Warren & Hannon, 1990; W. H. Warren, Morris, &
Kalish, 1988) and the undecomposed retinal flow field,
which combines the translational flow field and the rota-
tional flow field of pursuit eye movements (Cutting, 1986;
Cutting, et al., 1992). Moreover, it has generally been
thought that the array of motion sensors in the visual system
has direct input to decision-making mechanisms about way-
finding (Cutting et al., 1992; W. H. Warren et al., 1988); no
intervening depth map is thought necessary to compute,
although depth information is generally available.

Computation of aimpoint without depth has its advan-
tages. For example, consider the situation shown in the left
half of Figure 2. If one knew one's aimpoint and also the
distance c traveled during any instant of time (e.g., two
steps, which at a brisk pace would equal about one eye
height), one could derive the distance d to any object in the
field of view:

d = c • sinn/sin(/3 - (2)

where ft and /3 are the angular deviations from the aimpoint
before and after the step cycle. Applied in parallel to the
whole field, Equation 2 can then be used to derive the
spatial layout of the environment around the moving ob-
server. Thus, flow can yield layout.

The wayfinding literature, however, has not considered
aimpoint estimation from the combination of displacement
fields and a depth map. To be sure, an earlier approach in
the machine vision literature concerned discrete points,
static views, and the problem of what was called computing
structure from motion (see Ullman, 1981, for an early
review) but this work would be more appropriately de-
scribed as structure from displacements. Applied to way-
finding, then, one could start with discrete points and views,
assign correspondences to points across views, compute the
layout and relative depth of objects in the environment, and
then recover direction of locomotion. This approach has
never been popular in the wayfinding literature, probably
because it is generally thought either that (a) displacements
imply a correspondence problem, and that problem is psy-
chologically not at issue in the domain of real motion;
instead, it is solved simply by recording continuous motion;
that (b) the motion-field approach may have been thought to
be a considerably richer one, embracing and effectively
using the parallel architecture of vision; that (c) depth per se
need not be calculated for wayfinding; or that (d) both
approaches are, ultimately, algorithmic variants of the same

1 Concentration is placed on visual information, although kin-
esthetic feedback from eye movements are often also considered
(Llewellyn, 1971; Royden, Banks, & Crowell, 1992).
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Figure 2. Schematic diagrams of an observer moving through an
environment considering the aimpoint, and the angles and dis-
tances to one or two objects. If knowledge of the aimpoint and
knowledge of distance traveled are assumed, as shown in the left
half, then the distance of any given object can be derived by
Equation 2; if knowledge of the distance to two objects, the
distance traveled, and the retinal displacement of a nonfixated
object, object B, are assumed, as in the right half, then one can
determine the aimpoint by Equation 3. Proof of the latter is given
in the Appendix. The reciprocal play of these sources of informa-
tion is used in this article to discuss the efficacies of using motion
fields or displacement fields for wayfinding.

object during pursuit fixation until it intersects the line of
sight.

Although the process suggested in Equation 3 might
appear more convoluted and cumbersome than that for any
of the motion field theories, we think it is worth consider-
ing. Under normal viewing conditions in natural environ-
ments, an observer has at his or her disposal a large array of
sources of information about the layout of the surround—
occlusion, height in the visual field, gradients of size and
density, binocular disparity, aerial perspective, conver-
gence, accommodation, and perhaps more. It seems unlikely
that the observer, with all of this information, would nec-
essarily wait to compute depth until motion perspective
information reached efficacy. Moreover, there is a multitude
of evidence that these other depth sources are used, perhaps
in an obligatory fashion, to produce a rough topographic
map whether an observer is in motion or not (see Cutting &
Vishton, 1995, for a review). Thus, given the effortless
automaticity of this scene perception process, we think it
might be valuable to link it with the wayfinding literature.
The five experiments presented here explore the plausibility
of the depth and displacement field approach and are fol-
lowed by a discussion of how these results might be related
to the literature on mental maps.

solution to the same computational problem. Nonetheless,
the idea that displacements and depth serve wayfinding
remains a psychological possibility.

Consider the right half of Figure 2. If the spatial layout
were known to some approximate degree (including esti-
mates of the distances to an array of objects in the field of
view), if one used pursuit fixation to track a given object off
one's path, and if one registered the displacement of an
object in the foreground as it intersected the line of sight,
then one could invert the process in Equation 2 and derive
one's aimpoint. As outlined in the Appendix, the final
gaze-movement angle, )3, after a pursuit fixation is deter-
mined by the following:

|8 = arcisn(a • sin(arctan(£> • sin8/(a — b • sin5)))/c),
(3)

where a and b are the initial distances to two objects (a to
fixation and b to an object ahead and in the foreground), c
might again be two steps (about an eye height), and 5 is the
angle of displacement in the retinal field of the nearby

Outline of Experiments

The progression of our experiments generally follows our
line of discovery and is outlined in Table 1. First, given the
general equation:

velocity = distance/time, (4)

we performed three experiments. Normally one would ap-
ply these three terms to a moving object, such as the
observer; however, they apply equally to object motions and
displacements in the retinal image of the moving observer.
That is, during his or her pursuit fixation, the velocity of any
given nonfixated object (a tree in our cases) in the retinal
image is a function of observer velocity; the displacement of
that nonfixated tree, given its depth, is a function of the
distance covered by the observer; and, of course, the dura-
tion of motion for that tree is identical to the duration of
observer movement. When applied to all objects in the
scene, these three interrelated variables then constitute (a)

Table 1
Outline of Experiments

Experiment

1
2
3
4

5

Stimulus
elements

Trees
Trees
Trees
Trees

Dots

Varied

Duration and displacement
Displacement and velocity
Duration and velocity
Frame rate (samples per

second)
Frame rate (samples per

second)

Held constant

Velocity
Duration
Displacement
Velocity; duration and

displacement
Velocity; duration and

displacement
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the velocity fields in, (b) the displacement fields in, and (c)
the duration of, the stimulus sequences.

In each of the first three experiments, we held one of
these three factors constant while systematically varying the
other two. In Experiment 1, we covaried sequence duration
and the field of object displacements generated by the
forward movement of the observer while observer velocity
was held constant. In Experiment 2, we covaried velocity
and object displacements while duration was held constant.
In Experiment 3, we covaried velocity and sequence dura-
tion but held object displacements constant. The conjoined
results of these three studies implicate the use of displace-
ment fields, rather than velocity fields or duration, as the
carrier of wayfinding information.

In Experiment 4, we explored further the centrality of
displacement information. If motion per se were not rele-
vant to wayfinding, then the number of frames sampling the
sequence of the forward movement of an observer should be
largely irrelevant. Thus, keeping trial duration, object dis-
placements, and overall velocity constant, we varied the
number of samples in the sequence. Sampling had little
practical import on performance. We then compared these
results with those of Experiment 5 using a field of dots
instead of trees as stimulus elements. Results of this pair of
studies support the use of displacement information so long
as the stimulus elements were individuated, overriding cor-
respondence problems.

General Method and Assessment

Stimulus Sequences

Motion sequences were generated on a Personal Iris Worksta-
tion (Model 4D/35GT, Silicon Graphics Computer Systems,
Mountain View, CA). The Iris is a noninterlaced raster-scan sys-
tem with a resolution of 1,280 X 1,024 picture elements (pixels).
Viewing by participants was unconstrained and binocular, but
participants were encouraged to remain relatively still 0.5 m from
the screen, creating a resolution of about 50 pixels/degree of visual
angle, and an image size of about 25° X 20°. Perspective calcu-
lations used to generate the stimuli were based on this viewing
position and distance.

Sequences were patterned after those of Cutting et al. (1992,
Experiment 8), mimicking the movement of an observer through a
tree-filled environment while looking at a particular tree off his or
her path. Thus, the stimuli mimicked the retinal motion of what is
seen during forward locomotion with pursuit fixation on an object
off the side of one's path. Such eye-movement behavior is the
norm during the relatively low-velocity forward movements char-
acteristic of gait (Calvert, 1954; Schwarz, Busetti, & Miles, 1989).
In addition, here, as in almost all previous research in both the
decompositional and nondecompositional traditions, we have fo-
cused on movement through a completely rigid environment (but
see Cutting et al., 1992, Experiment 9; Cutting, Vishton, & Braren,
1995).

As suggested in Figure 3, there were many trees in this envi-
ronment, each identical in structure. A small forest was created by
translating and replicating this tree to many locations across the
ground plane. In each location the tree was rotated around its
vertical axis to a new randomly determined orientation. The major
branching of tree limbs occurred at 1.5 eye heights (or 2.4 m for an

individual with an eye height of 1.6 m), and the top of the highest
branch was at 2.7 eye heights (4.32 m). All measures reported
below are scaled to an observer eye height of 1.6 m.

A red fixation tree appeared in the center of the screen at an
initial distance (in Experiments 1, 2, and 5) of 31.3 eye heights
(about 50 m). The visible horizon was generally clipped at 62.5
eye heights (100 m), or about 55 min of arc below a true horizon
one might see when standing on a flat plane. All other trees were
colored gray, the ground plane was brown, and the sky cyan. The
trees had no leaves, so the stimulus sequence represented overland
travel through a sparse wintry scene without snow, as suggested in
Figure 3a, 3b, and 3c. As the trial progressed, trees could appear at
or could disappear off of the edge of the display, due either to
simulated forward motion of the observer or to pursuit fixation of
the observer on the focal tree.

