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Knowledge of the organization of objects in the envi-
ronment is critical for many human activities. How is this
knowledge represented in memory? In particular, what
frames of reference are used by human memory systems
to specify the spatial structure of the environment? In the
first experiment of its kind, we had participants learn the
locations of objects in a large city park by having them
walk through the park on prescribed paths. Afterward,
they pointed to target objects from imagined vantage
points using their memories of the park. Our results indi-
cate that locations of objects in a large-scale environment
are mentally represented in terms of reference systems
defined by the environment, and that these reference sys-
tems are selected using egocentric experience.

There are many ways to classify spatial reference sys-
tems (e.g., Levinson, 1996), but an especially useful one,
for the purpose of understanding spatial memory and

navigation, draws a distinction between egocentric and
geocentric (environmental) reference systems (e.g., Pani
& Dupree, 1994). Egocentric reference systems specify
location and orientation with respect to the organism and
include eye, head, and body coordinates. Navigation by
path integration (dead reckoning) is based on egocentric
references systems. Geocentric reference systems define
spatial relations with respect to features of the environ-
ment, such as the perceived direction of gravity, the Sun’s
azimuth, the Earth’s magnetic field, and landmarks.

The use of both systems is well documented for sev-
eral animal species (e.g., Etienne, 1992; Gallistel, 1990;
Gothard, Skaggs, & McNaughton, 1996; Wehner, Michel,
& Antonsen, 1996). For example, honeybees and desert
ants are continuously informed about their position rela-
tive to home via path integration, which is computed in
part using self-induced retinal image flow (e.g., Müller
& Wehner, 1988; Ronacher & Wehner, 1995; Srinivasan,
Zhang, Altwein, & Tautz, 2000). Shapes of landmarks are
represented in retinotopic coordinates and recognized by
image matching (e.g., Collett & Cartwright, 1983;Wehner
& Räber, 1979). Geocentric frames of reference, such as
Earth’s magnetic field and the pattern of polarized light in
the sky, are used to reduce error that would accumulate
from purely egocentric sources of information (e.g., Collett
& Baron, 1994; Wehner et al., 1996). Remarkably little is
known about the frames of reference used by nonhuman
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primates when navigating in natural environments, al-
though electrophysiological studies have identified neu-
rons in primate hippocampuscorrespondingto egocentric
and to geocentric representations of space (e.g., Feigen-
baum & Rolls, 1991; Matsumura et al., 1999).

Egocentric and geocentric reference systems are also
used by humans, although little is known about their rel-
ative importance in learning and remembering large-
scale outdoor environments. Humans use path integra-
tion but are much less efficient than honeybees or ants
and probably do not depend on it when exploring unfa-
miliar territory over large distances (e.g., Loomis et al.,
1993). The results of several studies indicate that ego-
centric reference systems are involved in the retrieval of
knowledge about large-scale environments. Sholl (1987)
required students at Boston College to point to campus
landmarks from an indoor test site; participants were ori-
ented but could not see the landmarks. Landmarks in
front of observers were located more quickly than land-
marks behind (see also Bryant & Tversky, 1999;Franklin
& Tversky, 1990). In a similar study, Werner and Schmidt
(1999) asked student residents of Göttingen, Germany,
to imagine themselves at the intersection of two major
streets in town, facing in various directions, and then to
identify landmarks in cued directions.Landmarks in front
of observers’ imagined standing locationswere identified
faster and more accurately than landmarks behind. Be-
cause this effect occurred regardless of which direction
participants imagined facing, it was probably caused by
mechanisms involved in the retrieval of spatial knowledge
or in the mapping of interobject directions onto an ego-
centric reference system for the purpose of making the
response (Sholl & Nolin, 1997).

