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Abstract Participants standing at an origin learned the
distance and azimuth of target objects that were specified
by 3-D sound, spatial language, or vision. We tested
whether the ensuing target representations functioned
equivalently across modalities for purposes of spatial
updating. In experiment 1, participants localized targets
by pointing to each and verbalizing its distance, both
directly from the origin and at an indirect waypoint. In
experiment 2, participants localized targets by walking to
each directly from the origin and via an indirect waypoint.
Spatial updating bias was estimated by the spatial-
coordinate difference between indirect and direct local-
ization; noise from updating was estimated by the
difference in variability of localization. Learning rate
and noise favored vision over the two auditory modalities.
For all modalities, bias during updating tended to move
targets forward, comparably so for three and five targets
and for forward and rightward indirect-walking direc-
tions. Spatial language produced additional updating bias
and noise from updating. Although spatial representations
formed from language afford updating, they do not
function entirely equivalently to those from intrinsically
spatial modalities.

Keywords Spatial updating - Memory - Language -
Modality effects - Sound

R. L. Klatzky ()

Department of Psychology,

Carnegie-Mellon University, Pittsburgh, PA 15213 USA
e-mail: klatzky @cmu.edu

Tel.: +1-412-2683151

Fax: +1-412-2683464

Y. Lippa - J. M. Loomis
Department of Psychology, University of California,
Santa Barbara, CA 93106 USA

R. G. Golledge
Department of Geography, University of California,
Santa Barbara, CA 93106 USA

Introduction

The present research was concerned with the ability of
individuals to encode and learn the layout of multiple
locations in space relative to a common origin and then to
spatially update their position relative to the locations
while walking. Spatial updating refers to people’s ability
to change the representation of themselves relative to
their environment, as they move. Our principal interest
was in comparing encoding, learning, and updating
performance across different sensory modalities by which
the locations were initially presented. The modalities
were two types of auditory input, descriptive spatial
language versus sounds that originate from the target
locations, and vision.

Numerous perceptual studies have demonstrated non-
visual updating ability, most using visual exposure (see,
for example, Amorim et al. 1997; Book and Gérling 1981;
Farrell and Thomson 1999; Loomis et al. 1992, 1998; Ooi
et al. 2001; Philbeck et al. 1997, 2001; Presson and
Montello 1994; Rieser 1989; Rieser and Rider 1991;
Thomson 1983). In one type of updating task, the
participant views a target location, and then is signaled
to walk to it directly with eyes closed. Performance in this
task is highly accurate out to 20 m or more. Moreover,
direct and indirect walking converge on the same
location. These findings are taken to indicate that people:
(a) perceive the target accurately and (b) execute the walk
to it with negligible bias. When the same tasks are applied
to perceived auditory stimuli (Loomis et al. 1998), both
indirect and direct walking arrive at a common location,
but one that is not at the true target location. The error
occurs because the distances to far sounds are perceived
as nearer than their actual locations, and updating is
performed with respect to the perceptually based repre-
sentation.
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Encoding and updating a single object location
from 3-D sound or spatial language

Loomis and colleagues (2002) conducted a task, in which
participants were exposed to a single target location in
space, by hearing either a 3-D sound that emanated from
the location or language describing its location (for
example "2 o’clock, 6 feet"). They then walked to the
target either directly or indirectly (i.e., by walking
forward until they were instructed to turn and walk to
it). The authors proposed an "image-updating" model of
the task that separated two critical processing phases,
encoding and updating. During the encoding phase, a
representation of the spatial location, called a spatial
image, is assumed to be formed. During the updating
phase, the representation is modified to accommodate the
changes in position of the participant relative to the target.
Either of these phases could produce systematic error
(bias) or random error (noise).

The model further hypothesized that different modal-
ities lead to differences in the process of encoding a
spatial location, but that the outcome of encoding, the
spatial image, could function equivalently across modal-
ities for purposes of updating. This hypothesis does not
require that the spatial images derived from different
modalities have a common format, either amodal or by
conversion of all inputs to a single, modality-specific
code. However, for spatial updating to function effec-
tively, the image formed from an input modality must
afford processes that compute spatial location during
locomotion. The image-updating model was tested by
devising measures of encoding bias, updating bias, and
total noise, as described below. As hypothesized, encod-
ing bias was found to vary with modality, whereas
updating bias did not. Participants evidenced an ability to
effectively update target locations that were initially
presented via 3-D sound or spatial language.

These results were particularly important because they
indicate that language can be converted to a spatial image
that is functionally equivalent to one formed from a
process of spatial perception. Previous research has
shown that people can construct a representation of the
layouts of objects from spatial language that allows for
inferences about spatial relations (see, for example,
Bachmann and Perrig 1988; Bosco et al. 1996; Ferguson
and Hegarty 1994; Franklin and Tversky 1990; Perrig and
Kintsch 1985; Taylor and Tversky 1992; Wilson et al.
1999). However, such inferences may be based on non-
spatial cognitive abstractions such as verbal mediators.
Successful updating, in contrast, indicates a spatial form
of representation.

Encoding, learning, and updating
multiple object locations

Next consider a corresponding situation in which partic-
ipants learn multiple target locations over a series of
trials, rather than responding to a single target immedi-
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ately after its presentation. Again, the task has multiple
components. As in the single-target task, there is an
encoding of each target as it is presented, resulting in a
spatial image. Because there are several targets, however,
a stable memory representation must be formed that will
retain all of the spatial images. We will refer to the
formation and retention of the collective layout as the
learning phase of the task, which is potentially subject to
its own form of bias and noise and may vary with
modality. Differences among modalities with respect to
the rate of learning a set of azimuths were found by
Klatzky et al. (2002). Specifically, participants were
slower to learn the azimuths associated with five objects
when they were presented by spatial language, in
comparison to vision or 3-D sound. Once learning has
occurred, when a participant moves within the layout,
updating occurs as in the single-target case, but now with
respect to multiple targets.

Measures of bias and noise

The present studies used the multiple-target task. Partic-
ipants learned a set of target locations over a series of
exposures and then were tested on updating. We derived
measures of bias and noise in the various phases of
performance. These were based on our previous study
(Loomis et al. 2002), but with some differences noted
below:

A. Encoding bias was measured by comparing the
centroid of reported locations to the actual target
location. There were two types of reports in the present
studies. After a series of learning trials, subjects
reported the encoded locations by verbally estimating
distance and pointing with a pointer. In experiment 2,
encoding was also measured by the participants’
stopping point when they walked a direct path to the
target from the origin."