Motion sequences were generated on-line at a mode of 100
ms/frame. Because the motion of most trees in the displays was
quite slow (M = 0.57s, or 2.5 pixels/frame), motion aliasing
problems were not bothersome. Only 10.3% of trees moved faster
than 1.07s (> 5.0 pixels/frame). Each trial simulated forward
movement of the observer with gaze fixed on a stationary object
off to one side, but with the fixation object remaining in the center
of the display screen. Such movements combine camera motions
of a dolly (a translation) and a pan (a rotation, in this case around
the vertical axis). The gaze-movement angle grew steadily as the
trial progressed. Initial gaze-movement angles were 0.5°, 1.0°,
2.0°, 4.0°, and 8.0°; final gaze-movement angles were slightly
larger, which are reported in the Method section of each experi-
ment and explained further in the Results and Discussion sections.

Independent Variables

We use the initial gaze-movement angles, fl in Figure 2, as the
primary independent measure of the information used in the dis-
play. This choice is in contrast to that of Cutting (1986) and
Cutting et al. (1992). There the final gaze-movement angle, or /3 in
Figure 2, was used. Indeed, the older measure is more conservative
because all the stimulus information has been presented before
attaining this angle. However, the assumption of both these earlier
works and the present work is that the simulated path of the
observer during the course of the stimulus trial, as shown in Figure
1, generally corresponds to the portion of the observer's path
during the reaction time interval. That is, considering the layout of
the requirements in the situations shown in Figure 1, as the moving
observer progresses along the simulated path, the gaze-movement
angle increases slightly but the observer always remains within the
envelope required by the task given the initial gaze-movement
angles. Nonetheless, we report and analyze the data in terms of
both initial and final gaze-movement angles.

Procedure

Forty-five members of the Cornell University community were
tested individually in five experiments. Each had normal or cor-
rected-to-normal vision and each was naive to the experimental
hypotheses. They sat in a moderately lit room with the edges of the
display screen clearly visible. Viewers were told they would be
watching stimuli that simulated their own movements across a
plane populated with trees, and that the stimulus motion would
mimic their fixation on the center (red) tree. They were encouraged
to keep their eyes at midscreen, but eye movements were not
monitored. At the end of each trial, the motion sequence ended but
the last frame remained on the screen until the participant made his
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Figure 3. The general layout of the environment, a path taken, and three sample frames from
stimuli used in the three experiments. Part A shows the first frame of the sequence with the fixation
tree, / at mid image and the layout of the surrounding trees, with an instantaneous gaze-movement
angle of 4° with gaze to the right. Notice the locations of three other trees labeled a, b, and c. By
mid sequence (the 37th frame), as shown in Part B, the observer has progressed forward; the fixation
tree is still mid image, but the trees around it have expanded and moved in a counterclockwise
manner (near trees moving to the right and far trees moving to the left). By the end of the sequence
(the 72nd frame), as shown in Part C, the observer's gaze movement angle is 8°, and although the
fixation tree remains in place the other trees have moved even more. It is representative of human
gaze patterns during forward movement. Part D shows an overhead view of the forest through
which, and the path along which, the observer moved. The V-shape formed by the diagonal lines
indicates where the scene was cropped due to the edges of the display on the first frame, with the
simulated path taken lying between the arms of the V. Adapted from "Wayfinding on Foot From
Information in Retinal, Not Optical, Flow," by J. E. Cutting, K. Springer, P. A. Braren, and S. H.
Johnson, 1992, Journal of Experimental Psychology: General, 121, p. 55, Copyright 1992 by the
American Psychological Association.
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or her response. Participants pressed the right key on the Iris
mouse if they thought they were going to the right of where they
were looking during the trial, and the left mouse key if they were
going left. If they wished to view a trial again, they could press the
middle mouse key, but few participants elected to see any trials a
second time. All found the task reasonably natural and compre-
hensible. No feedback was given. Ten to 12 practice trials without
feedback preceded each test sequence. Participants were either
paid at a rate of $5 per hour or received course credit for their
services.

Performance Functions, Assessments, and Criteria

In wayfinding tasks such as these, the accuracy of observers
varies as a function of gaze-movement angle. These functions,
when plotted on a logarithmic scale of initial gaze-movement
angles against percentage of correct performance, are well-approx-
imated by the upper section of a logistics function; that is, they
typically rise rapidly from chance performance and asymptote near
perfect performance. Thus, in each experiment the data of each
individual in each condition will be fit to the logistic function:

p = e''i + "' /(I + e fi + a ) , (5)

where p is the percentage correct performance, a is the logarithm
of each of the five gaze-movement angles under consideration, e is
2.718, and ju and cr are the two parameters to be fit. Each point for
each curve is based on 4, 10, 10, 12, and 12 points, across
Experiments 1-5, respectively. Fits are reported for each experi-
ment.

Given the importance of wayfinding to our species and other
species, and given the danger inherent in any errors, we report two
performance criteria—75% and 95%. The 75% criterion is com-
mon in psychophysics and has been adopted elsewhere in the
literature (e.g., W. H. Warren et al., 1988). However, we believe a
95% criterion is more representative of adequate performance (see
also Cutting et al., 1992). For example, in our situation the 75%
criterion might allow observers collision with every fourth tree
near the path of movement; a 95% criterion might allow collisions
only with every twentieth tree. Moreover, 95% correct perfor-
mance is not predictable from 75% performance. As we show in
our data, the slopes of wayfinding functions can vary widely across
different classes of stimuli.

The gaze-movement angles corresponding to both 75% and 95%
accurate performance are abstracted from the individual logistics
curves and then compared against the performance criterion cal-
culated by Equation 1. If adequate wayfinding information is
available in the displays, we argue that most participants should
meet or exceed the 95% criterion. In addition, the within-condition
median performance levels associated with gaze-movement angles
of 0.5°, 1.0°, 2.0°, 4.0°, and 8.0° are determined, and these values
fit to a new logistics function. This group-median function is then
useful in depicting patterns of differences across conditions and as
an aid in assessing group performance as a function of task
requirements.

Experiment 1: On the Time Necessary to Find One's
Way on Foot

In this experiment, we covaried the distance covered by
the moving observer (and thus the displacements of the trees
in the stimulus) and the duration of the stimulus sequence
while holding observer velocity constant. Choosing a ve-

locity in the midrange of human gait enabled us to assess the
length of continuous stimulation generally necessary for the
wayfinding task under normal conditions. Cutting et al.
(1992, Experiment 3) had measured reaction times in a
wayfinding task and found that observers responded after 3
s of a stimulus sequence and achieved 95% performance at
a gaze-movement angle of about 3.9° for a forward velocity
of 1.9 m/s. Because observers could terminate the sequences
with their response, trial duration was not varied systemat-
ically. Thus, it is not known whether continuous stimulation
over the full 3 s was needed or whether a shorter duration
sequence would suffice while the observer used the remain-
ing time to prepare his or her response. The goal of Exper-
iment 1, then, was to determine whether or not there is
adequate wayfinding information in sequences of less than
3-s duration.

Method

Simulated forward velocity of the observer in each stimulus
sequence was 1.36 eye heights/s (or 2.18 m/s). By Equation 1,
accuracies should occur at a gaze-movement angle of 3.44° or less,
whether assessed by the 75% or 95% criterion. During each trial,
participants viewed a sequence simulating their movement through
the sparse forest for 0.12, 0.25, 0.5,1.0, 2.0, 4.0, or 6.0 s; with five
of these values below the 3-s limit assessed by Cutting et al.
(1992). During these trials, the simulated linear path of the ob-
server covered 0.17, 0.34, 0.68, 1.36, 2.72, 5.44, and 8.16 eye
heights, respectively, with the shortest path presented in only two
stimulus frames. Initial gaze-movement angles were 0.5°, 1.0°,
2.0°, 4.0° and 8.0°. Final gaze-movement angles for the 0.125-s
conditions were 0.502°, 1.004°, 2.008°, 4.017°, and 8.033°, re-
spectively; those for the 6-s condition were 0.625°, 1.250°, 2.500°,
4.999°, and 9.989°; and those for the other conditions were in
between. The rate of simulated pursuit for all trials was less than
0.33°/s, and thus well within the range of accurate performance on
similar tasks for real pursuit fixations (Royden, Banks, & Crowell,
1992). In all conditions, 44 trees were generated in the environ-
ment but only a mean of 21 were visible at any time.

As in the studies of Cutting et al. (1992), half the stimuli
simulated the camera movement of a smooth dolly with a simul-
taneous pan, which kept the red tree at the center of fixation; half
simulated these movements plus two small oscillatory rotations
due to a sinusoidal vertical bounce and a sinusoidal lateral sway,
mimicking the nature of a bipedal observer's actual visual input.
Bounce was 2.5% of eye height at a frequency of twice per step
cycle, and sway was 3.5% at a frequency of once per step cycle.
Both values are in the midrange of Murray's (1967) measurement
for natural gait. Each step cycle took about 950 ms to complete,
but because many trials presented less than a step cycle each trial
was begun at a random point within this cycle.

