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The human visual system is faced with the computationally dif-
ficult problem of achieving object constancy: identifying three-
dimensional (3D) objects via two-dimensional (2D) retinal
images that may be altered when the same object is seen from
different viewpoints1. A widely accepted class of theories holds
that we first reconstruct a description of the object’s 3D struc-
ture from the retinal image, then match this representation to a
remembered structural description. If the same structural
description is reconstructed from every possible view of an
object, object constancy will be obtained. For example, in Bie-
derman’s2 oft-cited recognition-by-components (RBC) theo-
ry, structural descriptions are composed of sets of simple 3D
volumes called geons (Fig. 1), along with the spatial relations
in which the geons are placed. Thus a mug is represented in
RBC as a noodle attached to the side of a cylinder, and a suitcase
as a noodle attached to the top of a brick. The attraction of
geons is that, unlike more complex objects, they possess a small
set of defining properties that appear in their 2D projections
when viewed from almost any position (e.g., all three views of
the brick in Fig. 1 include a straight main axis, parallel edges,
and a straight cross section). According to the RBC theory, a
complex object can therefore be recognized from its constituent
geons, which can themselves be recognized from any viewpoint.
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Fig. 1. Shaded images of the three views of the ten geons used in
the experiments, along with names assigned in experiment 3. The
leftmost figure in each row was arbitrarily designated the 0° view;
the other two figures represent 45° and 90° rotations of the objects
in the depth plane.

Reducing NMDA-receptor-mediated transmission at recurrent
synapses should lead to a decrease in memory-associated firing (Fig.
2c). A direct test of the model would be to determine whether the
firing of prefrontal units during a memory task is reduced by local
application of NMDA-receptor antagonist. Unpublished results
(G.V. Williams and P.S. Goldman-Rakic, personal communication)
suggest that this is the case. An important requirement of the
NMDA mechanism of working memory is that the contribution
of the other types of ionotropic glutamate channels (e.g., AMPA
channels) at recurrent synapses be low (Fig. 1b). This is because
only the NMDA class of ionotropic glutamate receptors has the
required voltage dependence of synaptic transmission. This require-
ment could be met if AMPA channels were absent or if the
NMDA/AMPA ratio was made high by neuromodulation. It may
therefore be significant that dopaminergic modulation through D1
receptors, which is required for working memory function12,
enhances NMDA-receptor-mediated transmission while reducing
the AMPA-receptor-mediated transmission13. Most of the studies of
this modulation have been done on striatum, and it will be impor-
tant to determine whether similar modulation occurs in the pre-
frontal cortex, the site of working memory.

Because NMDA-receptor antagonists can produce a wide range
of schizophrenic symptoms, including deficits in working memo-
ry, it has been proposed that schizophrenia is caused by the hypo-
function of NMDA-receptor channels4,14, and there is some evidence
that this is due to an endogenous NMDA-receptor antagonist15.
NMDA-receptor-mediated transmission occurs in various brain
regions, and NMDA-receptor hypofunction could thus affect sev-
eral different types of information storage and processing4,8,16,17 .
Our model provides a mechanistic explanation of why NMDA-
receptor hypofunction in the prefrontal cortex could lead to the
working memory deficits in schizophrenia.
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A fundamental assumption of RBC is that recognition of
individual geons (and therefore objects composed of geons)
should be equally accurate and fast when seen from almost
any viewpoint (barring ‘accidental’ viewpoints3). Do humans
actually recognize geons in such a viewpoint-invariant man-
ner? Recently published reports3,4, including single experi-
ments using single geons, have produced inconsistent results.
Our set of experiments was designed as a definitive test of
RBC’s postulate that geon recognition should be viewpoint
invariant, including nine experiments utilizing three differ-
ent tasks (sequential matching, match-to-sample and nam-

ing), two different versions of geons (line drawings and shad-
ed images) and several other factors that might be expected
to influence recognition performance.

Experiments 1a–e utilized a sequential matching task, in
which two images were presented back to back and partici-
pants decided whether they depicted the same or different
geons. (Trials in which different geons were presented were
not of theoretical interest, so only the results of ‘same’ trials
are discussed.) Image pairs represented geons viewed from
vantage points differing by 0°, 45° or 90°. The null hypothe-
sis, that geons were recognized without a cost for changes in

Fig. 2. Results of the psychophysical experiments. (1a–e) Mean response times to judge that two sequentially presented images represented the
same geon; (2a–c) Mean response times to judge that target geon images matched a previously presented sample geon image; (3) Mean response
times to name geon images. (See Fig. 1 for names given to geons.) Error bars show within-participants 95% confidence intervals13, and error rates
are given beside each data point. (Error rates were not recorded in experiment 3.) Major procedural differences between experiments are given
above the graphs. Experiments 1a and 2a used line drawings scanned in from ref. 3, whereas other experiments used the shaded geons shown in Fig.
1. In experiments 1a, b and d, participants pressed one key to respond ‘same’ and an alternate key to respond ‘different,’ whereas experiments 1c
and e and 2a, b and c used a go/no-go procedure, in which participants pressed a key to respond ‘same’ or did nothing otherwise. (Participants in
experiment 3 spoke geon names into a microphone.) In experiments 1d and e and 2c, participants received feedback on each trial about the accu-
racy and speed of their response. Numbers of participants and results of linear contrast tests are given in the upper left of each graph (all contrasts
were significant at the p < .0001 level), and response times (in milliseconds) and error rates for trials in which the correct response was ‘different’
are given in the bottom right. (Reponse times for ‘different’ trials were not recorded in go/no-go experiments.)
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viewpoint, is unsupportable for any of these five experiments.
(See Fig. 2 for results of all nine experiments.)