B. A new measure, trials required to reach a localization
criterion, was introduced to measure learning rate.

C. In the updating phase, participants moved from the
origin to an indirect waypoint, from which they
localized the targets. In experiment 1, they verbally
estimated distance and pointed to the targets from the
indirect waypoint, as they had after learning. In
experiment 2, the waypoint was the turning point on
an indirect walking path to the targets. Updating

' In contrast, Loomis et al. estimated the encoded locations by

averaging the centroids of direct and indirect walking, under the
assumption that people converge on a common perceived location
whether by a direct or indirect route. We evaluated the direct path
alone, rather than averaging it with the indirect, because the targets
were learned over multiple exposures rather than having just been
perceived. While there is substantial evidence that immediately
after perceiving a target, people walk without vision to a common
spatial image along direct and indirect paths, updating an image
that is encoded into memory over time may lead to additional bias
when people walk an indirect path.
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biaswas measured by the difference between the
centroids of the target locations as reported by means
of the indirect waypoint and those either reported after
learning (experiment 1) or reached by the direct path
(experiment 2). In both experiments, the updating bias
measure indicates the additional systematic error
resulting from a move along a path through a point
that is not collinear with the origin and target location.

D. Noise in the response, collectively resulting from
imprecision in encoding, learning, and updating, was
assessed from interparticipant variability. This mea-
sure used the average distance of each participant’s
response from the group centroid.

A final phase in this task is response execution, arising
from the act of reporting the target locations. When the
response is walking, then updating and response execu-
tion are commingled. The studies reported above, which
found highly accurate walking without vision to a viewed
target, argue that walking per se produces negligible bias.
When the response is verbal description or pointing, in
contrast, systematic error could be produced at the
response phase due to the metric imprecision of language
and lack of experience with verbal description. Such
response-induced bias cannot be discriminated from bias
in the internal representation of the target locations due to
encoding or learning. It should, however, be independent
of the input modality. Response execution could produce
noise as well as systematic error.

Functional equivalence across modalities

As was noted above, the Loomis et al. (2002) data
supported the idea that updating, but not encoding,
functions equivalently for single-target representations
formed from 3-D sound and spatial language. With
respect to encoding bias, an expected disadvantage in
distance perception for 3-D sound was obtained. Partic-
ipants consistently under-walked toward the further
targets when they were specified by 3-D sound, but both
modalities showed highly accurate azimuth encoding.
Updating performance with 3-D sound and spatial
language was remarkably similar. The measure of updat-
ing bias (difference between stopping point for direct and
indirect paths) for sighted subjects showed only a small
average difference in azimuth (6-10° for the two modal-
ities), and blind participants exhibited no effect of
modality on updating bias. Finally, when the noise
measure was adjusted for differences in the distance
walked, sighted participants showed no modality effect,
although blind participants demonstrated slightly greater
noise with 3-D sound.

If the same model applies to memory-based responses
and multiple targets, and if it extends to vision as well as
3-D sound and spatial language, all three modalities
should show equivalent updating bias, or systematic error
due to responding via an indirect waypoint. The model
allows other perceptual and memory-related processes to

be modality-specific. This means that the learning time is
likely to differ, and there may be differential effects of
memory load (i.e., the number of locations that are
learned). Moreover, the modalities are expected to show
differential encoding bias, particularly the previously
observed compression of distances when locations are
presented as 3-D sounds.

Finally, differential precision across modalities could
lead to different levels of unsystematic error or noise.
Noise accumulates from all processes: encoding, learning,
updating, and responding. An advantage for some
modality, such as vision, with respect to the spatial
resolution of the targets could produce an advantage with
respect to noise in encoding and learning. This outcome
would not be inconsistent with the idea that multiple input
modalities lead to representations that function equiva-
lently for spatial updating. Therefore, the observation of
modality effects on the cumulative noise measure would
not by itself disconfirm the model. However, if differen-
tial precision in encoding led to differential noise during
updating, this would violate a strict interpretation of
functional equivalence across modalities in the updating
phase. The effect of updating on noise can be evaluated
by comparing the noise measure when people respond
directly from the position of learning versus via an
indirect waypoint.

Experiment 1

This study compared 3-D sound (3-D) and spatial
language (SL) with respect to spatial learning and
updating of three or five targets. Those set sizes were
chosen because they had previously shown a difference in
the task of associating object names with spatial azimuths
(Klatzky et al. 2002). After learning the locations of a set
of named objects to a criterion level of accuracy for both
distance and azimuth, participants walked forward to an
indirect waypoint and indicated the new values of
distance and azimuth for each object. The distances were
estimated verbally, and the azimuthal judgments were
made with a pointing device.

Materials and methods

This research was approved by the local ethics committee.

Participants

The participants were undergraduate students from the
University of California, Santa Barbara, who received
credit to fulfill a course requirement. In the three-target
condition, there were ten males and six females, and the
mean age was 19.1 years (range 18-23 years). In the five-
target condition, there were six males and ten females,
and the mean age was 18.6 years (range 17-21 years).
Three additional participants in each target condition had



difficulty localizing the sounds and were not tested
further.

Experimental setup, stimuli, and apparatus

The experiment took place in a room with a workspace
measuring 5.4 m in width and 7 m in length. In the five-
target condition, there were two sets of five target
locations that were arranged in a semicircle around an
origin. The polar coordinates of the first set were: —90°/
2.74 m, —60°/0.91 m, -30°/4.57 m, 30°/3.66 m, 60°/1.83 m.
The second set was a mirror image of the first, i.e., the
angular coordinate was opposite in sign. The locations in
each set were assigned object labels from one of two sets:
(1) baby, bell, cat, horse, plane or (2) bird, car, dog,
drum, phone. The object names are listed with a word
frequency of 80, 23, 42, 203, 138, 83, 393, 147, 26, and
53, respectively, in the norms of Francis and Kucera
(1982). Across participants, we counterbalanced: (a) the
assignment between the location sets and object label sets
and (b) whether an assignment was employed in the 3-D
or SL condition. The location of the indirect waypoint, to
which participants walked in the spatial updating phase,
was 2.5 m forward of the target. The three-target
condition used a subset of the stimuli. Set 1 had locations
at —90°/2.74 m, 30°/4.57 m, and 60°/0.91 m, and set 2 had
locations with the reverse-signed angle.