Presentation order of trials for each individual was randomized
for 140 stimuli: 5 initial gaze-movement angles X 7 movement
durations/distances X 2 gaze directions (left and right of the move-
ment vector) X 2 carriage conditions (with and without bounce
and sway). Eighteen observers participated individually for about
15 min each.

Results and Discussion

Two main effects characterize the results: Performance
varied as a function of initial gaze-movement angle, F(4,
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68) = 63.2, MSB = 9.49, p < .0001, and as a function of
duration/distance, F(6, 102) = 7.37, MSE = 0.98, p <
.0001. These effects accounted for 8% and 71% of the
variance in the mean data, respectively,2 and can be seen in
the raw data in the left half of Figure 4. To reduce noise, we
collapsed across sequences with the longest durations (4 s
and 6 s), the shortest durations (0.125 s and 0.25 s), and
those in between (0.5 s, 1.0 s, and 2.0 s). In addition, there
was no effect of carriage (trials with and without bounce
and sway; 74% and 75%, respectively, F < 1), replicating a
null result consistently found by Cutting et al. (1992).

We next sought to assess the relative importance of initial
versus final gaze-movement angles in the stimulus se-
quences, and thus the merit of choosing a different inde-
pendent variable in these studies than in those of Cutting et
al. (1992). The strongest comparison looks at the simple
correlation between the mean performance across condi-
tions with each set of angles. These correlations are very
similar, .84 and .86 for initial and final gaze-movement
angles, respectively. In addition, the multiple correlations of
each with sequence duration were identical (.89). Thus,
nothing of statistical import is lost in the exchange of
variables, and nothing would be gained by a replot of the
data as a function of final gaze-movement angle.

Consider next the fits of the data to logistics functions. In
general, the individual modelings were more than adequate.
Of the 126 fits (18 participants X 7 duration/distance con-
ditions) only 4 were unsatisfactory, R2s < 0.85; Fs(2, 3) <
9.55, /?s > .05. Thus, the logistics functions generally fit
well the Participant X Condition data. The seven group-
median functions are shown in the right half of Figure 4, in
which one can see a fairly clean fan of functions (only the
function for 4 s was out of ordinal position at the largest
initial gaze-movement angles), with steepest slope for trials
with the longest duration and generally decreasing slopes

Duration and Displacement Varied, Velocity Constant
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o 80

a 70
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Figure 4. Results of Experiment I . The left graph shows the raw
data collapsed across various conditions, and the right graph shows
the group-median logistics functions for stimuli of the seven
durations. The two dots mark the 95% and 75% performance
criteria at a gaze-movement angle of 3.44° appropriate for forward
motion at 2.25 m/s simulated in this experiment.

for the other six durations.3 Notice also that only the data for
the 6-s duration stimuli satisfied the 95% criterion, whereas
all those above the 0.25-s duration stimuli satisfied the 75%
criterion. These results suggest that the perceiver's measure-
ment (or pickup) of information for safe overland travel,
where one must consistently avoid obstacles near one's path
at a rate of 95% or better, continues to accrue over a long
period of time and over at least 3 s (Cutting et al., 1992).

Table 2 shows the proportion of observers in each con-
dition whose 75% and 95% performance values, when ex-
tracted from their best fitting logistics function, was less
than or equal to the initial gaze-movement angle of 3.44°
needed to avoid collision. Again, by the 95% criterion, only
in 6-s sequences did the majority of viewers perform suffi-
ciently well. With sequences of 4 s and less, fewer than half
the viewers performed adequately. Performance on the 4-s
condition surprised us, but it seems likely that overall per-
formance was depressed in this experiment compared with
earlier studies (Cutting et al., 1992) and to others here
(Experiments 2, 3, and 4) because of the relatively large
proportion of very difficult trials (those of brief duration,
small initial gaze-movement angle, or both). In contrast,
most observers in all conditions met the 75% criterion.
Clearly, however, as sequences became shorter, perfor-
mance also decreased. To assess the decreasing trends in
participants meeting the criterion levels across conditions,
we performed a Komolgorov-Smirnov test (see Siegel,
1956, pp. 47-52). Such a test can be used to determine if the
results deviate from a flat function. The decreasing trends of
observers meeting the 75% and 95% criteria are both sta-
tistically reliable (ps < .01).

What is perhaps most clear, however, is that a consider-
able amount of time or displacements or both are needed in
the stimulus sequence for there to be adequate information
to perform the task at a high level. This result is consistent
with those of Cutting et al. (1992, Experiments 2 and 3).
Nonetheless, is it not surprising that performance should
vary with stimulus duration; what we sought next to dis-
cover were the specific individual effects of duration, dis-
placement, and velocity.

2 The values regressed were the cell means, averaged across
individuals.

3 Notice that the raw data functions are generally linear and the
logistics functions typically quite nonlinear. The difference is due
to the play between means versus medians at gaze-movement
angles of from 1.0° and 4.0°. In general, most all individuals
performed near chance at a gaze-movement angle of 0.5°, anchor-
ing both the raw and fitted functions near chance. Similarly, most
all individuals performed nearly perfectly at a gaze-movement
angle of 8.0°, anchoring the functions at ceiling. At intermediate
values, however, the median performance values generally ex-
ceeded the mean values, with most observers performing well and
a few performing near chance. These differences generate the
differences between mean raw functions and fitted median func-
tions.
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Table 2
Number of Observers in Each Condition of Experiments
1-3 Who Met the Criterion at 75% and 95% Performance

Number of
observers

meeting the
criterion

Condition Criterion (cleg.) 75% 95%

Exp. 1: Duration and displacement varied,
velocity constant (n = 18)

6.0 s 3.44 18 11
4.0 s 3.44 17 5
2.0s 3.44 17 6
1.0 s 3.44 16 3
0.5 s 3.44 15 1
0.25 s 3.44 12 1
0.125 s 3.44 12 1

Exp. 2: Velocity and displacement varied,
duration constant (n = 9)

18.0 m/s
9.0 m/s
4.5 m/s
2.25 m/s
1.125 m/s

0.41
0.83
1.67
3.33
6.67

2
7
9
9
9

1
3
6
4
7

Exp. 3: Velocity and duration varied,
displacement constant (n = 9)

9.0 m/s 0.83 9 2
4.5 m/s 1.67 7 5
2.25 m/s 3.33 9 6
1.125 m/s 6.67 8 8

Note. Criterion was calculated from Equation 1. m/s = meters
per second.

Experiment 2: On the Coupling of Perception to
Action When Wayfinding on Foot

A common tenet of ecological research is that perception
constrains action, and vice versa (Gibson, 1979; Lee, 1980;
Neisser, 1976; Turvey, 1990; Viviani & Stucchi, 1992; but
see Cutting, 1993, for a discussion of limits to this idea).
This tenet can be tested in a straightforward manner in the
wayfinding task: As one moves faster through the environ-
ment, one's wayfinding accuracy must also increase, as
shown by Equation 1. Indeed, W. H. Warren et al. (1988)
provided evidence for such an increase. However, the stron-
ger and heretofore untested research question is whether
wayfinding performance is matched to the necessities of the
situation, based on calculations derived from Equation 1.
The goal of this experiment, then, was to answer the
perception-action query by covarying simulated observer
velocity and distance covered while holding sequence du-
ration constant.

Method

Environments were generated as in Experiment 1, except that
the forest was more dense (with 110 trees, most all of which were
visible at the beginning of each trial). An array of such trees can
be seen from above in Figure 3d. Sequence duration was 4 s, and

the clipping plane (the visible horizon) was 67 m behind the
fixation tree. Velocities were 18.0, 9.0, 4.5, 2.25, and 1.12 m/s,
with required accuracies of 0.41°, 0.83°, 1.67°, 3.33°, and 6.67°,
respectively, calculated from Equation 1. Simulated distances cov-
ered were 72.0, 36.0, 18.0, 9.0, and 4.5 m, but all trials ended with
the fixation tree about 28 eye heights into the distance off to one
side of the path of movement. The fastest velocity, 18 m/s, is
beyond humanly sustainable running speeds and was included to
explore possible constraints on natural perception-action linkages.
Initial gaze-movement angles, again, were 0.5°, 1.0°, 2.0°, 4.0°,
and 8.0°; final gaze-movement angles were 0.52°, 1.05°, 2.09°,
4.19°, and 8.37°, respectively, for the 1.12 m/s velocity condition
and increasingly larger for the others. All simulated pursuit-fixa-
tion velocities were less than 1.75°/s, again within the range
showing little change in performance on wayfinding tasks during
real pursuit fixation (Royden et al., 1992).

Presentation order was random for 250. trials per observer: 5
gaze-movement angles X 5 velocity/displacement conditions X 2
gaze directions X 5 replications (each with different coordinates
for nonfoveated trees), with no variations in carriage because the
widespread differences in velocities would entail quite different
amounts of bounce and sway. Nine observers participated for
about 30 min. The data from the 10th observer were discarded
because the individual did not follow directions.

