
Achieving visual object constancy across plane rotation and
depth rotation

Rebecca Lawson 1

Department of Psychology, University of Liverpool, Bedford Street South, Liverpool, L69 7ZA, UK

Received 16 April 1998; received in revised form 26 October 1998; accepted 27 November 1998

Abstract

Visual object constancy is the ability to recognise an object from its image despite variation

in the image when the object is viewed from di�erent angles. I describe research which probes

the human visual systemÕs ability to achieve object constancy across plane rotation and depth

rotation. I focus on the ecologically important case of recognising familiar objects, although

the recognition of novel objects is also discussed. Cognitive neuropsychological studies of

patients with speci®c de®cits in achieving object constancy are reviewed, in addition to studies

which test neurally intact subjects. In certain cases, the recognition of invariant features allows

objects to be recognised irrespective of the view depicted, particularly if small, distinctive sets

of objects are presented repeatedly. In contrast, in most situations, recognition is sensitive to

both the view in-plane and in-depth from which an object is depicted. This result suggests that

multiple, view-speci®c, stored representations of familiar objects are accessed in everyday, en-

try-level visual recognition, or that transformations such as mental rotation or interpolation

are used to transform between retinal images of objects and view-speci®c, stored representa-

tions. Ó 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Visual object constancy is the ability to determine the identity of an object from its
variable image. The image varies considerably following plane and depth rotations
of the object, due to viewing the object from di�erent positions. Our visual system is
said to achieve object constancy because it can usually cope with such variation, by
accurately recognising a range of retinal images as depicting the same object. For
example, most people would recognise the left four pictures in Fig. 1 as depicting an
iron, yet the pictures di�er in size, outline shape and in the presence of features and
parts.

Although we can achieve object constancy, we are sensitive to image variation and
we can accurately report the size and orientation of an object. In addition, speed of
object recognition is in¯uenced by the familiarity of a given view, its similarity to
views of other objects from which it must be discriminated, and its ``goodness'' ±
how well it depicts the object. An aerial view of a house may be recognised accu-
rately, but recognition would usually be slow compared to a street-level view. This is
because aerial views of houses are uncommon, similar to aerial views of churches and
barns, and ``poor'' (the view hides the 3D structure of the house and many of its
distinctive features). Finally, as it is ecologically important to achieve object con-
stancy e�ciently, the visual system has presumably been driven to optimise it, and
we may be unaware of the true processing costs involved (see Rock, Schreiber & Ro,
1994).

In addition to achieving object constancy, the visual system must discriminate
between stimuli which di�er in semantically important ways. Improving the
achievement of object constancy will often impair discrimination, so the achievement
of these two functions will be in con¯ict, and the visual system must reach an ap-
propriate compromise between them. If the visual system ignores much image
variation, it will be easy to achieve object constancy (because the di�erence in size
and shape between dachshunds and alsations can be ignored, to recognise them both
as dogs), but it will then be harder to discriminate between di�erent objects (wolves
and alsations, which are visually similar but which have di�erent semantic proper-
ties), and vice versa.

The achievement of object constancy can thus only be examined in relation to the
di�culty of the discrimination task required of subjects. If we only have to distin-
guish a red cube from a metal cheese-grater and a yellow pool of paint, then simple
surface or texture or shape information will accurately identify all three objects,
irrespective of the view presented. The achievement of object constancy will be
trivial. In contrast, under everyday viewing conditions, there are usually many ob-
jects which could be present in any situation, yet we rarely misidentify objects, even if
the object is unlikely in that situation (a frog in our bedroom). Although di�cult,
discrimination is both rapid and accurate, so achieving object constancy is also hard.
The di�culty of discrimination depends not just on the number of objects to be
distinguished, but also on their similarity. Animals may be harder to recognise than
manmade artefacts because, as a category, animals are more visually similar to each
other than are artefacts (Humphreys, Riddoch & Quinlan, 1988).
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Current theories of human visual object recognition acknowledge the importance
of accounting for our ability to achieve object constancy and our ability to dis-
criminate between di�erent classes of objects. However, there is little consensus
between these accounts about the representations and processes which are involved
(e.g. Biederman, 1987; B�ultho� & Edelman, 1992; Edelman & Weinshall, 1991;
Hummel & Stankiewicz, 1997; Jolicoeur, 1990; Lowe, 1987; Marr, 1982; Tarr &
Pinker, 1989; Ullman, 1989).

