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Abstract
We summarize two lines of research that investigated
whether human spatial memories are viewpoint
dependent (e.g., viewer-centered reference frames) 
viewpoint independent (e.g., scene-centered reference
frames). In one series of experiments, participants
made judgments of relative direction after viewing a
Sl~ti~_ I layout from one or two perspectives. The
findings indicated that multiple views of a spatial
layout produced multiple viewpoint dependent
representations in memory. These findings were
corroborated by the results of experiments on scene
recognition. These experiments showed, again, that
multiple views of a scene produced multiple
viewpoint dependent representations in memory, and
that a novel view of a familiar scene was recognized
by normalizing it to the most similar view in
memory. A preliminary computational model of
scene recognition formalizes several of these
concepts.

When people learn a new spatial environment, they must
encode the locations of objects in memory with respect to
one or more frames of reference. Reference frames may be
determined by the location of the viewer with respect to
the space. An example of such a viewpoint dependent
reference frame is one that specifies location in terms of
retinal coordinates, which change from view to view.
Alternatively, reference frames may be determined
independently of the viewer’s perspective. Fixed axes
centered on the scene itself constitute one example of a
viewpoint independent reference frame.

The goal of the research described below is to determine
whether spatial memories are viewpoint dependent or
viewpoint independent. We have taken two approaches to
this problem. In one line of research, we have examined
people’s abilities to retrieve and to transform in
imagination their knowledge of a spatial layout. In the
other line of research, we have examined people’s abilities
to recognize scenes that they have recently learned. Each
of these projects will be described in turn. In addition, we
will describe a preliminary computational model of human
scene recognition.

Experimental Investigations

There is evidence that memories of small spaces, such as
maps, are viewpoint dependent, but memories of larger,
navigable spaces, such as a room or a college campus, are
viewpoint independent (e.g., Evans & Pezdek, 1980).
Most of these studies have confounded size of space with
learning experiences (but see Presson, DeLange, 
Hazelrigg, 1989). More recent experiments have shown
that memories of large and small spatial layouts are
encoded in a viewpoint dependent manner when people are
limited to a single view of the space (e.g., Rieser, 1989;
Roskos-Ewoldsen, McNamara, & Carl 1995; Shelton &
McNamara, 1996).
For example, Roskos-Ewoldsen et al. (1995) had

subjects view four-point paths, such as the one in Figure
1, from a single perspective. The paths were either very
small (6" by 9") or room-sized

2 3(8’ by 12’). After seeing 
path briefly, subjects made
judgments of relative direction
from memory (e.g., "Point to 
as if standing at 1 facing 2.").
The results showed that
subjects were faster and more 4
accurate when their imagined
facing directions corresponded
to their perspective when they

1studied the path (e.g., for the
reader, at I facing 2) than when Figure 1.
their imagined facing directions
did not correspond to their perspective at the time of
learning (e.g., at 2 facing 1). This "alignment" effect was
the same size for small and for large spatial layouts. An
alignment effect would not be expected if locations were
encoded with respect to viewpoint independent reference
frames°
Data collected in our laboratory indicate that two views

of a spatial layout produce two viewpoint dependent
representations of that space, not a single viewpoint
independent representation (Shelton & McNamam, 1996).
Subjects saw a collection of objects laid out on the floor
of a large room from two perspectives, which differed by
90° (see Figure 2). The observers studied the layout from
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each perspective until they could point to and name all of
the objects with their eyes closed. Subjects then made
judgments of relative direction based on their memories of
the layout (e.g., "Imagine you are at the book facing the
shoe. Point to the jar.").
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Figure 2.

Imagined headings varied from 0° to 315° in 45° steps; by
convention, 0° and 90° corresponded to the two views that
subjects ac~mlly saw. Pointing accuracy and response
latency are plotted in Figures 3 and 4 as a function of the
imagined heading (these graphs collapse across pointing
direction; error bars are the standard error of the mean as
estimated from the ANOVA). It is clear that the headings
of 0° and 90° are privileged: Angular error is lower and
response time is faster for these headings than for other
headings. Preliminary results indicate that spatial
memories are viewpoint dependent even when subjects are
allowed to move through the space when it is learned.
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Figure 4.
In our second line of research, we have explored

viewpoint dependence in the context of scene recognition.
In one series of experiments, subjects were fn’st shown
configurations of five dots displayed in depth (using linear
perspective) on a computer monitor. Two views of the
configuration were displayed, differing by 75°. These
views were displayed in alternation; on most trials,
subjects reported a strong sense of apparent motion (i.e.,
the configuration appeared to be rotating back and forth in
space). Subjects were then shown a test scene and had to
decide whether it was the configuration of dots they had
just viewed ("old") or a different configuration of dots
("new"). The independent variable was the distance 
angular rotation between the test view and the "closest"
study view (def’med, of course, only for old test scenes).