Results and Discussion

Two reliable main effects mark the data: the initial gaze-
movement angle, F(4, 32) = 24.6, MSB = 17.5, p < .0001,
accounting for 48% of the variance in the mean data; and
velocity/displacement, F(4, 32) = 4.8, MSB = 1.75, p <
.004, accounting for 8% of the variance. In addition, there
was a reliable interaction of these two variables, F(16,
128) = 1.97, MSB = 0.81, p < .02, accounting for an
additional 4% of the variance. All three effects can be seen
in the raw data in the upper left quadrant of Figure 5, with
performance collapsed across the three middle velocity con-
ditions. Again, there was no difference in simple correla-
tions of performance with initial and with final gaze-move-
ment angles (rs = .69 and .66, respectively), nor differences
in their multiple correlations with velocity/distance condi-
tions (Rs = .74 and .68, respectively). Indeed, final gaze-
movement angles are somewhat poorer predictors. Thus and
again, no generalization is compromised by considering the
initial angles alone.

All logistics fits to the 45 performance functions (9 par-
ticipants X 5 velocity/displacement conditions) were satis-
factory, Fs(2, 3) > 9.55, ps < .05. Group-median logistics
functions for the five velocity conditions are shown in the
upper right quadrant of Figure 5, with dots and connecting
tick marks showing the 95% wayfinding requirement dic-
tated by Equation 1. The slowest three functions show
adequate group-median performance at this criterion, and
the 9 m/s function shows nearly adequate performance. All
three functions easily surpassed the 75% criterion. Con-
versely, the 18 m/s function falls considerably short of both
criteria. As noted earlier, this velocity is also well above
humanly sustainable footspeeds, but these latter data should
be interpreted with some skepticism because, in this analy-
sis, to meet the 0.41° criterion at any significant perfor-
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Figure 5. Results of Experiments 2 and 3. The upper graphs show the results of Experiment 2,
where velocity and distance traversed were varied and trial duration held constant; the lower graphs
show results of Experiment 3, where velocity and duration were varied and distance traversed held
constant. The left graphs show the raw data, collapsed across selected conditions; the right graphs
show all group-median logistics functions at each velocity. Dots in the right graphs show the various
95% performance criterion attached to their appropriate logistics function; well below these are the
dots for the 75% criterion at the same velocities.

mance level a participant could make no errors in the task
whatsoever.

More important are the number of observers whose best
fitting logistics function met or bettered the criteria dictated
by forward velocity and Equation 1, as shown in Table 2.
Except for the fastest condition, the number of observers
meeting these criteria was quite constant—averaging 5 of 9
observers at 95% and 8 of 9 at 75%—with no reliable
deviation from a flat function for either (Komolgorov-
Smirnov test, ps > .20). We take these results as evidence
that wayfinding performance is generally matched to nor-
mal gait velocities and that it generally meets the require-
ments dictated by Equation 1.

Velocities or Displacements?

The reliable effect of observer velocity in this experiment
implicates two possible representations of the same infor-
mation for wayfinding. On the one hand, it may be that
observer velocity causes the magnitude of global motion,
and the motion directly reveals the critical information. For
example, when observer velocity is doubled during pursuit
fixation, the field of retinal velocities around the fixated
object of all other objects is also doubled. Thus, perhaps
increases in observer velocity raise the needed retinal mo-
tion sufficiently above some practical threshold to improve
wayfinding performance. Such a result would generally
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support motion field approaches (e.g., Cutting et al., 1992).
On the other hand, it may be that the simulated distance
covered during the course of the trial is the more important
variable. Increases in distance traversed increase the retinal
displacements of all nonfoveated trees. If the displacement
field rather that the velocity field served as the basis of the
information, then it would seem possible that continuous,
attentive monitoring of the visual field is not necessary for
wayfinding (e.g., Thomson, 1980). Instead, once relative
locations of objects in the environment are determined, then
attention can be allocated elsewhere and the eyes may be
repositioned to a new fixation point until they have dis-
placed to a sufficient extent. Results of Experiment 2 cannot
be used to answer this query because the two variables,
observer velocity (yielding the field of motions) and the
extent of observer's path (yielding the field of displace-
ments), were perfectly correlated. Thus, Experiment 3 was
designed to answer it.

Experiment 3: Displacement Fields, Not Velocity
Fields, Serve Wayfinding

Method

Environments were generated with 110 trees, a mean of 81 of
which were visible in any given frame. Motion-sequence durations
were 0.5, 1.0, 2.0, and 4.0 s, but the distance traveled was always
2.81 eye heights (4.5 m). Thus, velocities were 9.00, 4.50, 2.25,
and 1.12 m/s. Calculated from Equation 1, the accuracies needed
at these velocities are 0.83°, 1.67°, 3.33°, and 6.67°, respectively.
Initial gaze-movement angles were always 0.5°, 1.0°, 2.0°, 4.0°,
and 8.0°; final gaze-movement angles were always 0.55°, 1.10°,
2.20°, 4.40°, and 8.79°; thus, there is no need to consider further
the difference between them.

Presentation order was random across 200 trials per observer: 5
gaze-movement angles X 4 velocity/duration conditions X 2 gaze
directions (left and right) X 5 replications, with no variation in
carriage. The same 9 observers from Experiment 2 participated
here. Of these observers, 5 participated first in Experiment 2 and
4 participated first in Experiment 3. This experiment lasted about
25 min.

Results and Discussion

Again we found that gaze-movement angle was a reliable
predictor of performance, F(4, 32) = 29.7, MSB = 18.6,
p < .0001, accounting for 58% of the variance in the mean
data. Interestingly, however, we found that the effect of
velocity/duration was not reliable, F(3, 24) = 2.24, MSE =
1,0, p > .10, accounting for only 2% of the variance.
Moreover, there was no interaction between gaze-move-
ment angle and velocity/duration (F < 1.0). The major
patterns of results can generally be seen in the lower left
quadrant of Figure 5, where performance for the two middle
velocity/duration conditions has been collapsed. All 36 lo-
gistics fits to the performance functions (9 participants X 4
velocity/duration conditions) were satisfactory, Fs(2, 3) >
9.55, ps < .05. The four group-median logistics functions
are shown in the lower right quadrant of Figure 5. The
relatively tight fan of the four functions (and their nonor-

dinal pattern) support the idea that it is the simulated dis-
tance covered and the associated displacement field of trees,
not the simulated observer velocity and motion field, which
is the primary conveyor of information and modulator of
performance. Thus, we suggest that the displacements of
nonfoveated trees serve as information for the moving ob-
server, not their retinal velocity.

Although performance was relatively constant across the
four velocities, wayfinding requirements varied consider-
ably. According to Equation 1, increases in velocity also
increase the needed accuracy. Thus, Table 2 shows that
although all but 1 observer met the 95% criterion at the
slowest speed, only 2 did so at the fastest speed. By a
Komolgorov-Smirnov test, this trend was reliable for the
95% criterion (p < .01) but not the 75% criterion (p > .20).

Velocity, Duration, and Displacement

A further way to test the relative contributions of the
various parts of Equation 4 in these three experiments is to
perform a multiple regression using velocity, duration, and
displacement as predictors of performance. Table 3 shows
the four conditions in each experiment with the most in
common, equalizing the ranges of the variables. Also shown
are values of each variable as applied to Equation 4, the
codes used in the regression, the overall performance in
each condition, and the overall minus the mean performance
of the four conditions under consideration. This difference
in performance was used in the regression, neutralizing
performance differences due to selection of different ranges
of variables across the experiments and neutralizing overall
differences unrelated to the questions at hand.

A complete multiple regression analysis with the three
independent variables of velocities, durations, and displace-
ments cannot be performed because it yields a singular
matrix (the variables are linear weighted sums of one an-
other). However, when displacements and duration were
used as predictors of performance, the effect of displace-
ments was reliable, F(\, 9) = 91.6, p < .0001, whereas
duration was not, F(l, 9) = 3.59, p > .08. When displace-
ments and velocities were used, the effect of displacements
was reliable, F(l, 9) = 58.9, p < .001, but velocities were
not, F(l, 9) = 3.59, p > .08. The variance accounted for in
both multiple regressions was high (R2 > .91), and the
simple correlations for velocity, duration, and displacement
were .63, .31, and .94, respectively. Thus across the collec-
tive data, as suggested by our earlier analyses on the sepa-
rate data of each experiment, it is displacement field rather
than velocity field or sequence duration that accounts for the
bulk of the variance across the three experiments.