Stimulus presentation and data collection were con-
trolled by a Gateway E-5200 computer, using a scripting
facility in the Python programming language, supple-
mented with a utility module written for virtual environ-
ment applications (Beall et al. 2001). To synthesize the
stimuli, we used the speech synthesizer provided by
AT&T (http://www.att.com/aspg/).

In the 3-D condition, the speech stimuli spoken by a
male voice emanated from loudspeakers (Propart 3-inch
mini speaker) that were mounted facing the participants
on microphone stands at a height of 1.70 m. The duration
of each object label was within an epoch of 500 ms. The
intensity for the closest stimulus (0.91 m) was approxi-
mately 64 dB and for the farthest stimulus (4.57 m)
approximately 58 dB (all A weighting).

In the SL condition, the speech stimuli were presented
through a loudspeaker (OPTIMUS multimedia speaker
40-1401) that was mounted on a height-adjustable
platform at a distance of 41.5 cm in front of the
participant. A male voice specified the stimulus location
and name with an intensity of approximately 63 dB.
Observers first heard the digit that indicated the clock
position, then the distance in feet, and then the object
label spoken twice with a 500-ms interstimulus interval
(for example, "10 o’clock, 6 feet, dog—dog"). The
presentation time for one location was approximately 4 s.

During the spatial updating test, participants were cued
by a male voice uttering the object label once, emitted
from the same loudspeaker used in the SL condition.
Azimuthal judgments were collected by means of a
custom-fabricated pointing device that was mounted on
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the same platform that held the speaker for the SL
condition. It consisted of a 13.5-cm-long pointer that, at
its center, was mounted on a plastic box (5 cm high x
6.5 cm wide x 9 cm long) and attached to a potentiometer
that was interfaced with the computer. The participant
grasped the pointer and rotated it about the vertical axis.
The pointer had a range from 175° through 175°. The
participant pressed a button on the box to record the
response angle.

Procedure

The participants’ task had two phases. First was a multi-
trial learning phase, in which they learned the locations of
the objects. Second were two spatial-updating test trials,
separated by an additional learning trial. Participants were
instructed outside of the experimental room about the
learning and spatial updating phases of the experiment,
with the latter being demonstrated and practiced using a
visual example. Thereafter, they were blindfolded and
guided into the room to the origin location. The partic-
ipants then completed several practice trials with the
pointing device. It was particularly emphasized that they
should point in relation to the device and not in relation to
their body, which was approximately 10 cm distant.
Participants completed the 3-D and SL condition one after
the other, with the order of condition being counterbal-
anced.

Learning. Each learning trial consisted of exposure to the
target locations in the set, followed by a test. During
exposure, each target location occurred once (with the
name repeated twice), with a stimulus-onset asynchrony
of approximately 3 s. During the test, each target location
was cued in turn by its label, and the participant provided
first an azimuthal judgment by pointing and then a
distance estimate in feet by verbal report. Order of object
names during exposure and test was random. The
exposures and tests alternated until the pointing error in
a series of three trials, averaged across the objects, was
less than 15°, and the true and indicated distances for the
objects showed a rank correlation of 0.75 or higher. The
rank correlation criterion required accurate relative dis-
tance judgments, and thus compensated for the fact that
absolute distance judgments are expected to show errors
in the 3-D condition. Feedback in the initial learning trials
was limited to indicating whether the participant had met
the learning criterion. If a participant had difficulty after
several trials, the experimenter indicated if distance or
azimuth was the problem.

Spatial updating. After the learning criterion was
reached, the platform was moved and the participant
was guided forward to the indirect waypoint. Immediately
after, the target locations were tested as in the learning
trials. To obtain another replication of spatial updating,
the participant was guided back to the origin (by walking
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backwards), where he or she completed another single
learning trial (exposure and test of the five target
locations), and then was guided forward again to
complete a second test at the indirect waypoint.

Results

The effects of interest were not modulated by the
variables location set or order of modality. The data were
therefore collapsed across these factors.

Learning

An analysis of variance (ANOVA) was conducted on the
number of trials needed to achieve the learning criterion,
using the within-participant variable of modality (3-D
versus SL) and the between-participant variable of
memory load (5 or 3). The effect of memory load did
not reach significance, although there was a trend
(P<0.10) toward more trials to learn five items (7.3 trials)
than to learn three items (5.8 trials). The effect of
modality also did not reach significance.

Encoding bias

Encoding bias was measured in this study by psycho-
physical functions relating the distance and direction of
the targets, as reported from the origin, to their correct
values, using the five-target condition. The functions for
distance and direction in both modalities were all fit by a
linear trend with r>>0.98. The slopes of the direction
functions were 1.12 for 3-D and 0.92 for SL, a significant
difference, #(30)=9.14, P<0.001; the intercepts were —4.3°
and —1.8° respectively, and did not differ statistically.
The distance function for the SL condition was irrelevant,
because participants simply repeated back the distances
they had been told and therefore achieved nearly perfect
performance. The distance function for 3-D had a slope of
0.80 and an intercept of —0.02 m. The 95% confidence
interval around the slope did not include 1.0, indicating
the expected compression of distance with 3-D sound.
However, the magnitude of compression was less than in
our outdoor studies (typically ca 0.5; see Loomis et al.
1998), presumably because of the more reverberant
indoor environment.

Spatial updating bias

A second analysis addressed whether spatial updating bias
was different for the two presentation modalities. Fig-
ures 1 and 2 depict the group centroids separately for
three and five targets as a function of response location
(origin or indirect waypoint), modality of presentation,
target location, and location set.
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Fig. 1 Group centroids for each response location in experiment 1,
with three targets, by stimulus modality (3-D sound versus SL) and
location set. Closed circles are centroids of the locations indicated
from the origin, open circles are centroids of locations indicated
from the indirect waypoint, crosses are the targets. Centroids to the
same target are connected by a line
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Fig. 2 Group centroids for each response location in experiment 1,
with five targets, by stimulus modality and location set. Legend as
in Fig. 1

As a measure of updating bias, we used the difference
between the locations indicated from the origin and from
the indirect waypoint, as specified by polar coordinates
(vector differences). The polar coordinates from the
origin were the azimuth and distance estimates provided
by the participants, averaged over the last trial of the
learning phase and the replication learning trial that
occurred after the first spatial-updating test. For the
indirect waypoint, we converted the distance and direc-
tion estimates during the spatial-updating test to polar
coordinates relative to the origin, averaging the two
updating tests. As there were symmetric tendencies in
error relative to the sagittal axis, we signed azimuthal
errors so that a negative value represents a tendency to
respond closer to the midline than the correct value,
regardless of whether the target is on the left or right (as
in Loomis et al. 2002). Errors in these experiments and
that of Loomis et al. are shown in Table 1. As can be seen
in Figs. 1 and 2 and Table 1, locations indicated from the
indirect waypoint tended to be displaced forward relative
to the locations indicated from the origin.