Fig. 1. Eight di�erent views of an iron. On the left are line drawings, on the right are matched silhouettes.

The iron rotates in depth through 0° (top), 30°, 60° and 90° (bottom) views. The 0° views fully reveal the

main axis of elongation of the object. The 90° views are so foreshortened that the main axis of elongation

of the image no longer coincides with the main axis of elongation of the object, but instead is the vertical

axis. The 60° view was rated as the most canonical, typical view of the iron. On the left are the RTs to

verify the identity of the line drawings in a speeded word-picture veri®cation task; on the right are the

analogous RTs for silhouettes, from Experiment 2 of Lawson & Humphreys (1999).
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There are three classes of account of the achievement of object constancy. In-
variant features accounts suggest that invariant features can be used to distinguish
most views of one object from most views of all other objects. A feature is only
unique to an object in the context of the set of objects from which that object is to be
distinguished, i.e. given a particular discrimination task. Multiple view accounts
suggest that the visual system stores several representations of each object, and that a
given view is matched to the nearest view-speci®c, stored representation. Transfor-
mation accounts propose that the retinal image can be transformed to reduce dif-
ferences between the image and a view-speci®c, stored representation.

Although representation (multiple view) and process (transformation) accounts
di�er conceptually, they are hard to distinguish empirically. Representations and
processes cannot be examined independently of each other. A pattern of perfor-
mance resulting from a certain representation being stored can be exactly replicated
by specifying a particular process. Any well-speci®ed theory of object recognition
must describe both the representations stored by the visual system and the processes
employed to access those representations. Furthermore, as more interactive models
of human information processing become popular (e.g., neural network models), the
distinction between representation and process is likely to break down. I have,
however, discussed representation and process accounts separately since most the-
oreticians distinguish between the two. It is worth noting here that there are clear,
object-speci®c e�ects in recognition. View-speci®c e�ects in priming studies are tied
to subjectÕs experience with particular objects (e.g., Jolicoeur & Milliken, 1989, and
Lawson & Humphreys, 1998a, for plane and depth rotations, respectively). Object-
speci®city is typically associated with access to di�erent representations rather than
the use of di�erent processes.

Invariant features, multiple view and transformation accounts are not incom-
patible, and it is likely that the visual system employs them all to some degree to
achieve object constancy. For example, Jolicoeur (1990) proposed an account of the
e�ects of plane rotation on picture recognition which included all three classes of
account. Jolicoeur suggested that plane rotated views of objects are often trans-
formed to match a stored, upright view (transformation account), although plane-
disoriented views of objects may also be stored, allowing direct matching of plane
rotated views (multiple-views account). In addition, Jolicoeur (1990) suggested that a
functionally distinct, feature-based route was also available which enabled pictures
to be recognised by matching simple attributes such as colour, texture or shape,
many of which are orientation-invariant (invariant features account). This latter
route is most useful if distinctive objects are presented, or if a small set of stimuli are
presented repeatedly, enabling subjects to learn which features are invariant. Note
that subjects do not always use invariant information when it is available, and they
may need explicit encouragement or training to take advantage of it (see Takano,
1989).

Similar to Jolicoeur's (1990) account, Tarr and colleagues (e.g., Tarr, 1995; Tarr &
Pinker, 1989, 1990) have proposed a multiple-views-plus-transformation account.
They suggest that if an object is seen from several, distinct views, representations of
these di�erent views will often all be stored. If a view similar to a stored view is
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presented, it can be matched directly. Otherwise, the image must undergo a time-
consuming transformation before it can be matched to a stored representation.