First Overview

Collectively and individually the results of the first three
experiments revealed that wayfinding performance is a
function of the displacement field of objects around a fix-
ated object in the environment. Somewhat surprisingly,
performance is not a function of the observer velocity or the



988 PETER M. VISHTON AND JAMES E. CUTTING

Table 3
Values and Codes of Velocities, Durations, and Observer Displacements in
Experiments 1—3, Set for a Regression Analysis on Performance

Vel.
(m/s)

1.36
1.36
1.36
1.36

0.70
1.41
2.81
5.62

5.62
2.81
1.41
0.70

Values

Dur.
(s)

4.0
2.0
1.0
0.5

4.0
4.0
4.0
4.0

0.5
1.0
2.0
4.0

Disp.
(m)

5.44
2.72
1.36
0.68

2.81
5.62

11.25
22.50

2.81
2.81
2.81
2.81

Vel.
(m/s)

0.0
0.0
0.0
0.0

-1.5
-0.5

0.5
1.5

1.5
0.5

-0.5
-1.5

Codes

Dur. Disp.
(s) (m)

Experiment 1
1.5 1.5
0.5 0.5

-0.5 -0.5
-1.5 -1.5

Experiment 2
0.0 -1.5
0.0 -0.5
0.0 0.5
0.0 1.5

Experiment 3
-1.5 0.0
-0.5 0.0

0.5 0.0
1.5 0.0

Performance

0.786
0.783
0.750
0.733

0.719
0.733
0.751
0.777

0.764
0.752
0.757
0.741

Performance
minus mean

.022

.020
-.013
-.030

-.026
-.012

.006

.032

.009
-.003

.002
-.013

Note. Vel. = velocity; Dur. = duration; Disp. = displacement; m/s = meters per second.

general velocity of the flow pattern generated by it. In
Experiments 4 and 5, we explore further implications of this
view of wayfinding by manipulating the nature of motion in
the displays.

Experiment 4: Smooth Motion Versus Discrete
Samples and Movement Through a Sparse Forest

Most researchers in the field of motion perception con-
tinually do technological battle against the difference be-
tween motion in the world ("real," or continuous motion)
and motion as presented on computer displays (stroboscopic
motion). At base, one hopes that the more continuous the
display, the more natural the displays will appear, and the
more the research will bear on perception without artifacts.
In this study, however, we take the opposite tack: We
degrade the relatively clean, but stroboscopic, representa-
tions of what is seen by an observer walking through an
environment (as in Experiments 1, 2, and 3) by deliberately
diminishing the number of samples taken from the se-
quence. Nonetheless, we correspondingly lengthen the pre-
sentation time of each sample so as to keep the overall
sequence duration and object displacements the same.

The idea here is that with discrete samples of about 1.5
frames/s or fewer we are no longer studying motion per-
ception. Indeed, we are well outside the domain even of
apparent motion. Nonetheless, displacements of the ob-
server through space, and displacements of the trees with
respect to the observer, remain the same. Should the number
of observers achieving our criteria generally be the same
with few samples (stepwise progression through space) as it
is with many samples (smooth movement through space),
then such results would reinforce the results of Experiments

1 through 3, showing that true motion is not important for
the task.

Method

Environments were generated as in Experiments 2 and 3 with
110 trees. Sequence duration was 7.2 s, and the clipping plane was
67 m behind the fixation tree. Simulated velocity was always 2.25
m/s, with a required accuracy of 3.33° calculated from Equation 1.
Simulated distance covered was always 16.2 m. Initial gaze-
movement angles again were 0.5°, 1.0°, 2.0°, 4.0°, and 8.0°; final
gaze-movement angles were about double these at 1.00°, 2.00°,
3.99°, 7.98°, and 15.84°, respectively. Stimuli differed in the
number of stimulus frames per sequence. In the condition with the
least motion aliasing there were 72 frames in the sequence (or 10
frames/s); in the other sequences samples were considerably
coarser at 1.67, 0.83, and 0.42 frames/s, with 12, 6, and 3 frames
each. We strongly suspected that performance would break down
with minimal sampling, but we wanted to explore that range fully.
Critically, the first and last frames in all conditions corresponded
to identical physical relations between observer, gaze, fixation
tree, and the general structure of the environment.

With very coarse sampling combined with translational and
rotational eye movements, the positions of nonfixated trees could
create some difficulty for the perceiver matching trees across
samples. This is known as the correspondence problem. With the
coarsest samples (0.42 frames/s) and the largest initial gaze-move-
ment angle (8°), trees nearer than fixation could be displaced by as
much as 3° across frames and remain in the display. Similarly,
those farther than fixation could be displaced across frames by as
much as 2° in the opposite direction. Such displacements are well
beyond any short-range process (usually associated with motion
perception) at any eccentricity in the visual field (Sekuler et al.,
1990).

Presentation order was random across 240 trials per observer: 5
gaze-movement angles X 4 sample rates X 2 gaze directions X 6
replications (each with different coordinates for nonfoveated
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trees), again without variations in carriage. Sixteen observers par-
ticipated for about 30 min.

Results and Discussion

As usual, there was a reliable effect of gaze-movement
angle, F(4, 68) = 44.4, MSB = 0.95, p < .001, accounting
for 48% of the variance in the mean data. This is seen in the
general pattern in the left half of Figure 6. There was also a
reliable difference among the stimuli with different sample
rates, F(3, 51) = 9.63, MSE = 0.33, p < .001, accounting
for 12% of the variance but no effect of their interaction
(F < 1). In addition, 62 of the 64 fits (16 participants X 4
sampling rates) of a logistic function to the performance
data were satisfactory.

Despite the reliable statistical effect of sample rate, there
is little practical difference in performances across these
widely differing samples in terms of individuals meeting
our criteria. As shown in Table 4, at least two thirds of the
individuals exceeded the 75% criterion for all sampling
rates, and more than half exceeded the 95% criterion for all
sampling rates except the coarsest (0.42 frames/s). Indeed, a
post hoc analysis of the 10.00 versus 1.67 frames/s condi-
tions revealed no reliable difference, F(l, 15) = 3.6, p >
.07. Moreover, despite across-frame displacements of trees
of as much as 3° (well beyond the short-range process),
correspondence did not seem to be a problem. Clearly, the
wayfinding task can be adequately performed on the basis
of sequences without true motion.

Experiment 5: Discrete Samples Create
Correspondence Problems in Dot Fields

In the previous four experiments, we explored the way-
finding ability of observers during simulated movement
through a sparse forest. Each tree in the forest had a certain
identity. That is, although based on the same three-dimen-
sional structure, each tree in each location had its own
retinal size and orientation and thus a different appearance
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Figure 6. Results of Experiments 4 and 5. The left graph shows
the results from Experiment 4 with a field of trees, the right graph
shows those for Experiment 5 with a field of dots. The 95% and
75% performance criteria are shown as the large dots, f/s = frames
per second.

Table 4
Observers in Experiment 4 Meeting the 75% and
95% Criterion

Frames
per second

10.00
1.67
0.83
0.42

75% criterion

18
17
15
13

95% criterion

16
11
11
7

Note. N = 18. Criterion = 3.33C

m/s.
at a simulated velocity of 2.22

than its neighbors. Therefore, any potential correspondence
problem across frames such as mapping the location of a
given tree in one frame to its counterpart in the next is
lessened by identity and identifiability as given by size and
shape differences. Most studies of wayfinding, however,
have not used such identifiable elements. Instead, they have
used dot fields in which all dots are identical (e.g., Royden
et al., 1992; R. Warren, 1976; W. H. Warren & Hannon,
1990; W. H. Warren, Blackwell, Kurtz, & Hatsopoulus,
1991). In Experiment 5 we explore the efficacy and possible
consequences of this methodological strategy.

Method

This study was identical to Experiment 4 except that instead of
110 trees filling and erupting out of the horizontal plane there were
500 dots scattered randomly on it with a retinal density dictated by
distance. The clipping plane was the same as in the previous
experiment, but to maximize contrast around the dots here both sky
and ground plane were cyan. The large number of dots was
selected somewhat arbitrarily. However one might try, it is diffi-
cult to compare dots and trees. Each dot here was black, covering
four pixels in a 2 X 2 matrix; each tree in the previous studies was
an array of black (except the fixation tree) solid vectors covering
from 30 to several thousand pixels. The use of a larger number of
dots, then, was in part to fill the visible array with an impression
of a rigid environment roughly comparable to that of the trees and
to mimic environments very similar to those of W. H. Warren and
Hannon (1990), W. H. Warren et al. (1991), and Royden et al.
(1992). All other factors were identical to Experiment 4. Most
important, again the 7.2-s stimulus sequences contained 72, 12, 6,
or 3 samples. The same 16 observers participated here as in
Experiment 4; half participated in this experiment first. As in the
previous study, this task took about 30 min to complete.

Results and Discussion

Again, there was a reliable effect of initial gaze-move-
ment angle, F(4, 68) = 7.73, MSE = 0.15, p < .001, but
here it accounted for only 4% of the variance in the mean
data. There was also a reliable effect of sampling, F(3,
51) = 33.1, MSE = 1.29, p < .001, which accounted for
27% of the variance. However, unlike Experiment 4, there
was also a striking effect of their interaction, F(12, 204) =
4.01, MSE = 0.07, p < .001, which accounted for an addi-
tional 15% of the variance. Again, all three effects can be
seen in the raw data shown in the right half of Figure 6.
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Considering only the 72 and 12 frame conditions, all 32
of the logistics fits (16 observers X 2 sampling conditions)
to individual performance functions were adequate. How-
ever, no group-median functions are shown because only 7
of the 32 individual performance functions for the two
coarsest sampling rates (6 and 3 frames) fit an increasing
logistic function. The decline in performance at increasing
gaze-movement angles with slower sampling rates is due
entirely to correspondence problems. On such trials it is
difficult, if not impossible, to track the position of a given
dot across time. Indeed, coherent motion is simply not seen
in these displays.