The vector differences between the polar coordinates
(distance; azimuth) obtained for the two response loca-
tions were submitted to a multivariate analysis of variance



Table 1 Updating bias: the mean vector difference (distance;
azimuth) between the update condition and the baseline condition.
Updating bias in experiment 1 is the difference between estimates
made from the indirect waypoint and the origin, and in experiment 2
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it is the difference between estimates made by indirect and direct
walking. Data are shown by experiment and modality, along with
comparable values for Loomis et al. (2002). (SL specifies Spatial
language, VIS specifies visual target)

3-D sound SL VIS
Distance (m) Experiment 1: three items 0.99 0.89
Experiment 1: five items 0.99 0.93
Experiment 2: forward indirect 0.31 0.44 0.27
Experiment 2: rightward indirect 0.20 0.37 0.20
Loomis et al. 0.11 0.10
Azimuth (degrees) Experiment 1: three items -16.8 -15.3
Experiment 1: five items -21.4 -14.7
Experiment 2: forward indirect -15.6 -16.2 -4.6
Experiment 2: rightward indirect -10.8 -17.1 -13.2
Loomis et al. 9.9 —6.4
(MANOVA), with target location (defined by distance 5 targets
from the origin, i.e., the mirror-image locations in the two y
. L. .. 1.50 4 Q 3-D - Origin
sets were averaged) and modality as within-participant = @ 3.0 - Indirect Waypt, l l
variables. In an initial MANOVA, memory load (5 versus 5 0 st - origin l
3) was also a factor; this used only the three target = fg’ 1.25 - B SL-Indirect Waypt. l l l
locations common to both experiments. The sole effect 38 ‘
was target location, F(4,27)=53.25, P<0.001, Wilks’ g5 J)
lambda criterion (for modality and memory load, Fs<1). §§ 1.00 1 L
Univariate tests indicated the target effect was significant 2=
for direction and distance, Ps<0.001, reflecting the fact § 8 0.75 - L l
that the displacement was larger for targets that were §8 é ®
closer to the origin than for targets that were closer to the 38 0 éq
indirect waypoint. An additional MANOVA incorporat- §§ 0.50 6
ing all five targets, with factors of modality and target, =% s 3 targets -
confirmed the target effect, F(8,118)=16.90, P<0.001, 2 o2 3 B o on et wapst
which was significant for both direction and distance ’ O o SL - Origin
(Ps<0.001); again modality was not significant. o O st indiect Waypt.
To confirm that the updating bias was primarily in the ' l l I \
1 2 3 4 5

forward direction, we performed additional, separate
analyses on the x (rightward) and y (forward) components
of the indicated locations. The analyzed variable was the
difference between the coordinate as indicated from the
two response locations, averaging over target locations.
The analysis of the y-coordinate showed that the mean
indicated location was further forward (on average, by
0.94 m) when reported from the indirect waypoint than
from the origin; the 95% confidence interval around the
mean y—coordinate difference excluded zero within each
modality and number of targets. The 95% confidence
interval around the mean x-coordinate difference included
zero for each condition. For both x and y differences, an
ANOVA on modality and number of targets showed no
significant effects. Thus the updating bias lay primarily
forward, regardless of memory load or modality.

Noise analysis
As in Loomis et al. (2002), we used the between-

participant variability (i.e., the mean distance between the
centroid of each participant’s indicated locations and the

Mean Distance Between the Origin
and the Group Centroid (m)

Fig. 3 Noise in experiment 1, as measured by the distance between
the individual reported location and the group centroid, as a
function of distance from origin to group centroid, by number of
targets, response location (origin versus indirect waypoint), and
stimulus modality

group centroids, averaging the two replications) as a
measure of noise. As shown in Fig. 3, the variability
measure was regressed on the distance from the origin to
the group centroid of the indicated locations and on
number of target items, modality, and response location
(origin or indirect waypoint). There were significant
effects of distance, response location, and modality,
(Ps<0.05), but not number of targets. Variability in-
creased with increasing distance ($=0.55), was greater for
responses from the indirect waypoint than from the origin,
(8=0.40), and was greater for the 3-D sound than the SL
condition ($=0.26). Note that the effect of modality is
relatively small and is in the reverse direction of the small
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effect found for blind participants by Loomis et al.
(2002).

Further analyses were performed to determine whether
the additional noise due to updating varied by modality.
Within each modality, the noise measure was regressed
on a single predictor, response location (origin or indirect
waypoint), with the observations representing each com-
bination of target location and memory load. The effect
was significant for SL ($=0.89, P<0.01) but not for 3-D
sound (f=0.32), indicating that updating on the indirect
path added noise when targets were learned through
spatial language.

Discussion

The present results indicate that when multiple targets are
presented through spatial language, locomotion intro-
duces no more systematic error in spatial updating than if
the targets were exposed through 3-D sound. Updating
bias was in the forward direction and was virtually
identical across modality and memory load. However,
functional equivalence across modalities was not com-
plete: updating produced additional noise (between-sub-
ject variability) relative to reports from the origin when
targets were learned from spatial language, but not from
3-D sound. This effect contradicts the image-updating
model.

As did Loomis et al. (2002), we found a modality
effect in encoding, in that people underestimated dis-
tances to targets specified by 3-D sound. Modality did not
affect learning, in contrast to the deficit for azimuth
learning via language found by Klatzky et al. (2002);
however, spatial language may have had a compensatory
advantage here in that distance was reported verbally. A
larger memory load tended to produce longer learning but
not greater noise.

Experiment 2

The principal purpose for experiment 2 was to further
evaluate the image-updating model in the context of
multiple targets, but using an action-based measure of
updating and with vision as an additional modality.
Walking to a target is arguably the best indication of its
subjective location. In contrast, pointing with a pointer
held in the hand can add to systematic error (Haber et al.
1993; Montello et al. 1999), and verbal distance estima-
tion has been found less accurate than a walking response
(Loomis et al. 1998). Accordingly, experiment 2 used the
same measures of target localization that had been used
by Loomis et al. (2002). The combination of direct and
indirect walking allowed use of the metric developed by
Loomis et al. to evaluate whether there is a systematic
difference among modalities with respect to updating
bias, namely, the difference between the direct and
indirect centroids. It also allowed the effect of updating
on noise to be evaluated by comparing variability under

the two walking conditions. Finally, the level of error
with multiple targets could be directly compared to that of
Loomis et al. with single targets, within a common
response.