Accuracy was high and unaffected by angular distance.
The relation between response latency and angnlnr distancc
is presented in Figure 5. Results are plotted separately for
test views on the minor arc "in between" the two study
views (interpolations) and test views on the major arc
"beyond" the two study views (exwapolations). For
example, if 0° and 75° correspond to study views, then
15°, 30°, 45°, & 60° are interpolations, whereas 90°-345°
are extrapolations. This distinction is important in some
models of visual object recognition. One important result
was that responses to test scenes corresponding to the two
study views (0° & 75°; distance=0 in Figure 5) were as
fast as, or faster than, responses to all other views. This
result indicates that both study views were represented in
memory. A second important f’mding was that response
latency increased linearly for extrapolations but was fiat
for interpolations (also see Tan’, 1995). The linear
relation for extrapolations indicates that a new view of an
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old scene must be normalized to the best possible 1450 mlt

representation in memory, and that normalization is ]~,
increasingly wore difficult as the new view departs in

from the representations in memory. We ~" 1400 -angular distance
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Another .series of experiments has examined the "~ 1300 --] / "
recognition of real scones. The participants studied, fzom

i 1280-t_.1

..//
a single perspective, a collection of six fandliar objects 1 jf
resting on a circular desktop. The subjects then learned to 1260 -~ /
recognize the scene from this study view and three 1240 4/" "
additional "training" views. In two training blocks, ~ QI"

1220subjects had to discriminate pictures of new unfamiliar
scenes from pictures of the familiar scene taken from any 1200 I ~
of four perspectives (0°, 45°, 90°, & 270°; 0° was the view 0 45
subjects actually saw). Following the training blocks,
subjects received a "surprise" test block in which all 24
views of the scene (0-345° in 15° steps) were used as
targets in a recognition teal
Recognition accuracy in the final block was over 98%.

Figure 6 contains mean response latencies for each of the
24 test views. The general pattern is that response latency
increases with angular distance from a training view. Test
views near 180° violate this linear paUern (see also
Murray, 1995). The linearity of these data is revealed
dramatically in Figure 7, which replots the data in Figure
6 as a function of the angular distance between a test view
and the nearest of the four training views (this graph
excludes the nonlinear section between 135° and 225°).
The slope of the function in Figure 7 was the same for
interpolations (e.g., 0-45; 45-90; & 270-0) and for
extrapolations (e.g., 90-270).

15 30
Angular Distance (deg)

Figure 7.

This finding contrasts with the outcome of the previously
discussed results using dot arrays as stimuli. Although
there are many differences between these experiments, an
important one is that subjects in the former but not the
latter experiments could infer spatial structure from
apparent motion in the study or training phase of the
experimenL We are testing this hypothesis in ongoing
experiments.
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Model Development

We are developing a computational model of scene
recognition. At present, the model development is in its
earliest stages and has been applied only to the
experiments using dot arrays as stimuli. Although the
overall structure of the model is not likely to change,
many important components (e.g., the representations of
the scenes) will evolve substantially over the next few
months.

The model is based on the regularizatiou networks
described by Pogglo and Girosi (1990). These networks
use generalized radial basis functions (GRBF) to recognize
objects based on their similarity to stored exemplars. In
out model, a view of a scene is represented as a nonmelric
and a metric vector. The use of both nonmetric and metric
representations is consistent with findings in the spatial
memory literature (e.g., Huttenlecher, Hedges, & Duncan,
1992; McNamara, 1986; Tversky, 1981). The coordinates
of the nonmetric vector are 1 or 0 depending on whether or
not the corresponding pair of locations are in the same
"cluster". This assessment is based on the representation
of the configuration in the image plane (and hence,
conespouds loosely to retinal coordinates). The diameter
of a cluster is a free parameter but is currently set to
approximately 1/4 the maximum distance in a scene. The
coordinates of the metric vector are the Euclidean distances
between locations in the image plane. These
representations are, of course, viewpoint dependent for
oblique but not orthogonal views. We are also
considering representations that are view dependent from
orthogonal views (i.e., from straight above).

The network takes as input the two vectors of a scene,
and then computes the overall similarity between this
scene and all study scenes stored in memory. Each study
scene is represented by two GRBF basis units in the
"hidden" layer, corresponding to the nonmetric and the
metric representations of that study scene. Each basis unit
computes the distance from its center (which corresponds
to its learned or preferred view) to the input vector. The
activity of the basis unit is an exponential function of this
dislance, and is maximal when the input vector is the
same as the learned view. The overall output is a
weighted sum of the outputs of all basis units in memory.
This output is thresholded to yield a "yes-no" recognition
decision. In the present application, there are 20 input
units (I0 each for the nonmetric and the metric vectors),
four basis units (a nonmetric and metric unit for each of 
study scenes in memory), and one output unit.

The network does an excellent job of discriminating
views of studied scenes (both familiar and novel views)
from views of new scenes. Overall, the model is correct
on 92% of the trials; the false alarm and miss rates are 6%
and 2%, respectively. In the human data, the

colTesgK}nding percentages were 87%, 6%, and 7%. At
present, we are examining alternative representations of

¯ scenes and extending the model to account for response
time.

Summary & Conclusions

When people learn the locations of objects in a spatial
layout, they seem to encode location with respect to
reference frames that depend on point of view. Multiple
views of a spatial layout produce multiple viewpoint
dependent rewesentations in memory, not a single
viewpoint independent representation. These results are
consistent with recent findings in the domain of visual
object recognition (e.g., Edelman & Bulthoff, 1992; Tan’,
1995). Apparently, intraobject spatial relations and
interobject spatial relations are represented and processed
in similar ways by the human brain.
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