The same conclusion holds for experiments 2a–c, which
used a match-to-sample task. In this task, trials were run in
blocks, where a participant saw a target geon in the 0° view,
followed by three trials each of the 0°, 45° and 90° views of the
target geon, interspersed with nine other geons. Again, clear
viewpoint-dependent effects were found. The apparent reduc-
tion in the size of the effects here compared to experiments
1a–e was at least in part a result of practice; for the first trials
in each block, the difference between 0° and 90° views aver-
aged 52 ms (averaged over all 85 participants in experiments
2a–c), whereas for the third trials with each view, the differ-
ence averaged only 22 ms. This interaction of trial number
and viewpoint is reminiscent of results from other experi-
ments5, in which viewpoint effects were stronger in initial than
in later blocks of trials. Indeed, such practice effects may help
explain why our findings are at odds with those of experiment
4 of Biederman and Gerhardstein3, in which the procedure
was similar to our match-to-sample experiments but no view-
point effects were found.

The same phenomenon was observed for the naming task
used in experiment 3, in which participants first learned labels
for the 0° view of each geon, then were asked to name 0°, 45°
and 90° views in two subsequent blocks. The effect of view-
point difference was highly significant in the first block but
greatly reduced in the second block, as the subjects learned
the new viewpoints.

Although viewpoint effects in each experiment were sig-
nificant, it is conceivable that these overall patterns were the
result of a small subset of anomalous participants and/or stim-
ulus items. We tested for this contingency with nonparametric
sign tests, which indicated that across the nine experiments,
86% of participants and an average of 9.3 of the 10 geons were
faster for 0° viewpoint changes than 90° viewpoint changes,
76% of participants and 8.2 geons were faster for 0° viewpoint
changes than for 45° viewpoint changes and 70% of partici-
pants and 7.3 geons were faster for 45° viewpoint changes than
for 90° viewpoint changes (all z > 4.43, all p < .001).

The viewpoint-dependent effects revealed in these experi-
ments could not have been due to certain views being inher-
ently easier or harder to process. In the sequential matching
procedure of experiments 1a–e, all pairwise combinations of
views were tested. That is, the 0° viewpoint difference condi-
tion includes trials testing all three of the 0°, 45°, and 90° views
in Fig. 1, the 45° viewpoint difference condition includes tri-
als testing 0°–45° view combinations and 45°-90° view com-
binations in both possible orders and the 90° viewpoint
difference condition includes 0°–90° trials and 90°–0° trials.
Thus, the decrease in performance from 0° to 45° to 90° con-
ditions results from the changes of viewpoint in the latter two
conditions, not from the particular views that were tested.

Like most theories of object recognition, RBC2 attempts to
explain how the visual system achieves relatively consistent
identification of 3D objects even though their 2D projections
vary widely when seen from different viewpoints. RBC’s modus
operandi is to decompose objects into collections of geons and
to propose that geons are equally recognizable from almost
any viewpoint. If this proposition were true, then experimen-

tal participants’ ability to decide that two images represent an
identical geon should remain constant when the two images
are taken from different viewpoints. This hypothesis was deci-
sively rejected nine times in the experiments presented here. It
is still theoretically possible that objects are recognized by first
parsing them into sets of geons (or some other type of prim-
itive). However, our experiments demonstrate that structural
descriptions based on geons cannot be recovered from images
in a viewpoint-invariant manner, as the recognition of geons
themselves is viewpoint dependent.

More generally, our findings of substantial and robust
viewpoint effects for extremely simple 3D volumes argue
against any scheme proposing viewpoint-invariant represen-
tations within the brain as a basis for object recognition1. This
conclusion is consistent not only with recently reported behav-
ioral experiments using multi-part objects4,6–9, but also with
neurophysiological studies. For example, neurons responsive
to human faces have been found in the macaque superior tem-
poral sulcus, with the majority of these cells preferential for
specific views of faces10. Neurons in inferior temporal cortex
show the same viewpoint specificity for novel 3D objects that
monkeys were trained to recognize11. Taken together, these
neurophysiological and behavioral findings offer persuasive
evidence that object recognition is a viewpoint-dependent
process. This perspective is embodied in theories assuming
that collections of features, surfaces, parts or entire images of
objects are encoded in a viewpoint-specific manner12 and that
object recognition processes are based on the similarity
between encoded and perceived images. Objects seen from
viewpoints increasingly different from learned views will tend
to project increasingly less-similar images, so view-based the-
ories provide a natural account for the types of viewpoint
effects found here.

Note: Further details of methods may be found on the Nature
Neuroscience web site at http://neurosci.nature.com/
web_specials/
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