Recent investigations have shown that the structure of
an environment can affect the relative accessibility of re-
membered views of that environment and even influence
whether or not an experienced view is mentally repre-
sented. Werner and Schmidt (1999) found that land-
marks in Göttingen were identified faster and more ac-
curately when the imagined heading was parallel to one
of the major streets than when it was not (see also Mon-
tello, 1991). Shelton and McNamara (2001) examined
the relative importance of egocentric and geocentric ref-
erence systems in memory of room-sized spaces. In Ex-
periment 3, objects were placed on a square mat that was
oriented with the walls of the enclosing room (see Fig-
ure 1; real objects were used, not names). Participants
learned the layout from two stationary points of view,
one aligned and the other misaligned with the mat and
the walls of the room. After learning the layout, partici-
pants made judgments of relative direction using their
memories (e.g., “Imagine you are standing at the book
and facing the wood. Point to the shoe.”). Pointing accu-
racy (averaged across pointing direction) provided an
objective measure of the difficulty of retrieving or infer-
ring the spatial structure of the layout from various
points of view. Participants were quite accurate pointing
to objects from imagined views parallel to the aligned
study view (e.g., at the book and facing the wood; at the

jar and facing the clock). However, they were no more
accurate for imagined views parallel to the misaligned
study view (e.g., at the lamp and facing the wood) than
for imagined views parallel to unfamiliar headings (e.g.,
at the wood and facing the shoe). This pattern of results
occurred even for participants who learned the mis-
aligned view first. There was no behavioral evidence that
participants had even seen the misaligned study view.

We have proposed a new theoretical framework to ex-
plain these f indings (e.g., Mou & McNamara, 2002;
Shelton & McNamara, 2001; Werner & Schmidt, 1999).
According to this theory, when people learn a new envi-
ronment, they use various cues to select a geocentric ref-
erence system for encoding the spatial structure of that
environment (e.g., Tversky, 1981). These cues include
egocentric experience, the structure of the environment
itself, and properties of the objects. Egocentric experi-
ence is the dominant cue because environments typically
do not have inherently privileged directions or axes (e.g.,
humans cannot perceive magnetic fields). The act of in-
terpreting the environment in terms of a spatial reference
system is analogous to determining the “top” of a figure
or an object (e.g., Rock, 1973); in effect, conceptual
“north” is assigned to the layout, creating privileged di-
rections in the environment (conceptual “north” need
not, and usually will not, correspond to true or magnetic
north or any other cardinal direction). The reference sys-
tem that is selected determines the interpretation and
hence the memory of the layout.

Consider, as an example, Shelton and McNamara’s
(2001, Experiment 3) results, described earlier. Observers
who first learned the aligned view encoded the spatial
structure of the layout in terms of a reference system
alignedwith their viewing perspective.Participantsmight

Figure 1. A schematic illustration of one of the layouts used by
Shelton and McNamara (2001).
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have used, for example, the axes defined by the edges of
the mat and the walls of the room. When participants
moved to the misaligned viewpoint, they still interpreted
the layout in terms of the reference system established at
the aligned view, just as if they were viewing a (now) fa-
miliar object at a novel orientation. Hence, performance
in judgments of relative direction was best for the head-
ing parallel to the aligned view and was no better for the
heading parallel to the misaligned view than for novel
headings. Observers who first learned the misaligned
view also must have interpreted the space in terms of a
reference system defined by that view. This conclusion
follows from the results of another experiment (Shelton
& McNamara, 2001, Experiment 2) in which partici-
pants learned the same layout but only from the mis-
aligned point of view. Participants in this experiment
were best able to retrieve the spatial structure of the lay-
out from imagined views parallel to the misaligned view,
and there was no evidence that they used the mat or the
walls as reference systems. What happened to this men-
tal representation of the layout when participants learned
a second, aligned, view? Our hypothesis is that when
participants were taken to the second, aligned, view-
point, they reinterpreted the spatial structure of the lay-
out in terms of a new reference system, one that was
aligned with salient axes in the environment (e.g., the
edges of the mat and the walls of the room) and with ego-
centric experience (albeit a new experience). After mov-
ing from a misalignedstudy view to an aligned study view,
observers changed the definition of “north.” A new spa-
tial reference system—one that was aligned with the en-
vironment and egocentric experience—was selected and
the spatial layout was reinterpreted in terms of it.