The nature of the response may explain why, relative
to the data of Loomis et al. (2002; see Table 1),
experiment 1 led to a considerable increase in systematic
error or bias after updating. That is, experiment 1 showed
a substantial discrepancy between the indicated locations
at the end of initial learning and after walking to the
indirect waypoint. However, it is not obvious from the
present analysis why the nature of the response should
affect bias that accrues while walking to the response
location. That is, our model does not explain a priori how
differences in the response could lead to differences in
updating bias. One possibility is that updating is influ-
enced by participants’ expectancy about the nature of the
ultimate response; in particular, by whether it is action-
based (as in Loomis et al. 2002) or a stationary report (as
in the present experiment 1). Loomis et al. (1998)
suggested, for example, that when anticipating a verbal
response, people may direct less attention to updating.

The pattern of spatial updating bias observed in
experiment 1 was characterized by people misreporting
targets from the indirect waypoint as further forward than
they actually were. A possible locus for the bias is that
participants miscalibrated their self-motion during updat-
ing, by underestimating their walking speed along the
indirect path (although this would contradict the evidence
cited above that there is little bias in walking per se). For
example, a target location that had actually passed behind
the participant while walking might be perceived as still
ahead, so that the subject would give an erroneous angle
estimate that pointed forward. To test this hypothesis, in
experiment 2 participants moved either forward or
rightward to the indirect waypoint. If the updating bias
reflects underestimation of velocity during updating,
targets approached from an indirect waypoint in the
rightward direction should be displaced to the right rather
than forward.

To provide a baseline of optimal updating performance
for general comparison with the auditory conditions,
vision was added as a third modality. We used the
perceived distance in the 3-D sound condition as derived
from the distance judgments in previous experiments to
select matching values to use in the spatial language and
vision condition. To our knowledge, the current experi-
ment is the first to compare updating after visual preview
to updating after auditory exposure to spatial targets,
when differences in the encoded locations are controlled
for. Thus, to the extent that updating bias and noise
depend exclusively on perceived location, performance
should be unaffected by the differential encoding bias
across modalities. However, vision could still have
greater encoding precision, that is, the variability in the
perceived location of the target could be less after visual
exposure, which could also affect the precision of
subsequent processes. These collective effects should
then emerge as a modality effect on our measure of noise.



There could also be an advantage for vision in learning
due to the simultaneous exposure of targets.

Materials and methods
Participants

Seventy-two undergraduate students at the University of
California, Santa Barbara, served as participants, either to
receive credit to fulfill a course requirement or for pay.
There were 28 males and 44 females, and the mean age
was 19.7 years (range from 18 to 38 years; SD=2.6 years).
Two additional participants were eliminated because of
difficulty in sound localization, and data from two others
were eliminated because they confused object-designated
locations in the spatial updating phase. Direction of
indirect walking and modality were between-participant
variables.

Apparatus and stimuli

The experimental space and data collection in the learning
phase were the same as in experiment 1. Position data in
the spatial updating phase were collected using a tracking
system. Two cameras tracked an LED, which was
mounted on the top of the plastic headband worn by the
participant. The camera outputs were digitized, and the
computer calculated the coordinates of the LED with an
accuracy of about 1 cm.

Because the memory load effect had been non-
significant in experiment 1, we used only the larger set
size of five items. The target locations were indicated by
3-D sound (3-D) or spatial language (SL) or were
specified visually (VIS), with modality being a be-
tween-participant variable. Only one object label set
was used: baby, bell, cat, horse, plane. There was one
location set, matched for perceived distance across
modalities. In the 3-D condition, the locations were at
-90°/2.74, —60°/1.22 m, —=30°/3.66 m, 30°/4.57 m, and 60°/
1.83 m. To match distances in the 3-D condition to the
corresponding distances in the SL and VIS conditions (to
the closest foot), we used a psychophysical function for
perceived 3-D sound that was derived from averaging
responses in two previous experiments (slope=0.763;
intercept=0.04 m). In the SL and VIS conditions, the
nominal locations were therefore at —90°2.13 m, —60°/
0.91 m, -30°2.74 m, 30°3.66 m, and 60°1.52 m. In the
VIS condition, the first location actually was at —90°/
1.91 m, because a light fixture interfered with placement
of the stimulus. There were 12 random assignments
between the object labels and locations, with participants
in each condition being yoked. The turn location that was
used in the forward indirect walking condition was
located at 0°, 2.5 m, and the turn location used in the
rightward indirect walking condition was located at 2.5 m,
90°.
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In the 3-D condition, the speech stimuli emanated from
loudspeakers (Radio Shack, 3.5 inch, full-range speakers)
that were suspended by rods from the ceiling. The center
of a loudspeaker was 1.9 m above the floor and faced the
participants. In the VIS condition, the loudspeakers were
covered up with sheets of cardboard (25.5x12.5 cm), on
which the object labels were printed in black on a white
background. In the SL condition, the speech stimuli were
presented as in previous experiments.

Procedure

Participants were instructed outside of the experimental
room and wore a blindfold during the entire experiment.
They were informed about the learning part as well as the
walking part of the experiment. The difference between
direct and indirect walking was demonstrated and prac-
ticed using a visual example.

Learning. The learning procedure replicated that of
experiment 1, except that the criterion in the learning
phase had to be reached six times. In the VIS condition,
participants lifted the blindfold for a presentation time of
23 s (matched to the total presentation time for all five
locations in the 3-D sound condition) and were allowed to
look freely around. There were no additional learning
trials once the spatial updating phase began.

Spatial updating. In the spatial updating phase, one
experimenter initiated the cue presentations, while anoth-
er one monitored the participant’s safety. Participants first
completed a block of indirect walking trials and then a
block of direct walking trials. We chose this blocked
order of walking trials to prevent participants from
learning about the locations by directly walking to them.
Each block consisted of ten trials, two replications for
each of the five targets. In an indirect walking trial, the
experimenter guided the participant directly to the turn
point; the subject walked forward or sidestepped right-
ward without change of heading. Then the cue was
presented and participants walked the rest of the way to
the target location, which was recorded by the experi-
menter. Then participants were led back to the origin
while facing forward, and a new trial started. A direct
walking trial followed the same procedure, except that the
participant walked directly to the stimulus location from
the origin.