In contrast, only the invariant features and multiple views accounts are included
in the theory of object recognition proposed by Biederman and colleagues (Bieder-
man, 1987; Biederman & Gerhardstein, 1993). They hypothesise that the visual
system derives a geon structural description from input images. This representation
speci®es coarsely coded spatial relations (such as left-of, above, below) between
view-invariant, volumetric primitives (geons), and is quite insensitive to the view in
depth of an object. Nevertheless, multiple geon structural descriptions of a given
object may need to be stored if, for example, an important part of the object is
occluded in some views, as this would alter the structural description derived from
those views. The theory does not posit any image transformation processes. A
similar account has been proposed by Hummel & Stankiewicz (1997).

The aim of this paper is to critically assess and integrate the evidence for distinct
processes and representations being employed in achieving object constancy across
plane and depth rotation, and to determine when invariant features can provide an
alternative means of achieving object constancy. To date, there has been insu�cient
cross-talk between di�erent research areas. For example, there has been considerable
neuropsychological empirical research into the achievement of object constancy
across depth rotation (Humphreys & Riddoch, 1984; Warrington, 1982; Warrington
& Taylor, 1973; see Lawson & Humphreys, 1998b), but there has been little contact
between this research and directly related research which has tested non-brain-
damaged subjects.

2. The achievement of object constancy across plane rotation

2.1. Is mental rotation involved in mirror-image discrimination or recognition tasks?

Mirror-image discrimination tasks include simultaneous picture matching, where
mismatch trials present two mirror-image versions of the same stimulus (Shepard &
Metzler, 1971), and left±right direction-of-facing tasks, where subjects must deter-
mine the direction a familiar object such as a cow would face, were it upright
(Jolicoeur, 1988; Jolicoeur, Corballis & Lawson, 1998; McMullen & Jolicoeur, 1990).
These tasks produce approximately linear increases in RTs across increasing plane
disorientations. Such tasks are generally assumed to employ mental rotation. Mental
rotation is an analogue transformation process that requires more time to rotate an
object through a greater angle (see Shepard & Cooper, 1982).

As in mirror-image discrimination tasks, in naming tasks, increasing the plane
disorientation of pictures of familiar objects correspondingly increases RTs (Joli-
coeur, 1985; Jolicoeur, Corballis & Lawson, 1998; Jolicoeur & Milliken, 1989;
McMullen & Jolicoeur, 1990; Murray, 1995). Researchers usually test views rotated
0°, 60°, 120° and 180° away from a canonical, upright view. The increase in RTs
across 0° (upright), 60° and 120° views is approximately linear, whilst 180° (inverted)
views are often named faster than would be predicted by extrapolating from per-
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formance with 0°, 60° and 120° views (see Jolicoeur, 1990). Accounts of the naming
of 180° views emphasise the unique qualities of this view (for example, spatial re-
lations are simply left±right and up±down reversed relative to an upright view, and
the positions of axes of symmetry and the main axis of elongation are the same as in
the upright view, see Hummel & Biederman, 1992; Jolicoeur, 1990; Murray, 1997).

Disregarding the special case of 180° views, it has been widely assumed that
mental rotation is used by subjects to recognise plane rotated pictures (e.g. Jolicoeur,
1985; 1990; Murray, 1997; Tarr & Pinker, 1989). This is an appealingly parsimonious
proposal, since a single image transformation (mental rotation) would compensate
for plane disorientation, regardless of the task (recognition or mirror-image dis-
crimination).

Indirect support for this hypothesis comes from a number of studies which have
found similar e�ects of plane rotation across recognition and mirror-image dis-
crimination tasks. For instance, Jolicoeur (1985, 1988) found similar increases in
RTs across plane rotations from 0° to 120°, when subjects named pictures compared
to when subjects decided which direction the object faced, were it upright. In ad-
dition, Jolicoeur (1988) reported that plane rotation e�ects on subjectÕs naming RTs
correlated with plane rotation e�ects for the same subjects RTs to decide which way
an object faced. Murray (1997) found similar increases in RTs for plane disorien-
tation when subjects named objects compared to when they made mirror/normal
judgements to the same objects (after subjects were trained to recognise one mirror-
image version of each stimulus as the ``normal'' version). Finally, Tarr and Pinker
have investigated the e�ects of plane rotation for novel objects using recognition and
mirror-image discrimination tasks. Tarr and Pinker (1989, 1990) presented 2D
stimuli whilst Tarr (1995) presented analogous 3D stimuli. In all cases, they reported
broadly similar increases in RTs with plane disorientation across recognition and
mirror-image discrimination tasks. This was the case even when subjects in the
recognition task were given explicit instructions that mirror-image versions of stimuli
were to be responded to in the same way as ``normal'' versions, and subjects were
given practice at doing this.