The present investigation had two related goals. The
principal goal was to test our theoretical framework in a
large-scale environment. Our previous experiments ei-
ther examined preexperimentally acquired spatial mem-
ories, and therefore did not manipulate properties of the

environment or participants’ learning experiences (e.g.,
Werner & Schmidt, 1999), or required observers to learn
small-scale spaces from stationary viewing positions
(e.g., Shelton & McNamara, 2001). A second goal was
to determine whether memories of large-scale spaces are
orientation dependent or orientation independent. Al-
though the preponderance of evidence indicates that
memories of small-scale spaces are orientation depen-
dent (i.e., certain perspectives, usually familiar ones, are
better recognized and retrieved than are other perspec-
tives), some findings indicate that memories of large-scale
spaces may be orientation independent (e.g., Evans &
Pezdek, 1980; Richardson, Montello, & Hegarty, 1999).
In the present experiment, we required participants to
learn the locations of objects in a large outdoor environ-
ment and manipulated the perspectives they were allowed
to experience and the relations between those perspectives
and salient elements of the landscape. Our goal was to as-
sess the relative importance of, and possible interactions
between, the experiences of the observer and the structure
of the environment in the formation of spatial memories.

Participants were required to learn the locations of
eight objects in a large city park. Two paths were used to
dissociate the effects of egocentric experience and the
structure of the environment. Both paths encircled the
Parthenon (Figure 2), a full-scale replica of the Parthenon
in Athens, Greece. The legs of the aligned path were par-
allel to the exterior walls of the Parthenon; the mis-
aligned path was rotated by 45º (Figure 3). The objects
were located near the intersections of the two paths.
After the learning phase, participants were taken to a re-
mote site where they made judgments of relative direc-
tion using their memories of the park. Participants were
required to imagine the environment from several van-
tage points and headings and to point to target objects
(e.g., “Imagine you are standing at the tree and facing
the condenser. Point to the car.”). The angular error and
latency of these judgments serve as objective measures

Figure 2. Parthenon, Centennial Park, Nashville, Tennessee.
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of the difficulty of retrievingor inferring the spatial struc-
ture of the layout from various points of view. We as-
sume that spatial relations that are explicitly specified
with respect to a particular spatial reference system can
be retrieved from memory, whereas spatial relations that
are not explicitly specified in terms of that spatial refer-
ence system must be inferred (e.g., Klatzky, 1998). These
inferential processes produce measurable costs in terms
of latency and error. Judgments based on retrieved spa-
tial relations will therefore be faster and more accurate
than judgmentsbased on inferred spatial relations.Hence,
we can use performance in judgments of relative direc-
tion as an index of the extent to which spatial relations
were inferred, with poorer performance corresponding
to a greater dependence on inferred, as opposed to re-
trieved, spatial relations. Similar conceptual analyses
underlie the interpretation of data in related domains of
inquiry, such as visual object recognition (e.g., Bülthoff,
Edelman, & Tarr, 1995).

We distinguished two prototypical patterns of results
corresponding to the use of egocentric or geocentric
frames of reference in representing the layout of objects.
Each group experienced the park from four headings
(aligned, 0º, 90º, 180º, 270º; misaligned, 45º, 135º, 225º,
315º). If participants represented the park egocentrically,
performance should be better on familiar headings than
on unfamiliar headings (e.g., Diwadkar & McNamara,

1997; Shelton & McNamara, 1997); hence, patterns of
performance should be identical in the two groups but
differ in phase by 45º. Several patterns of results are con-
sistent with the use of geocentric reference systems. To
keep the exposition simple, we consider one. It is possi-
ble that the axes defined by the exterior walls of the
Parthenon would be so salient that all participants would
represent the layout of objects according to this geocen-
tric reference system. In this case, performance in the
two path groups would be identical, with better perfor-
mance on headings of 0º, 90º, 180º, and 270º than on
other headings. We recognized that other elements of the
park might be used as reference systems but anticipated
that the Parthenon would be the most salient. To antici-
pate our results, the lake (see lower right corner of Fig-
ure 3) seems to have been at least as salient and influen-
tial as the Parthenon.