The most important finding, however, results from com-
bining the data of Experiments 4 and 5. The Stimulus Type
(trees vs. dots) X Gaze-Movement Angle interaction was
also reliable, F(4, 68) = 32.2, MSB = 0.58, p < .0001.
Indeed, where the sampling rate accounted for 42% of the
variance in the mean data, the gaze-movement angles ac-
counted for 11%, and the stimulus type (Experiments 4 vs.
5) accounted for 2%, this two-way interaction accounted for
an additional 17%. Such a finding effectively shows the
selectivity of the correspondence problem to situations in
which stimulus elements are not individuated. It suggests
further that the choice of stimuli in wayfinding experiments
can predetermine the results and that the methodological
strategy of using identical elements in a flow field has the
potential of leading researchers to discount the importance
of displacement fields as compared with motion fields.

Second Overview

The use of displacement fields in wayfinding, as sug-
gested by the results of Experiments 1, 2, and 3, entails the
reasonably accurate tracking of individual objects or ele-
ments across time in the visual field. Such accuracy is
attainable with intermittent sampling (about 0.42 samples/s)
when the elements are relatively identifiable, but such ac-
curacy is attainable only with more nearly continuous sam-
pling (about 1.5 samples/s) when the elements are identical.
Previous research addressed the necessity of intermittent or
continuous visual information for guidance (e.g., Elliott,
1986; Thomson, 1983); with respect to the wayfinding
literature, at least part of the answer now appears to depend
on how one simulates the environment. With simulated
environments closer to natural environments, we claim
that intermittent sampling is tolerated with little loss in
accuracy.

General Discussion

Some Previous Theory and a Revision

In these studies and in our previous ones, we investigated
the utility for wayfinding of relative motion in undecom-
posed retinal flow (see also Cutting, 1986; Cutting et al.,
1992). Retinal flow, as we construe it, is the global motion
of all seen objects painted on the retina over time, without

consideration of issues of differential resolution and refrac-
tive error. Most important, we have also eschewed the more
typical approach taken by Gibson (1979), his followers
(e.g., R. Warren, 1976; W. H. Warren & Hannon, 1990;
W. H. Warren et al., 1988), and many other researchers with
neurophysiological and computational approaches to vision
(e.g., Clocksin, 1980; Hildreth, 1992; Koenderink & van
Doom, 1981; Longuet-Higgins & Prazdny, 1980; Na-
kayama & Loomis, 1974; Perrone, 1992; Prazdny, 1981), all
of whom were primarily interested in decomposing the
retinal flow into its components: translational flow and
rotational flow. Cutting et al. (1992) detailed other logical
and empirical differences between these two approaches,
but they are beyond the scope of this presentation.

At least two types of motion information in retinal flow
have been isolated as aids for the wayfinding task (Cutting
et al., 1992). Both are based on analysis of the stochastically
cluttered visual environments we typically find ourselves in
and move through. The first is called differential motion
parallax (DMP). When fixating on an object in the middle
distance off our path of movement, the retinal projections of
objects nearer than fixation tend to move faster than, and in
the opposite direction from, the retinal projections of ob-
jects farther than fixation. At the limit, any object instanta-
neously half the distance to a fixated object will move faster
than, and in the opposite direction from, any object out to
the horizon and beyond. This inequality prevails regardless
of where an observer looks, and regardless of whether he or
she is on a linear or curvilinear path. Thus, if a moving
observer monitors a reasonably large portion of the visual
field, his or her aimpoint will usually be opposite to the
most rapid flow. Cutting et al. (1992) also demonstrated that
the gaze-movement angle is, in general, related to the ab-
solute magnitude of the most rapidly moving object in the
visual field. Thus, the faster the most rapid retinal flow, the
farther instantaneous gaze is from the path of movement.
Several lines of neurophysiological evidence support the
existence of cells that could code DMP information (All-
man, Miezin, & McGuinness, 1985; Bridgeman, 1972; Frost
& Nakayama, 1983; Roy & Wurtz, 1990). The second
source of information is called inward motion (IM). That is,
when fixating on a given object in the middle distance, any
object moving relatively slowly toward the fovea will usually
be in the distance, beyond the fixated object. The magnitude of
its velocity is also related to the gaze-movement angle. The
faster this centripetal flow, the farther the gaze is from the
aimpoint. At least one line of neurophysiological research
supports the existence of neurons that code IM information
(Perrett, Harries, Mistlin, & Chitty, 1990).

We stand by our nondecompositional approach and by
our methodological choice of simulating pursuit fixations in
our computer displays, but we must revise our view of the
importance of motion. The results of the experiments re-
ported here suggest that it is not the flow (or global motion)
that is important to wayfinding; instead it is the retinal
displacements of particular objects from particular spatial
locations. Thus, we must now claim, differential motion
parallax and inward motion are not the sources of informa-
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tion, per se; instead, both are motion surrogates for two
different types of displacements. Instead, when speaking of
sources of information for wayfinding, we should speak of
differential parallactic displacements (DPD), which during
pursuit fixation near objects are displaced further than, and
to the opposite direction from, far objects. In the same
manner, we should speak of inward displacements (ID),
which during pursuit fixation only distant objects are dis-
placed slowly toward the fovea.

Some Metatheory, No Revision

Cutting et al. (1992) demonstrated that the two sources of
information for wayfinding, now called DPD and ID, are
both used in the task and that they are generally uncorre-
lated in modestly cluttered environments. The use of mul-
tiple sources of information in any task is consistent with
"directed perception" (Cutting, 1986, 1991a, 1991b) and
other approaches (Massaro, 1987), where more than one
source of information may be said to specify what is to be
perceived. Such a view is generally held inconsistent with
Gibson's (1979) "direct perception," in which only a single
source of information, typically an invariant, is said to
specify what is to be perceived (see Burton & Turvey,
1992).

But directed perception cuts two ways in this context. If
we allow for the utility of multiple sources of information
for any given task, surely we must allow for the possibility
that both displacement fields and motion fields can serve
wayfinding. Indeed, this appears to be the case. W. H.
Warren et al. (1988), W. H. Warren and Hannon (1990) and
W. H. Warren et al. (1991), for example, have shown that
motion fields of dots are sufficient for wayfinding. More-
over, when driving at night, an array of moving dots is often
exactly what is seen by the moving observer. This is a case
where a subsector of postmodern reality mimics the most
common experimental setting.

Our retort is straightforward and is reflected in the subtitle
of this article. We do not claim that displacement fields
must be used; instead, we claim that displacement fields are
most naturally used. Consider this: Human beings evolved
to move in cluttered, visibly detailed environments, which
in turn were to be traversed at pedestrian speeds. Such
visual arrays were prevalent to our forebears well before the
bright points of light of evening traffic became common.
Objects in daytime environments are generally quite distin-
guishable, and a multitude of sources of information other
than motion generally dictate their layout and their distances
from us. On the basis of our results, which were garnered in
synthetic environments at least modestly closer to those of
our evolutionary past than those garnered with dot fields, we
argue that the field of displacements generated by our
movements is the most natural medium within which way-
finding operates.

Thus, the main point of this research is not to assess the
mere sufficiency of information for the task of wayfinding
because motion fields might be demonstrated to be suffi-

cient under some laboratory situations, as displacement
fields have been here. From the point of view of directed
perception, however, the empirical search for the suffi-
ciency of information is a "satisficing" strategy (Simon,
1950) that can lead the researcher astray.4 Because motion
and displacements are so closely related, the demonstrated
sufficiency of one does not, without systematic empirical
effort, rule out the sufficiency, or even superior importance,
of the other. Moreover, sufficiency considerations may be
context specific, and it is important for the researcher to be
clear about that context; for example, does one want to
generalize to dot fields or does one want to generalize
beyond them to something else? In this set of studies, we
have searched for the use of information under conditions
relatively closely related to those found in natural environ-
ments. This is our context to which we hope to generalize.5

Displacements cannot do the informational work alone,
however. Harkening back to Equation 3, we suggest that the
field displacements, in conjunction with depth information,
offers the most natural media of information about one's
aimpoint. By convention, this latter medium is called a
cognitive map, or mental map.6 Thus we need to discuss this
idea in some detail.

Do We Construct Mental Maps? Do We Use Them
When Wayfinding?

Heretofore, the literature on wayfinding has made no
contact with the literature on mental maps, and vice versa.
The reasons for this mutual isolation seem fairly straight-
forward: The former literature has concerned itself only
with motion and even denied the necessity of computing
depth (e.g., Cutting et al., 1992; W. H. Warren & Hannon,
1990) and the latter has concerned itself with spatial rela-
tions and not overtly considered motion.

With our discovery that displacements are used for way-
finding, perhaps we should now cast aside reservations
about mental maps (see, e.g., O'Regan, 1992) and see what

4 To satisfice is to search for a solution to a problem and settle
for the first adequate one you find. When multiple solutions are
possible, some of which are actually better than others, such a
strategy is not optimal. In fact, Simon (1950) contrasted satisficing
with optimizing.