All of the above evidence only indicates that plane rotation has broadly similar
e�ects on recognition and mirror-image discrimination tasks. Note, too, that object
recognition does not normally require mirror-image discrimination (although there
are a few exceptions, such as distinguishing left from right shoes and gloves), and
that long-term priming of the visual system appears to be invariant to the mirror-
image version of an object presented (Biederman & Cooper, 1991; Lawson &
Humphreys, 1996, 1998a; Stankiewicz, Hummel & Cooper, 1998; although the latter
paper did report reduced short-term priming with mirror-image compared to iden-
tical prime views).

Furthermore, with familiar objects, plane rotation e�ects on mirror-image dis-
crimination do not reduce with practice (Jolicoeur, 1988), whereas repeated naming
of familiar objects does reduce plane rotation e�ects (Jolicoeur, 1985, 1988; Jolicoeur
& Milliken, 1989; Lawson & Jolicoeur, 1999a; McMullen & Jolicoeur, 1992). This is,
though, not strong evidence that mental rotation is employed only for mirror-image
discrimination and not for recognition. Jolicoeur (1990) suggested that with practice,
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subjects may learn to recognise objects using features invariant to plane rotation.
Such features would allow subjects to recognise plane rotated stimuli directly,
without needing to transform images, so plane rotation e�ects on naming would
reduce with practice. In contrast, these features would not distinguish between
mirror-images, so image transformation would still have to be used.

More direct tests are necessary to examine the role of mental rotation in object
recognition. My colleagues and I have used one such test (Jolicoeur, Corballis &
Lawson, 1998). We compared performance on naming and direction of facing tasks,
for 0°, 120° and 240° views of familiar objects. As expected, responses were slower to
120° and 240° than to 0° views for both tasks. We examined whether this plane
rotation e�ect interacted with the apparent direction of plane rotation of the object.
In the ®rst study, we induced a motion-after-e�ect in subjects prior to presenting
each single, static view of an object, so subjects saw the object appear to rotate either
clockwise or anticlockwise. In the second study, each trial consisted of eight brief
views of the same object. Each successive view was rotated by a further 2° in the
plane, so that on a given trial the object appeared to rotate 14° either clockwise or
anticlockwise.

In both studies, for the direction of facing task, subjects were faster when the
object appeared to rotate towards, rather than away from, the upright position. The
direction of facing task required mirror-image discrimination, and presumably
subjects used mental rotation to do the task. Our results suggest that the direction of
both a motion-after-e�ect and the rotation of an object in¯uence the direction that
subjects choose to mentally rotate. In contrast, in the naming task, subjects were not
in¯uenced by either the direction of the motion-after-e�ect or the direction of ro-
tation of the object. This suggests that mental rotation is not involved in the rec-
ognition of plane rotated views of objects.