METHOD

Participants
Informed consent was obtained from 24 students (13 female) at

Vanderbilt University. They received course credit for participating
in the experiment.

Design and Procedure
Learning phase. The learning phase took part in Centennial

Park, Nashville, Tennessee. Legs of the paths were 182 m in length.

Figure 3. Map of the learning environment. Solid white rectangle in figure center is
the Parthenon. Dashed lines indicate paths. Objects to be learned were located near
intersections of the paths. Darker shaded area in lower right is the lake.
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The paths were not visible; vertices were marked for the experi-
menter. The eight objects to be learned were near (maximum dis-
tance of 6.5 m) the intersections of the two paths. Because of oc-
clusion created by the Parthenon and other objects, the entire layout
could not be viewed from any one vantage point.

Four groups were defined by the combination of path (aligned
vs. misaligned) and direction of walking (clockwise vs. counter-
clockwise). Participants were randomly assigned to groups so that
each group contained an approximately equal number of males and
females. Only 1 participant had ever been in the park before the ex-
periment.

Participants were blindfolded before entering the park to restrict
their visual experience to the learning situation and to prevent them
from knowing where they were with respect to the city. They were
led to the corner of the appropriate path nearest the car (Figure 3)
and the blindfold was removed. Participants were instructed to learn
the locations of objects that were shown to them as they were
guided along the path. They were told to keep track of the object lo-
cations as they walked but that they did not need to memorize other
features of the park. The experimenter named the object and
stopped for a few seconds as each was encountered. Participants
were allowed to stop walking at any time to look around and to con-
sider where objects were located, with the restriction that they had
to maintain their current body orientation; they were allowed to turn
their heads but not their bodies. After walking the path, participants
were asked to name the objects in order of their occurrence. This
circuit was completed twice and resulted in about 25 min of learn-
ing experience. All participants were highly familiar with the loca-
tions of the objects at the end of the learning phase.

Testing phase. Participants were transported by vehicle back to
the laboratory for testing. The primary independent variable in
judgments of relative direction was imagined heading. Each test
trial was constructed from the names of three objects. Two objects
established the imagined heading (“Imagine you are at the bench
and facing the historical sign.”); the third object was the target
(“Point to the frame.”). The eight headings parallel to legs of the
paths were used (0º–315º in 45º clockwise steps; 0º was parallel to
bench–historical sign). The 32 pairs of objects that produced these
headings were each combined with three target objects, resulting in
a total of 96 trials, 12 trials per heading. Target objects were se-
lected to balance pointing direction across headings and the fre-
quency of their occurrence. The configuration of objects allowed
pointing directions from 23º to 135º and from 225º to 315º (defined
egocentrically, so that 0º = straight ahead).

Trials were presented on a Macintosh computer. Participants
made their pointing judgments with an analogue joystick (Gravis
Mac MouseStick II) resting on a countertop. Pointing accuracy and
response latency were recorded, but the primary dependent mea-
sure was pointing accuracy. Feedback was not provided. Test trials
were completed in approximately 40 min.

RESULTS

Mean absolute angular error in pointing judgments is
plotted in Figure 4 as a function of the path walked and
imagined heading. Trials in which error exceeded 90º or
response time exceeded 60 sec were excluded from analy-
sis (6.6%). Means were analyzed by way of analysis of
variance with conditionsof path (aligned vs. misaligned),
direction of travel (clockwise vs. counterclockwise), and
imagined heading (0º, 45º, . . ., 315º). Path and direction
of travel were between-participants variables. A separate
analysis revealed no significant effects of gender.

