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Abstract—How do people recognize an
object in different orientations? One the-
ory is that the visual system describes
the object relative to a reference frame
centered on the object, resulting in a rep-
resentation that is invariant across ori-
entations. Chronometric data show that
this is true only when an object can be
identified uniquely by the arrangement
of its parts along a single dimension.
When an object can only be distin-
guished by an arrangement of its parts
along more than one dimension, people
mentally rotate it to a familiar orienta-
tion. This finding suggests that the hu-
man visual reference frame is tied to
egocentric coordinates.

Object constancy,, the ability to rec-
ognize an object despite changes in its
retinal image produced by displacements
and rotations, is an important problem in
both human vision and computer vision
systems (Marr, 1982; Rock, 1983). A
prominent proposal by Marr and Nishi-
hara (1978) is that the visual system first
aligns a coordinate system on an input
object based on its axes of symmetry,
elongation, or movement, describes the
arrangement of the object's parts with-
in that system (resulting in the same
description regardless of the object's
orientation relative to the viewer), and
matches the description against memory
representations stored in the same for-
mat. An alternative is that the input is
transformed into a canonical orientation
and then is matched against a represen-
tation in memory of the appearance of
the object in that orientation (Rock,
1974; Tan- & Pinker, 1989). We present
data from experiments designed to deter-
mine if and when people use such mech-
anisms. The experiments rely on the dis-
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covery by Shepard and his collaborators
(Shepard & Cooper, 1982; Shepard &
Metzler, 1971) that humans possess an
analogue visual transformation process,
"mental rotation." The principal empir-
ical signature of mental rotation is that
people take more time to classify a shape
that is oriented farther from the upright,
and take more time to match two objects
that differ by greater orientation differ-
ences. Other evidence confirms that this
chronometric pattern reflects an incre-
mental rotation process. For example,
during the interval between stimulus pre-
sentation and the response, the subject
can quickly classify a probe stimulus dis-
played at an intermediate orientation;
the optimal intermediate orientation
changes continuously during the stimu-
lus-response interval. There is also evi-
dence from single-cell recordings in the
monkey motor cortex for an analogous
transformation process in the motor
planning system (Georgopoulos, Lurito,
Petrides, Schwartz, & Massey, 1989).

The fact that mental rotation exists,
however, does not mean that it is used to
recognize objects. Most mental rotation
tasks require the subject to discriminate
shapes from their mirror-images. It is
possible that people generally use object-
centered coordinate systems to recog-
nize shapes, but that such coordinate
systems can be of either handedness, so
that objects and their mirror-images have
equivalent representations. If coordinate
systems are not explicitly labeled as
right-handed or left-handed, mental rota-
tion would be needed when handedness
must be discriminated (and only then).
Input shapes would be rotated into align-
ment with the up-down axis of the per-
ceiver, so that the right and left sides of
the shape would align with the right and
left sides ofthe person, which are explic-
itly labeled as "right" and "left," mak-
ing the handedness discrimination possi-
ble (Corballis, 1988; Hinton & Parsons,
1981).

In fact when subjects are simply re-

quired to name objects, orientation ef-
fects on response time greatly diminish
(Corballis, Zbrodoff, Shetzer, & Butler,
1978). However, such results are incon-
clusive. If shapes can be discriminated
on the basis of orientation-independent
local features, such as a curved segment
present in only one object, subjects
could name objects via this shortcut.
Furthermore, the alphanumeric charac-
ters typically used are highly over-
learned and might be stored in multiple
representations, each specific to an ori-
entation, so input shapes at any of these
orientations could be matched directly in
constant time (Jolicoeur, 1985; Tarr &
Pinker, 1989).

We present data from experiments
that avoid these problems. Subjects
leamed names for three novel shapes (a
subset of those shown in Fig. IA), each
studied only at the upright orientation.
The seven shapes were composed of
similar configurations of Une segments in
different spatial arrangements, so no lo-
cal feature could serve as a unique cue.
No shape was the mirror-image of any
other and each shape had a clearly
marked base and vertical axis, minimiz-
ing the time needed to locate the shape's
intrinsic axis and bottom. Subjects saw
the shapes on a CRT at different orien-
tations and identified them by pressing
one of three buttons labeled with the
shape names. On 25% ofthe trials one of
the other four shapes in Figure IA was
presented, and subjects pressed a foot
pedal.'