5 We do not claim that the manipulations of Experiments 4 and
5, with some very coarse samplings of the movement sequence, are
in any important sense natural. Instead, coarse sampling was used
as a method to explore the logical consequences of the results of
the earlier studies. Arguments about the naturalness of stimuli and
the preferred mode of perceptual process must be predicated on the
particular assumptions of the task and on the nature of what is to
be simulated. Fortunately, the merit of some of these assumptions
can be empirically determined; we believe that the results of
Experiments 4 and 5 suggest that the use of motion fields of dots
has questionable merit.

6 We prefer the term mental map to cognitive map because we
feel that in most everyday situations such a representation may be
built up by perceptual processes alone, not cognitive ones. Of
course, the end product—the map itself—is necessarily a cognitive
entity.
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might be gained were these two domains to become one.
First, it is undeniable that people can remember locations,
directions, and distances in cities and in the countryside
(Gould & White, 1974; Lynch, 1960; Trowbridge, 1913).
Second, it is equally undeniable that they can construct
maplike representations of various familiar and less familiar
layouts from memory (Baird, Merrill, & Tannenbaum,
1979; Baird & Wagner, 1983; MacNamara, 1986). Third,
the perceptual judgments by individuals of the layout of an
environment, when taken in consort, constrain each other to
have near metric, maplike qualities (Kosslyn, Pick, & Fa-
riello, 1974; Toye, 1986; Wagner, 1985). Fourth, and to
stress the evolutionary continuity of this idea, such mental
maps are often imputed to other species who must also find
their way through cluttered environments (Gallistel, 1989;
Tolman, 1948; but see also Wehner & Menzel, 1990).
Finally, there are "place cells" (O'Keefe & Dostrovsky,
1971; O'Keefe & Nadel, 1978) and other more flexible cells
(Quirk, Muller, Kubie, & Ranck, 1992) in the hippocampus
and elsewhere that encode the spatial structure of the local
environment.

It seems prudent not to ignore these psychological and
neurophysiological facts about mental maps. It may be that
the understanding of spatial layout is so important to us as
a species that mental mapmaking is obligatory and nearly
instantaneous.7 The motion perspective—or perhaps better,
the perspective displacement—gained by the movement of
the observer through the environment may then simply be
one other source of information used to refine the mental
map. Indeed, it may be that wayfinding and even vection
(the perception of self-movement), which must build up
over the course of several seconds (Andersen & Braunstein,
1985), are better understood as byproducts of mental map-
making and not as separate phenomena (see also Beer,
1993).

In wayfinding experiments, one must recognize that what
is most important to the researcher is that perceivers under-
stand the environments he or she simulates and presents to
them. This understanding, we claim, entails (a) recognizing
that the environment is predominantly rigid and (b) know-
ing the general layout of objects within it. When the envi-
ronment is not rigid there are difficulties in wayfinding. In
the real world, for example, sailors must resort to land- or
star-based referents, human artifacts (such as buoys), or
instruments to navigate; in the laboratory, observers per-
form quite poorly when trying to ply their ways through a
nonrigid environment (Cutting et al., 1992, Experiment 9).
In an experimental setting, moreover, when the layout is
unknown before motion begins, wayfinding is less accurate
and more time consuming than when it is known (Cutting et
al., 1992, Experiments 2 and 3). Such results suggest that
mental mapmaking is an early, perhaps automatic process in
perception that can interfere with or delay wayfinding when
it is not done prior to it.

Conclusions

Four conclusions can be drawn from the results of these
studies. First, at pedestrian speeds observers need quite long

stimulus durations to reach a performance criterion of 95%
at the requisite gaze-movement angles. The results of Ex-
periments 1 and 2, in conjunction with those of Cutting et al.
(1992), suggest that 3 to 4 s is necessary to achieve this level
of performance, at least during normal gait. In light of the
group of experiments presented here, this result occurred
because only across 3 or 4 s are the displacements of objects
in the retinal field sufficient to allow accurate measurement
of one's aimpoint. Durations only one-eighth as long yield
75% performance, but we think this criterion allows for too
many accidents with too many objects along one's path.

Second, as shown in Experiment 2 within the constraints
of sustainable footspeed, performance on wayfinding tasks
is generally matched to forward velocity, and more pre-
cisely it is matched to the wayfinding requirements dictated
by forward velocity. That is, as one's forward velocity
doubles, so does one's required accuracy (the tolerable
gaze-movement angle is halved), but so too are the retinal
displacements of all nonfixated objects during pursuit fixa-
tion of an object off the side of the movement path. This
coupling is gratifying from the point of view of any eco-
logical approach to perception and action.

Third, the results of Experiments 3 and 4 suggest that
velocity information per se is not the usual medium for
wayfinding. Instead, it is the displacement field of objects,
in conjunction with a rough mental map of environmental
layout, that serves the task. Perhaps in conjunction with the
ongoing refinement of the mental map, a moving observer
needs only to monitor the relative displacements of nonfo-
veated objects until adequacy of information has been
achieved and then update that displacement information
periodically during locomotion.

Fourth, the results of Experiments 4 and 5 show differ-
ences that can result from one's methodological choice of
stimuli. If a moving observer uses displacement fields, he or
she must first be able to perceive isolable and discriminable
elements. Displays simulating one's movement through a
field of dots may place different requirements on a perceiver
than do displays with a field of trees or, we suggest, any
displays with identifiably different elements. These require-
ments may have had the result, in the past, of overempha-
sizing the role of motion information in human wayfinding.
Given the nature of the environment in which our perceptual
systems have evolved, it would make sense that human
wayfinding faculties take advantage of the structured nature
of our world.

7 We think that the metric of the perceived space is almost
certainly Euclidean, although we recognize this idea is controver-
sial (see, e.g., Todd, & Reichel, 1989; Wagner, 1985), and that
there must be a relatively large amount of error in this measure-
ment (see Cutting & Vishton, 1995). We do not claim, however,
that a mental map need much detail; observers need not have
quickly memorized all aspects of the layout of a particular envi-
ronment to wend their way through it.



WAYFINDING BY MENTAL MAP AND DISPLACEMENTS 993

References

Allman, J., Miezin, P., & McGuinness, E. (1985). Direction- and
velocity-specific response from beyond the classical receptive
fields in the middle temporal visual area (MT). Perception, 14,
105-126.

Andersen, G. J., & Braunstein, M. (1985). Induced self-motion in
central vision. Journal of Experimental Psychology: Human
Perception and Performance, 11, 122-132.

Baird, J. C, Merrill, A. A., & Tanenbaum, J. (1979). Studies of the
cognitive representation of spatial relations: II. A familiar envi-
ronment. Journal of Experimental Psychology: General, 108,
92-98.

Baird, J. C., & Wagner, M. (1983). Modeling the creation of
cognitive maps. In H. L. Pick & L. P. Acredolo (Eds.), Spatial
orientation: Theory, research, and organization (pp. 321-344).
New York: Plenum.

Beer, J. M. A. (1993). Perceiving scene layout through an aperture
during visually simulated self-motion. Journal of Experimental
Psychology: Human Perception and Performance, 19, 1066-
1081.

Bridgeman, B. (1972). Visual receptive fields sensitive to absolute
and relative motion during tracking. Science, 173, 1106-1108.

Burton, G. & Turvey, M. T. (1992). Perceiving the lengths of rods
that are held but not wielded. Ecological Psychology, 2, 295-
324.

Calvert, E. S. (1954). Visual judgments in motion. Journal of the
Institute of Navigation, London, 7, 233-251.

Clocksin, W. F. (1980). Perception of surface slant and edge labels
from optical flow: A computational analysis. Perception, 9,
253-267.

Cutting, J. E. (1986). Perception with an eye for motion. Cam-
bridge, MA: MIT Press.

Cutting, J. E. (1991a). Four ways to reject directed perception.
Ecological Psychology, 3, 25-34.

Cutting, J. E. (1991b). Why our stimuli look as they do. In G.
Lockhead & J. R. Pomerantz (Eds.), Perception of structure:
Essays in honor of Wendell R. Garner (pp. 41-52). Washington,
DC: American Psychological Association.

Cutting, J. E. (1993). Perceptual artifacts and phenomena: Gib-
son's role in the 20th century. In S. Masin (Ed.), Foundations of
perceptual theory (pp. 231-260). Amsterdam: Elsevier Scien-
tific.

Cutting, J. E., Springer, K., Braren, P. A., & Johnson, S. H. (1992).
Wayfinding on foot from information in retinal, not optical,
flow. Journal of Experimental Psychology: General, 121, 41-
72, & 129.

Cutting, J. E., & Vishton, P. M. (1993). Maps, not flowfields,
guide human navigation. Perception, 22(Suppl.), 11.

Cutting, J. E., & Vishton, P.M. (1995). Perceiving layout and
knowing distance: The integration, relative potency, and contex-
tual use of different information about depth. In W. Epstein & S.
Rogers (Eds.), Handbook of perception and cognition. Vol. 5:
Perception of space and motion (pp. 69-117). San Diego, CA:
Academic Press.

Cutting, J. E., Vishton, P. M., & Braren, P. (1995). How to avoid
collisions with stationary and with moving objects. Psycholog-
ical Review, 102, 627-651.

Elliott, D. (1986). Continuous visual information may be important
after all: A failure to replicate Thomson (1983). Journal of
Experimental Psychology: Human Perception and Performance,
12, 388-391.