As shown in Figure 4, there was an effect of imagined
heading on accuracy of pointing to targets [F(7,140) =

3.06, MSe = 47.88, p = .005], but the pattern of results
was different for the two groups [F(7,140) = 2.45, MSe =
47.88, p = .021]. In the aligned condition, pairwise com-
parisons showed that pointing error was equally low for
the familiar headings of 0º, 90º, 180º, and 270º, and the
unfamiliar heading of 135º [ts(140) £ 1.34, ps � .18], and
significantly lower for these headings than for the re-
maining headings [ts(140) � 2.05, ps £ .042]. Pointing
error in the misaligned condition was lowest for the
imagined heading of 135º and increased monotonically
with angular distance [quadratic contrast: t (140) = 2.54,
p = .012].

Pointing error was lower in the aligned condition than
in the misaligned condition [F(1,20) = 6.73, p = .017],
indicating that the overall fidelity of spatial memory was
higher in the aligned condition. Pairwise comparisons
showed that performance in the two groups differed sig-
nificantly for the headings of 0º, 90º, 180º, and 270º
[ts(160) � 2.31, ps £ .022] but not for the remaining
headings [ts(160) £ 1.57, ps � .12]; between-groups
comparisons used the pooled error term (MSe = 61.93,
df = 160). There was no reliable effect of direction of
travel [F(1,20) < 1].

Additional analyses in the aligned condition showed
that views along legs of the path were retrieved more ac-
curately than were views parallel to but not coincident
with a path leg (e.g., “Imagine you are at the tree and fac-
ing the stake” vs. “Imagine you are at the bench and facing
the historical sign”). Mean error was 18.3º and 22.5º, re-
spectively [t(11) = 3.13, p = .0096]. This result suggests
that spatial memories were both viewpoint and orienta-
tion dependent (e.g., Easton & Sholl, 1995).

This experiment was not designed to examine effects
of pointing direction. The layout did not permit pointing

Figure 4. Mean absolute angular error in judgments of relative
direction as a function of imagined heading and path traversed.
(Error bars are confidence intervals corresponding to ±1 SEM
adjusted for between-participants variability.)
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directions directly to the front or to the back or even un-
ambiguously to the back (i.e., 135º–225º). With this lim-
itation in mind, we computed the mean pointing error for
directions to the front and to the back of egocentric mid-
line (excluding 90º and 270º), collapsing across imag-
ined heading. Pointing error was lower to the front than
to the back (mean error = 24.5º vs. 28.0º) [F(1,220) =
7.64, p = .0062], replicating prior results (e.g., Franklin
& Tversky, 1990; Sholl, 1987; Werner & Schmidt, 1999).

Response latency revealed patterns similar to those in
angular error; there was no evidence of speed–accuracy
tradeoffs. The correlation between mean latency and
mean angular error across imagined headingswas .73 for
the aligned path group and .67 for the misaligned path
group.

DISCUSSION

To our knowledge, this experiment is the first investi-
gation of spatial memory in which human participants
have learned the locations of objects in an unfamiliar
large-scale outdoor environment under conditions that
controlled the views they were allowed to experience.
Our results indicate that memories of large-scale spaces
are not just collections of visual–spatial “snapshots” of
experienced points of view. Participants in the aligned
condition seem to have represented the layout from the
unfamiliar heading of 135º, and those in the misaligned
condition represented only one familiar orientation, not
four, as purely egocentric coding would predict. Our re-
sults also show, however, that spatial memories are not
determined solely by the physical structure of the envi-
ronment; what matters is how that structure is experi-
enced and interpreted. We wish to emphasize that all par-
ticipants learned the locations of the same eight objects
and were tested on the same judgments of relative direc-
tion. The striking differences in the accuracy with which
various views of the environment could be retrieved or
inferred must have been caused by the different paths
traversed.