Results, shown in Figure 2A (test ori-
entations at 0°, 45°, -90°, and 135°),

1. Nine subjects leamed the shapes by
tracing them and then drawing them from
tnetnory. Different subsets of shapes were
taught to different subjects. The 3 target
shapes were shown 8 times in the orientations
0°, 45°, -90°. and 135°, and the 4 distractors
were shown 2 times at these orientations, for
a total of 128 trials, preceded by U practice
trials.
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Fig, 1. Shapes presented to subjects for identification. (A) Asymmetrical shapes. (B)
Symmetrical shapes. (C) Skewed-symmetrical shapes. (D) Bilaterally redundant
shapes.

suggest that people employed mental
rotation to recognize the shapes: Re-
cognition time was linearly related to ori-
entation from the upright, and the .95
confidence interval for the obtained
slope of 2.42 ms/deg (an estimate of the
rotation rate) includes the slope values
obtained in the Cooper and Shepard
experiments," but does not include

The fact that people show orientation
effects even when the task does not re-
quire handedness to be assigned is evi-
dence that mental rotation, not the com-
putation of an object-centered view-
point-independent description, is the
mechanism used.^ An alternative is that
subjects attempted to determine the

2. Mean slopes ranged from 1.6) ms/deg to
3.06 ms/deg in the summary of experiments
compiled by S. Shepard and D. Metzler (1988).

3. Error rates for the four orientations
were 5%. 3%, 6%, and 6%.

4. Orientation effects in this experiment
cannot be attnbuted to the prominent vertical
axis ofthe shapes being aligned with subjects'
retinal or head axis during the initial teaching
of the shapes. Tarr and Pinker (1989) found
effects of orientation on naming times even
when shapes were taught at an orientation of
15°, which did not coincide with the subjects'
retinal or head-defined upright (Experiments
3 and 4; Condition 15/120).

5. There is no paradox in the suggestion
that people know the direction in which to
rotate an object before they have recognized
it. For example, if three noncoUinear land-
marks can be extracted from the input shape
independently of oritntalion, and analogous
landmarks, are indicated in memory represen-

handedness of the stimuli despite its ir-
relevance to the task, anticipating that
there might be mirror-image distractors.
This alternative can be ehminated by an
experiment (originally reported as Con-
dition 0/105/-150 of Experiment 3 in
Tarr & Pinker, 1989) in which subjects
saw both handedness versions of the
shapes, and were required to ignore the
difference, identifying each object and
its mirror image by the same response.^
Here handedness information is by defi-
nition irrelevant to the task. Nonethe-
less, orientation effects were found once
again for standard versions ofthe shapes
(Fig. 2B; test orientations at 0°, 105°, and
- 150°; slope for standard versions: 3.65
ms/deg).^

tations, the optimaJ axis and direction of ro-
tation can be computed, though the degree of
shape match for the rest of the object cannot
be assessed until the transformation is exe-
cuted. See Ullman (1989) and Tarr and Pinker
(1989) for discussion.

6. The procedure was identical to that of
Experiment I except that 13 subjects were
run, both handedness versions of each shape
were shown (consequently half of the trials
presented mirror images of the shapes), and a
different and smaller set of orientations were
used, For the data on the recognition of mir-
ror image versions, which are not relevant
here, see Experiment 3 of Tarr and Pinker
(1989).

7. Orientation effects in this experiment
cannot be attributed to subjects' not having
had sufficient practice to realize that each
shape and its mirror-image were to be treated
equivaJently. After the trials reported, an ad-
ditional 1408 trials were administered, fol-

Under some circumstances, however,
orientation-invariant recognition does
occur. The same experimental procedure
run with symmetrical shapes (Fig. IB),
which cannot be assigned a handed-
ness, shows that people can recognize
such shapes equally quickly at all
orientations* (Fig. 2C; test orientations
at 0°, 45°, -90°, and 135°; slope: 0.63
ms/deg). This is not an effect of geomet-
ric symmetry itself Additional experi-
ments show that the crucial property is
that one side be redundant with the
other, so only a single side need be ex-
amined to discriminate among shapes
within the set. When the shapes are
skewed so that they are not symmetrical
(Fig. IC), there is still no effect of orien-
tation (Fig. 2D; test orientations at 15°
and 120° or - 15° and - 120°; slope: 0.29
ms/deg). Even when there is no similar-
ity between the shapes' right and left
sides, but the arrangement of parts on
each side is unique to that shape so only
a single side need be examined to iden-
tify it, as in Fig. ID, there are no effects
of orientation (Fig. 2E; test orientations
at 15° and 120° or -15° and -120°;
slope: 0.18 ^"*

lowed by 768 trials in which the shapes were
shown at 24 new orientations separated by 15°
increments. We found comparable effects on
recognition time of the difference between the
stimulus orientation and the nearest weli-
(eamed orientation (slope for standard ver-
sions = 4,14 ms/deg). This shows that rota-
tion was still necessary for shapes in new
orientations even after extensive practice at
treating the shape and its mirror image as
equivalent. See Tarr and Pinker (1989) for de-
tails.