Results

Learning

An ANOVA was performed on the number of trials
needed to achieve the learning criterion, using the

between-participant variables of modality and indirect
walking direction. There was a significant effect of
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Fig. 4 Biases for forward indirect-walking condition in experi-
ment 2, by modality (rows). Left panels Difference between the two
measures of encoding bias, as indicated by group centroids for the
last learning trial (open circle) and direct walking (dark circle).
Targets are at crosses. Solid lines connect centroids corresponding
to the same target and also indicate the direct path to the target from
the origin. Right panels Updating bias as indicated by group
centroids for direct (dark circle) and indirect (open circle) walking
to each target location (crosses). Solid lines are as in left panel,
dashed lines indicate the path from the indirect stopping point

modality, F(2,66)=9.04, MSE=3.10, P<0.10. The VIS
group needed fewer trials to learn the object array
(6.9 trials) than the 3-D group (9.0 trials, Scheffé test,
P<0.01) and fewer than the SL group (8.4 trials, Scheffé
test, P=0.05). The 3-D and SL conditions did not differ
from each other.

Encoding bias

There were two measures of encoding bias, the average
reported values at the last learning trial and the centroid of
direct walking. The reported locations from these mea-
sures are compared in Figs. 4 and 5 left panels. The
psychophysical functions relating reported distance and
direction to the correct values were fit well with linear
trends for both measures, as summarized in Table 2.
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Fig. 5 Biases for rightward indirect-walking condition in experi-
ment 2, by modality (rows). Legend as in Fig. 4

Considering first the direction functions, both mea-
sures of encoding bias indicated that direction encoding
was highly accurate. The slopes were near 1.0 and
intercepts near 0 (see Table 2), and both slopes and
intercepts were statistically equivalent across modalities
by each measure.

The measures also converged with respect to the
distance functions, in that distance encoding in the 3-D
condition showed compression of the longer distances.
This distance encoding bias was anticipated; it was in fact
the reason for adjusting the actual distance values for SL.
and VIS to match perceived locations in the 3-D condition
(see Materials and methods). With the last learning trial as
the measure of bias, the distance responses for the SL
condition were not considered, because participants
simply reported back the verbal distance they had been
told. When the distance function from the last learning
trial for 3-D was compared to VIS, the modalities differed
in slopes and intercepts, #(46)=6.10 and 5.49, Ps<0.001.
With the direct-walking measure of encoding bias, an
ANOVA on the slopes of the distance functions across all
three modalities showed a significant effect, F(2,69)=
7.95, MSE=0.06, P<0.01; post hoc Scheffé tests indicated
that VIS had a higher slope than 3-D (P<0.01). A

Table 2 Slopes, intercepts, and
goodness of fit of linear func-
tions relating reported distance

Direction (degrees) Distance (m)

and direction to correct values
in experiment 2, by reported
parameter, modality, and mea-
sure—learning versus direct
walking

3-D SL VIS 3-D SL VIS
Slope: last learning trial 1.02 1.02 1.04 0.60 1.00* 1.07
Slope: direct walking 1.10 1.07 1.09 0.72 0.84 1.00
Intercept: last learning trial 2.13 -2.56 0.84 0.23 0.00* -0.51
Intercept: direct walking 3.44 292 222 0.29 0.33 -0.28
7*: last learning trial 1.00 1.00 1.00 0.96 1.00% 0.99
2 direct walking 1.00 1.00 0.99 0.90 0.97 0.96

 Participants achieved perfect performance in the verbal response, given verbally designated targets



corresponding ANOVA on the distance intercepts was
also significant F(2,69)=13.12, MSE=0.21, P<0.001; VIS
differed from both 3-D and SL (Scheffé test, Ps<0.001).

Spatial updating bias

The updating biases were generally higher than those
observed for single targets by Loomis et al. (2002;
Table 1).2 A MANOVA on modality, indirect-walking
direction, and target location was applied to the difference
in polar coordinates between the locations designated by
direct and indirect walking, i.e., updating bias, shown in
Figs. 4 and 5 (right panels). No effect involving modality
reached significance. The bias varied with target location,
F(8,59)=10.92, P<0.001, which interacted with indirect-
walking direction, F(8,59)=3.51, P<0.01. Univariate
analyses indicated these effects were significant for both
distance and angle, Ps<0.05.

To further investigate whether the updating biases lay
along the direction of indirect walking, we performed
additional analyses comparing the indirect and direct
stopping points with respect to the x- (rightward) and y-
(forward) coordinates. The analysis of the y-coordinate
difference showed that the mean stopping point was
further forward for the indirect path than the direct path;
the 95% confidence interval on the mean difference
excluded zero within each modality for each walk-
ing direction. An ANOVA by modality and direction on
the y-coordinate difference showed that the magnitudes of
forward updating bias for forward indirect paths
(mean=0.50 m) and rightward indirect paths (mean=
0.42 m) did not differ significantly, F<1, but there was a
modality effect, F(2,66)=4.46, P<0.05. The forward bias
averaged 0.66, 0.44, and 0.29 m for SL, 3-D, and VIS,
respectively, and the SL and VIS means differed by
Scheffé test. The interaction was not significant.

The analysis of the x-coordinate difference showed
that there was an overall trend for the indirect stopping
point to be rightward of the direct stopping point after
rightward walking (by 0.21 m on average, P<0.05), but
not after forward walking (which showed an average
leftward tendency, —0.17 m, P>0.05). An ANOVA on the
x-coordinate difference by modality and indirect-walking
direction showed a significant effect of direction,
F(2,66)=16.34, P<0.001. Although the modality x direc-
tion effect was marginal, P=0.07, an analysis by modality
showed that only the SL condition manifested significant
rightward updating bias after rightward indirect walking
(0.35 m); the mean direction of bias was actually reversed
in the 3-D sound condition. None of the pairwise modality
comparisons reached significance by Scheffé test.