These results are consistent with the theoretical
framework described in the introduction to this paper.
According to this theory, learning the spatial structure of
an unfamiliar environment involves interpreting it in
terms of a spatial reference system. This spatial refer-
ence system is chosen using various cues, such as ego-
centric experience and properties of the environment it-
self. Our current conjecture (e.g., Mou & McNamara,
2002) is that the spatial structure of the environment is
represented in terms of an intrinsic reference system
(e.g., Palmer, 1989), which is a type of geocentric refer-
ence system. In intrinsic reference systems, the location
of an object is defined with respect to other objects in
the layout (e.g., the rows and columns formed by chairs
in a classroom). A collection of objects will have an in-
finite number of possible intrinsic axes, but because of
perceptual grouping principles, such as proximity and
similarity, some of these will be more salient than others.

Egocentric experience will also make some axes more
salient than others.

Each of the paths corresponded to an alternative in-
trinsic frame of reference for representing the layout of
objects. For example, the aligned path organizes the ob-
jects into “rows” defined by bench–parking sign, tree–
car, and so on, and “columns” defined by tree–stake,
bench–historical sign, and so on, whereas the misaligned
path organizes the objects into “rows” defined by parking
sign–car, bench–frame, and so on, and “columns” de-
fined by bench–tree, parking sign–stake, and so on. We
hypothesize that participants in the aligned condition
represented the layout in terms of the intrinsic frame se-
lected by their path and congruent with the Parthenon.
Good performance for the unfamiliar heading of 135º in-
dicates that they also represented spatial relations in terms
of the reference direction toward the lake, a very salient
landmark. This direction corresponds to a “diagonal” in
the intrinsic organization highlighted by the path and the
Parthenon. Participants in the misaligned group seem to
have represented the layout in terms of the single refer-
ence direction oriented toward the lake; this direction
was one component of the intrinsic frame of reference
highlighted by their path. There was no evidence that
these participants represented the layout in terms of the
axes parallel to the Parthenon. However, overall perfor-
mance was worse in the misaligned than in the aligned
group, indicating that the incongruity between the mis-
aligned path and the axes defined by the Parthenon cre-
ated difficulties in representing the spatial layout of the
objects. Apparently, egocentric experience was not suf-
ficient to cause participants in the misaligned group to
represent the layout along the 45º–225º axis, or even in
the 315º direction (away from the lake). The lake might
have been used by both groups because it is a salient ge-
ographical feature of the park and participants began
their tours near its shore.

An important result of this experiment was that memo-
ries were orientation dependent.This finding agrees with
the results of many investigations of memory of small-
scale environments (for a review, see Shelton & McNa-
mara, 2001). We are aware of only one other experiment
that has required participants to learn an unfamiliar large-
scale environment—albeit an indoor environment—and
also tested the orientation dependence of the resulting
memories. Richardson et al. (1999) required participants
to learn the interior hallways of a large building by walk-
ing through the building (participants in other conditions
learned the building by viewing a map or by navigating
a desktop virtual environment). Afterward, participants
engaged in several tasks, includingpointing to target loca-
tions from imagined and actual locations in the building.
Orientation dependencewas tested by comparing pointing
judgments for headings aligned with the first leg of the
path to pointing judgments for other headings. Aligned
judgments were no more accurate than misaligned judg-
ments, suggesting that real movement in the building al-
lowed participants to form orientation-independentmen-
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tal representations. One concern we have with these re-
sults is that even in the best condition, performance was
relatively poor (average pointing error of approximately
40º). It is possible that if alignment were defined with
respect to a different reference axis (e.g., the longest leg
of the path), or different reference axes for different par-
ticipants (e.g., Valiquette, McNamara, & Smith, 2003),
evidence of orientation dependence might appear.

In conclusion, our results suggest that humans repre-
sent the spatial structure of large-scale environments in
terms of reference systems defined by features of the en-
vironment. Spatial relations are thus not just sampled
and stored as egocentric views from different vantage
points but are structured according to geocentric refer-
ence systems. These geocentric reference systems, how-
ever, are selected on the basis of the views and paths ex-
perienced by the observer.
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