8. The slope ofthe line shown in Figure 2C
(0.63 ms/deg) is significantly different from
the slope of the Une shown in Figure 2A (2.42
ms/deg; F(I, 19) = 5.18, p < .05) and from the
slope of the Une shown in Figure 2B (3.65 ms/
deg;F(l,23) - 12.2, p < .01).

9. Apart from the specified changes in the
stimuli, the use of new orientations, and slight
variations in the number of trials, the method
was unchanged from previous experiments.

10. The orientation-independence effect
holds not only for the set of orientations
shown in Figure 2C-E, but for a larger set of
orientations, presented to the subjects for the
first time after they had undergone many
more trials (>1000). Slopes for new orienta-
tions were: 0.53 ms/deg (symmetrical shapes);
0.57 ms/deg (skewed-symmetrical); 1-07 ms/
deg (bilaterally redundant).
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Fig. 2. Response times to identify shapes
as a ftinction of orientation. (A) Asymmet-
rical shapes. (B) Asymmetrical shapes and
their mirror images. (C) Symmetrical
shapes. (D) Skewed-symmetrical shapes.
(E) BilateraJly redundant shapes.

Fig. 3. One-dimensional and two-dimensional descriptions of shapes. (A) A pair of
shapes where one-dimensional descriptions are sufficient for distinguishing between
them. (B) A pair of shapes where one-dimensional descriptions are insufficient to
make the discrimination, necessitating the use of two-dimensional descriptions.

Why is mental rotation needed to rec-
ognize asymmetrical shapes, even when
handedness is irrelevant to recognition,
but not needed to recognize shapes
whose two sides are redundant? For
the symmetrical, skewed-symmetrical,
and bilaterally redundant shapes, it is
sufficient to keep track of the one-
dimensional ordering of parts on either
side of the shape from bottom to top. For
example, "two small crossbars under-
neath a longer crossbar with upright
bends" is sufficient to discriminate the
first shape from the second shape in Fig-
ure 3A. This suggests that perceivers can
assign a one-dimensional vector to a
shape's axis defining a top-to-bottom or-
dering of parts equally quickly regardless
of the shape's orientation. In contrast,
shapes requiring rotation have parts
whose locations must be specified along
two dimensions simultaneously. For ex-
ample, to identify the first shape in Fig-
ure 3B, the perceiver must encode the
fact that the top crosssbar is shorter on
one side of the shape and longer on the
other, and that the right-angle upward
bend is on the side with the short cross-
bar segment. Absolute handedness infor-

mation is not required: it does not matter
whether the first side is remembered as
the right side and the second as the left
or vice-versa. But discriminating be-
tween sides is required: it matters that
the side with the long crossbar segment
is remembered as being a different side
than the side with the bend. This is nec-
essary in order that the shape not be con-
fused with the second shape in Figure
3B, which also has a crossbar that is
longer on one side than the other, but in
which it is the side with the longer cross-
bar segment that has the bend. Thus the
mere requirement that two sides be kept
distinct is enough to require that subjects
mentally rotate.

This result suggests that the part of
the visual system subserving object
recognition lacks an object-centered 2D
(and presumably 3D) coordinate system.
The reference frame aligned with the
viewer's egocentric upright, with its
body-defmed up-down and right-left di-
rections, is the only one in which two
dimensions are simultaneously specified.
There is an object-centered mode of de-
scription, but it is insufficient to repre-
sent the arrangement of parts along two
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dimensions .simullancously; all Ilml tiin
be specified is the order of parts along a
single foreal't dimension (or ;U most, the
distance o\' each part from the niidiine
along an independent medial-lateral
"half-dimension." but with no specifica-
tion of separate sides).

These data do not imply that all mis-
oriented objects are recognized through
mental rotation. For highly familiar
objects, multiple orientation-specific
representations can be directly matched
against the input (Jolicoeur, 1985, Tarr &
Pinker. 1989). and for many objects, sets
of distinctive features or parts may suf-
fice for identification. Even different ob-
jects composed ofthe same parts may be
distinguished without mental rotation if
the objects differ in how their parts are
arranged along a single dimension. But
determining the 2D and 3D relational
structure of an object appears to require
that the object be represented in a famil-
iar orientation with respect to the view-
er's upright. It is unclear how many
cases of object recognition in natural set-
tings require the computation of multi-
dimensional spatial relations. Jolicoeur
(1985) found that pictures of everyday
objects are recognized more slowly as

they are misoriented farther from the up-
right. Perhaps this is because many com-
mon shapes, although symmetrical about
one axis, are not symmetrical about their
other axes. For example, to recognize
quadrupeds depicted in side view line
drawings, one must encode properties of
the head, tail, and limbs, which in the
genera! case are fully distinguished only
by their positions both along the foreaft
axis and above or below it. This suggests
that mental rotation may not be an un-
common strategy for recognizing misori-
ented complex objects.
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