2 Latencies for the walking response (i.e., the time from onset of
the cue to the onset of walking) were also recorded. The only
significant effect was that of walking condition. The time to initiate
walking from the origin directly to a target was shorter (5.2 s) than
the time to start walking from the turn point, in the indirect
condition, to the target (7.3 s). The average time was 5.8, 6.0, and
7.1 s for VIS, 3-D, and SL, but differences were not significant.
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Fig. 6 Noise in experiment 2, as measured by the distance between
individual stopping points and the group centroid, as a function of
distance from origin to group centroid, by direct and indirect
walking, indirect-walking direction, and stimulus modality

Noise analysis

Again between-participant variability was the measure of
noise, now using the distance between the individual’s
stopping point and the group centroid (see Fig. 6). The
previous response-location variable (origin versus indirect
waypoint) was replaced with a path-type variable (direct
versus indirect walking) as a predictor in the regression.
The other predictors were distance from the origin to the
group centroid of stopping points, indirect-walking
direction, and modality. Three such regressions were
run, one for each pairing of modalities. A significant
modality effect was found for the comparisons of VIS to
3-D and to SL (both #s=0.28), such that noise was lower
for VIS than either SL or 3-D. In contrast, the regression
comparing 3-D versus SL produced no modality effect
(P>0.50). Distance was significant in all three analyses
(range of $=0.57-0.70). Path type (direct versus indirect)
was significant when comparing 3-D versus SL ($=0.25),
similar to the effect in experiment 1 when reports from
the origin were compared to those from the indirect
waypoint. The path-type effect was also significant when
VIS was compared to SL (3=0.34), but not when VIS was
compared to 3-D (P>0.25).

Analogously to experiment 1, the noise measure was
regressed on path type within each modality, with the
observations representing the combinations of target
location and indirect-walking direction. The effect was
significant for SL (8=0.60, P<0.01) but not for 3-D or
VIS (5=0.09 and 0.34, respectively). Thus, as in the
previous study, updating on the indirect path augmented
noise only when targets were learned through spatial
language.
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Discussion

Forward updating bias was observed for all modalities,
and the magnitude of the forward bias was equivalent for
forward and rightward walking. Although updating bias
did not differ significantly by modality when the polar-
coordinate vector was analyzed, analyses separating the
forward and rightward components revealed differences.
Specifically, SL showed greater forward updating bias,
and only SL exhibited systematic rightward bias after
rightward indirect walking. Moreover, as before, there
was an increase in noise due to updating on the indirect
path only in the SL condition. These effects violate the
hypothesis that the images formed from different percep-
tual inputs function equivalently for purposes of updating.

Walking to the targets, rather than pointing and
verbalizing distance as in experiment 1, reduced the
updating bias in the 3-D sound and spatial language
conditions, suggesting that some amount of the previous
systematic error was attributable to the verbal response.
The similarity of the direct-walking responses to those
made at the last learning trial indicated that there was
little updating bias attributable to the direct path. How-
ever, the magnitude of updating bias measured by
comparing direct to indirect walking was still found to
be greater than the level found with single targets by
Loomis et al. (2002). The requirement to update multiple
targets appears to introduce systematic error when
participants walk along an indirect path.

Where does this additional bias come from? If memory
load per se underlies the difference, the effect must be
primarily in the move from single to multiple targets, as
the number of multiple targets (3 versus 5) did not affect
the results of experiment 1 (similar to findings of Rieser
and Rider 1991). Another possibility is the extended
learning process. In the Loomis et al. study, targets were
responded to immediately after exposure, whereas, in the
present study the targets were learned over multiple trials.
The precise mechanism by which a longer learning stage
would lead to increased updating bias is not known, but a
relatively lower strength of the internal spatial represen-
tation could make it more susceptible to bias tendencies.
The present data rule out miscalibration of self-motion as
the sole basis for the updating bias, as regardless of
indirect-walking direction, people moved the targets
forward relative to the origin when they walked via the
indirect waypoint. However, miscalibration could con-
tribute to the direction-specific bias effects found for the
SL condition. Systematic differences in calibration would
not, however, explain the differential noise across
modalities due to updating.

Other effects of this experiment were as expected. The
3-D condition produced an encoding bias that compresses
distance responses. An advantage for vision with respect
to measures of learning and noise was obtained, which
can be attributed to the simultaneity of presentation that
vision affords and its spatial precision. Confirming
previous results, the 3-D sound and SL conditions did
not differ with respect to learning and overall noise.

General discussion

The main purpose of the present research was to compare
3-D sound, spatial language, and vision as a means of
conveying multiple object locations that allowed a person
to update self-position while walking. As an extension of
Loomis et al. (2002), we tested a model that assumed the
modalities would differ in encoding the target locations
into memory, but that the resulting spatial image would
function equivalently for spatial updating across modal-
ities. Overall, our results indicate that language can
produce spatial images that support updating. However, in
some respects language-based images do not function
equivalently to those obtained via intrinsically spatial
modalities, vision, and 3-D sound. In the following
sections, we will discuss the implications of this work for
spatial processes and for the hypothesis of functional
equivalence across modalities.

Updating bias

The magnitude of updating bias observed here for
multiple targets was greater than that observed for
immediate responses to single targets by Loomis et al.
(2002), although there was no effect of three versus five
target locations. Moreover, in both experiments the
updating bias primarily took the form of moving the
target locations forward relative to their true values. This
updating-induced error appears to reflect distortions in
multiple remembered locations from the spatial perspec-
tive that occurred during learning.

The present data showed equivalent updating bias
between the modalities of vision and 3-D sound, and in
experiment 1, between 3-D sound and spatial language.
However, the prediction of the image-updating model
with regard to updating was not unequivocally supported,
as there was evidence in experiment 2 of greater updating
bias when targets were originally learned through spatial
language. Specifically, the SL condition showed some-
what greater forward bias after indirect walking and was
the only condition to produce significant rightward bias
after rightward indirect walking.

These bias differences notwithstanding, participants
who learned the target locations from spatial language,
like those using 3-D sound and vision, evidenced
substantial ability to update. It appears that some
disadvantage accrues for updating of multiple targets that
were learned through language, but updating nonetheless
occurs. Below, we will consider the implications of these
results for the issue of functional equivalence across
modalities.

Experiment 1, which used pointing plus a verbal
distance estimate, showed greater updating bias (i.e., less
convergence of reports from the origin versus the indirect
waypoint), than experiment 2, based on walking. Sizable
discrepancies in verbally reported locations from an
origin versus an indirect waypoint were similarly obtained
by Book and Garling (1981) and Loomis et al. (1998;



experiment 2). As was suggested above, the nature of the
anticipated response, verbal versus action-based, may
affect the process of updating en route to the response
location. These findings further indicate that the measure
of updating error should be based on action, such as the
comparison of indirect to direct walking.