Frost, B. J., & Nakayama, K. (1983). Single visual neurons code

opposing motion independent of direction. Science, 220, 774-
775.

Gallistel, C. R. (1989). Animal cognition: The representation of
space, time, and number. Annual Review of Psychology, 40,
155-189.

Gibson, J. J. (1979). The ecological approach to visual perception.
Boston: Houghton Mifflin.

Gordon, D. A. (1965). Static and dynamic visual fields in human
space perception. Journal of the Optical Society of America, 55,
1296-1303.

Gould, P., & White, R. (1974). Mental maps. Harmondsworth,
England: Penguin.

Hildreth, E. C. (1992). Recovering heading for visually guided
navigation. Vision Research, 32, 1177-1192.

Koenderink, J. J., & van Doorn, A. J. (1981). Exterospecific com-
ponent for the detection of structure and motion in three dimen-
sions. Journal of the Optical Society of America, 71, 953-957.

Kosslyn, S. M., Pick, H. L., & Fariello, G. R. (1974). Cognitive
maps in children and men. Child Development, 45, 707-716.

Lee, D. N. (1980). The optic flow field. Proceedings of the Royal
Society, London, B, 208, 169-179.

Llewellyn, K. R. (1971). Visual guidance of locomotion. Journal
of Experimental Psychology, 91, 245-261.

Longuet-Higgins, H. C., & Prazdny, K. (1980). The interpretation
of a moving retinal image. Proceedings of the Royal Society,
London, B, 208, 385-297.

Lynch, K. (1960). The image of the city. Cambridge, MA: MIT
Press.

MacNamara, T. P. (1986). Mental representations of spatial rela-
tions. Cognitive Psychology, 18, 87-121.

Massaro, D. W. (1987). Speech perception by ear and by eye: A
paradigm for psychological inquiry. Hillsdale, NJ: Erlbaum.

Murray, M. P. (1967). Gait as a total pattern of movement. Amer-
ican Journal of Physical Medicine, 46, 290-333.

Nakayama, K., & Loomis, J. M. (1974). Optical velocity patterns,
velocity sensitive neurons, and space perception: A hypothesis.
Perception, 3, 63-80.

Neisser, U. (1976). Cognition and reality. San Francisco: Freeman.
O'Keefe, J., & Dostrovsky, J. (1971). The hippocampus as a

spatial map: Preliminary evidence from unit activity in the freely
moving rat. Brain Research, 34, 171-175.

O'Keefe, J., & Nadel, L. (1978). The hippocampus as a cognitive
map. Oxford, England: Clarendon.

O'Regan, J. K. (1992). Solving the "real" mysteries of visual
perception: The world as an outside memory. Canadian Journal
of Psychology, 46, 461-488.

Perrett, D., Harries, M., Mistlin, A. J., & Chitty, A. J. (1990).
Three stages in the classification of body movements by visual
neurons. In H. Barlow, C. Blakemore, & M. Weston-Smith
(Eds.), Images and understanding (pp. 94-107). Cambridge,
England: Cambridge University Press.

Perrone, J. A. (1992). Model for the computation of self-motion in
biological systems. Journal of the Optical Society, A, 9, 177-
194.

Prazdny, K. (1981). Determining the instantaneous direction of
motion from optical flow generated by a curvilinearly moving
observer. Computer Vision, Graphics, and Image Processing,
17, 238-248.

Quirk, G. J., Muller, R. U., Kubie, J. L., & Ranck, J. B. (1992).
The positional firing properties of medial entorhinal neurons:
Description and comparison with hippocampal place cells. Jour-
nal ofNeuroscience, 12, 1945-1963.

Roy, J.-P., & Wurtz, R. H. (1990). The role of disparity-sensitive



994 PETER M. VISHTON AND JAMES E. CUTTING

cortical neurons in signaling the direction of self-motion. Na-
ture, 348, 160-162.

Royden, C. S., Banks, M. S., & Crowell, J. A. (1992). The percep-
tion of heading during eye movements. Nature, 360, 583-585.

Schwarz, U., Busetti, C., & Miles, F. A. (1989). Ocular responses
to linear motion are inversely proportional to viewing distance.
Science, 245, 1394-1396.

Sekuler, R., Anstis, S., Braddick, O. J., Brandt, T., Movshon, J. A.,
& Orban, G. (1990). The perception of motion. In L. Spillman &
J. S. Werner (Eds.), Visual perception: The neurophysiological
foundation (pp. 205-230). San Diego, CA: Academic Press.

Siegel, S. (1956). Nonparametric statistics for the behavioral
sciences. New York: McGraw Hill.

Simon, H. (1950). A behavior model of rational choice. Quarterly
Journal of Economics, 69, 99-118.

Thomson, J. (1980). How do we use visual information to control
locomotion? Trends in Neuroscience, 3, 247-250.

Thomson, J. (1983). Is continuous visual monitoring necessary in
visual guided locomotion? Journal of Experimental Psychology:
Human Perception and Performance, 9, 427-443.

Todd, J. T., & Reichel, F. D. (1989). Ordinal structure in the visual
perception and cognition of smoothly curved surfaces. Psycho-
logical Review, 96, 643-657.

Tolman, E. C. (1948). Cognitive maps in rats and men. Psycho-
logical Review, 55, 513-525.

Toye, R. C. (1986). The effect of viewing position on the per-
ceived layout of scenes. Perception & Psychophysics, 40, 85-
92.

Trowbridge, C. C. (1913). On fundamental methods of orientation
and "imaginary maps." Science, 38, 888-897.

Turvey, M. T. (1990). Coordination. American Psychologist, 45,
938-953.

Ullman, S. (1981). Analysis of visual motion by biological and
computer systems. Computer, 14(8), 57-69.

Viviani, P., & Stucchi, N. (1992). Biological movements look
uniform: Evidence of motor-perceptual interaction. Journal of
Experimental Psychology: Human Perception and Performance,
18, 603-623.

Wagner, M. (1985). The metric of visual space. Perception &
Psychophysics, 38, 483-495.

Warren, R. (1976). The perception of egomotion. Journal of Ex-
perimental Psychology: Human Perception and Performance, 2,
448-456.

Warren, W. H., Blackwell, A. W., Kurtz, K. J., & Hatsopoulus,
N. G. (1991). On the sufficiency of the velocity field for per-
ception of heading. Biological Cybernetics, 65, 311-320.

Warren, W. H., & Hannon, D. J. (1990). Eye movements and
optical flow. Journal of the Optical Society of America, A, 7,
160-169.

Warren, W. H., Morris, M. W., & Kalish, M. (1988). Perception of
translational heading from optical flow. Journal of Experimental
Psychology: Human Perception and Performance, 14, 644-
660.

Wehner, R., & Menzel, R. (1990). Do insects have cognitive
maps? Annual Review of Neuroscience, 13, 403-414.

Appendix

A Framework for Determining Heading Using Spatial Layout Information

What follows is a proof of Equation 3 in the text, which could
be expanded into an algorithm to determine heading on the basis of
distances to objects and their displacements in a camera undergo-
ing translation and rotation (mimicking pursuit fixation of a human
observer). Consider the diagram in Figure Al.

We assume four things known to the observer, three distances

Figure Al. A construction to accompany the proof of Equation
3 for wayfinding on the basis of retinal displacements and a
cognitive map.

and one angle. Distance a is that from one's eye to object A, on
which one is fixated (at eye height) and on which one will visually
pursue for a period of time. Distance b is that from the eye to
object B in the foreground (at eye height), which due to the
observer's movement is moving toward the line of sight. Distance
c is that covered during some period of time (say two steps, or
about one eye height) until object B occludes object A or passes
through a vertical plane intersecting the line of sight to object A
(called the "plane of sight" by Cutting, 1986, and Cutting et al.,
1992). If one has a rough mental map of one's surround and if one
can monitor distance covered during gait, the assumption of these
distances seems reasonable. Angle 8 is the retinal displacement of
object B while looking continuously at object A and traversing
distance c.

The proof proceeds in three steps. First, within the triangle
formed by boa, one can determine angle /j,, which is also the angle
of eye rotation during pursuit fixation:

. = arctan(& • sinS/(a — b • cos8)). (Al)

Second, from the right triangle formed by
the length of the side d, opposite p.:

d = a • sin/j,

i, one can determine

(A2)

Finally, one can determine one of the angles internal to the right
triangle with sides cd, which is also equal to the final gaze-
movement angle /3:

j3 = arcsin(<//c) (A3)
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The substitution of the value of d from Equation A2 into Equation
A3, and then the substitution of the value of ju, from Equation Al
into the revised form of Equation A3 yields Equation 3 in the text.

This proof assumes that the final gaze-movement angle is less
than 90°, or that one is generally looking ahead during locomotion
rather than looking behind, but the equations can be easily mod-
ified for the latter condition. The equations also assume that object
B is closer than, and to the heading side of, fixation; again, they
could be modified for objects farther away or for objects to the aft
of fixation. Finally, we do not assume that a human observer

necessarily uses this algorithm for wayfinding; we assume only
that the observer accomplishes the task by a similar means using
this same information—distances and displacements.
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