Noise in the memory representation

Noise in the memory representation could arise from
multiple sources: at encoding of individual locations, loss
of precision while multiple locations are learned and
retained in memory, or effects of updating. That updating
increases noise is indicated by the finding that the noise
measure (based on interparticipant variability) increased
with walked distance and was greater for the indirect path.
Thus we find that a self-directed translation in space
introduces loss of precision in localization of remembered
landmarks. Others have found that the internal consisten-
cy of spatial relationships among multiple targets can be
reduced by arbitrary motion of the body (Wang 1999;
Wang and Spelke 2000).

When the effect of an indirect waypoint was evaluated
by modality, only SL was found to produce a significant
increment in noise due to the indirect response and the
updating it required. This finding is consistent with other
disadvantages for spatial language, namely, the greater
updating bias and the slower learning of azimuths
presented by spatial language that was found by Klatzky
et al. (2002).

Noise was also affected overall by input modality. In
particular, vision produced lower noise than spatial
language or 3-D sound, which have found to be equiv-
alent or to differ unreliably. The spatial precision of visual
perception presumably reduces noise in the encoded
spatial image, although we cannot rule out effects at later
stages as well.

Encoding bias

Experiment 2 was unique in providing two measures of
encoding bias. Participants pointed to the target direction
and verbally estimated its distance as they learned, and
after learning, they walked directly to the target locations.
An important result was that these measures converged on
common locations, indicating that there is little bias
induced by direct walking.

The present studies measure bias in the encoded
representations of locations that are learned over a series
of presentations, as opposed to the immediate products of
perception. One would expect, of course, that biases
which are introduced by perception would be maintained
in memory encoding, and that was true of the most
substantial bias—the compression of distances that were
encoded from 3-D sound. A further question is whether
memory introduces biases of its own. In this regard, there
was a tendency for overall under-responding to visually
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presented distances, as indicated by a negative zero
intercept on the psychophysical function.

Learning rate for multiple object locations

Given our criteria of absolute direction accuracy and
relative distance ranking, participants learned the loca-
tions of up to five target objects within nine exposures.
Learning rates did not differ significantly between the
auditory modalities. However, a deficit for spatial
language in learning azimuths might have been masked
in the present study by the advantage of using a verbal
report to assess distance learning.

The present data did show faster learning for the visual
modality than for the auditory conditions. The source of
this advantage cannot be specified from our data, but it is
likely to reflect the simultaneous exposure of the visual
targets and the flexibility it affords for rehearsal. Klatzky
et al. (2002) found that there was no advantage for vision
over audition when the object labels that marked azimuths
were exposed successively with limited field of view.

Implications for functional equivalence across modalities

Each of the measures we examined in these studies
showed modality effects: encoding, learning, updating
bias, and noise. Most critical for the image-updating
model, and its hypothesis of functional equivalence of
spatial images, are the findings showing modality differ-
ences in updating of self-position while walking. Func-
tional equivalence appears to apply to 3-D sound and
vision, but spatial language produces additional error,
both systematic and random.

When modalities are found to function equivalently in
updating, this does not specify the nature of the spatial
images that are utilized. Images might be modality
specific, but functional equivalence could still arise by
coincidence, if the various representations have the same
bias and noise tendencies. Alternatively, equivalent
performance might result from encoding images into a
common format that is supramodal, i.e., at a level of
abstraction not tied to any one modality. The posterior
parietal cortex has been implicated as one locus for such a
representation, as it combines inputs from multiple
modalities to form a unified representation of space
(see, for example, Andersen 1999; Farah et al. 1989).

Another potential basis for functional equivalence is a
common representational format that is modality specific,
such as a visual image. A pathway from 3-D auditory cues
to a visual image might involve cortical neurons that code
both auditory and visual spatial inputs, as have been
found in the ventral premotor cortex of the monkey
(Graziano and Gross 1998; Graziano et al. 1999). Spatial
language too might ultimately be represented through
visual coding, as verbal descriptions are often used to
induce visual images, and brain imaging studies have
shown that early visual processing areas are activated as a
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result (reviewed in Thompson and Kosslyn 1999).
However, an argument against a visual format for the
spatial images from 3-D sound and spatial language is the
finding of Loomis et al. (2002) that congenitally blind
participants were able to perform updating these inputs;
presumably they did not recode the stimuli visually.

Just as functional equivalence does not guarantee a
common type of representation in memory, lack of
equivalence does not rule it out. There are two ways to
interpret modality differences in updating. One is that the
nature of the spatial representation is fundamentally
different. The other is that properties of the image such as
memory strength or precision differ, leading to processing
differences that affect performance.

This latter account may explain the present finding that
SL updating performance was highly similar to VIS and
3-D, but generated additional bias and noise. The
fundamental difference between language and 3-D sound
or vision is that the latter modalities offer spatial cues
directly through perceptual processing, whereas non-
spatial verbal descriptions must be converted to a
representation that affords spatial processing. Klatzky et
al. (2002) found that this conversion adds to learning
time. A possible result is that the spatial images formed
from language have weaker strength and require more
processing capacity to update. For example, capacity
demands could influence -calibration of self-motion,
which would produce bias specific to the direction of
travel. The finding that updating bias is higher with
multiple remembered targets than with a single perceived
target supports the idea that memory demands can affect
updating.

Issues for future research

The present experiments make significant advances in our
understanding of non-visually guided navigation. They
demonstrate that across variations in input modality,
encoding of multiple spatial locations results in memory
representations that can be updated during locomotion,
although with some differential vulnerability to updating
bias and noise. At the same time, the studies raise a
number of important topics to be addressed in future
research. One is the nature of the spatial image that is
formed from various modalities. This might be investi-
gated, for example, by imposing modality-specific inter-
ference during indirect walking. Another issue is how
memory demands affect updating, which could be
addressed by manipulations such as varying the retention
interval between learning and updating. Another question
is the basis for the specific pattern of updating bias that
was attained. Experiment 2 ruled out miscalibration of
velocity as the sole cause of bias, but did not point to the
mechanism that would cause apparent target locations to
recede from the origin. This might be addressed with an
array of locations that surrounded the participant, to
determine whether targets move relative to the facing
direction or relative to the origin. The neural mechanisms

that underlie cross-modal spatial images are also, of
course, an exciting topic for further research.
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