A second strand of evidence that mental rotation is not employed in recognition
tasks comes from an experiment in which we examined the recognition of brief,
masked, plane rotated pictures of familiar objects (Lawson & Jolicoeur, 1999a). It
has often been claimed that plane rotation e�ects on picture naming are linear for
views rotated between 0° and 120° (e.g. Murray, 1997). However, studies supporting
this claim usually only test 0°, 60° and 120° views within this range. We tested the
e�ects of plane rotation more ®nely, by presenting views rotated successively by 30°,
between 0° and 180°. We found a consistently non-monotonic pattern of perfor-
mance (see Fig. 2). The 30°, 90°, 150° and 180° views were recognised more e�ciently
than would be predicted, given performance at 0°, 60° and 120° views. This pattern
does not support a mental rotation account, which would predict approximately
linear (and at least monotonic) e�ects of plane rotation, as are observed in typical
mental rotation tasks which require mirror-image discrimination. Instead, a number
of di�erent factors may in¯uence the ease of recognition of plane rotated views. For
example, the recognition of 90° and 180° views may bene®t from the position of the
horizontal and vertical axes of these views being, respectively, perpendicular and
coincident with their position in the upright, 0° view, whilst 30° views may bene®t
from relatively broad-tuned matching to a stored, upright representation of the
object.
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Fig. 2. The mean presentation duration required to correctly verify the identity of line drawings of fa-

miliar objects as a function of plane rotation (Lawson & Jolicoeur, 1999a). Stimuli were presented brie¯y

at low contrast and were then masked. On each trial, an object was presented repeatedly at increasing

presentation durations until it was correctly recognised. Subjects identi®ed stimuli by making an un-

speeded selection from a written list of 126 names of objects. Each object was presented up to three times

in separate blocks, each time at a di�erent plane rotation.
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Third, neuropsychological evidence suggests that for plane-rotated views, recog-
nition performance can dissociate from performance at mirror-image discrimination
(which is typically assumed to involve mental rotation). Farah and Hammond (1988)
reported a right-hemisphere lesioned patient, RT, who was very poor at neuropsy-
chological tests of mental rotation, such as the Ratcli� mannikin task. In this task,
the patient must specify which hand is depicted as holding a disk, for ®gures shown
upright and inverted, and from front and back views (Ratcli�, 1979). In contrast, RT
showed little additional impairment when naming inverted compared to upright
views of familiar objects (although he was poor at recognising upright views of fa-
miliar objects). When controls were shown stimuli brie¯y, to equate their perfor-
mance on upright views to that of RT, there was no di�erence between the controls
and RT in the recognition of inverted views. This suggests that mental rotation is not
necessarily required to recognise plane disoriented objects. Nevertheless, since RT
was worse at naming objects than controls, these results are still consistent with
neurally intact subjects using mental rotation when recognising plane disoriented
objects. Evidence against this proposal is provided by Turnbull and McCarthy
(1996). Their patient RJ could reliably recognise objects, distinguish between two
objects di�ering by only a small perceptual change, and distinguish between upright
and inverted objects. In contrast, RJ was unable to discriminate between mirror-
image versions of pictures of either novel or familiar objects. Similarly, Turnbull,
Laws and McCarthy (1995) reported patient LG, who could recognise an object
without being able to reliably determine its plane orientation (see also Solms, Ka-
plan-Solms, Saling & Miller, 1988).

Neuropsychological single case studies must always be treated with caution. Pa-
tients who perform well across a limited battery of simple tests are often found
subsequently to be at least mildly impaired when tested under more stringent con-
ditions. In addition, the recognition tasks may simply have been easier than the
mirror image discrimination and orientation tasks on which patients showed greater
impairments (although inspection of the examples of stimuli presented to RJ by
Turnbull & McCarthy (1996) argue against this point). Further evidence is required
before strong conclusions can be drawn, but these results suggest that we can rec-
ognise a plane-disoriented familiar object without knowing its plane orientation or
the direction it faces and without being able to mentally rotate.

Taken together, the above evidence reveals super®cial similarities between the
e�ects of plane rotation on the recognition and mirror-image discrimination of fa-
miliar objects (Jolicoeur, 1985, 1988; Murray, 1997; Tarr, 1995; Tarr & Pinker, 1989,
1990). However, more direct evidence suggests that the visual system uses di�erent
processes to compensate for plane rotation in recognition and mirror-image dis-
crimination tasks, with mental rotation used only in the latter task.

2.2. Double-checking as an account of plane rotation e�ects on object recognition

An alternative to a mental rotation account of plane rotation e�ects on recog-
nition is the double-checking account proposed by Corballis (1988) and by De Caro
and Reeves (1995). This suggests that for mirror-image discrimination, plane rotated
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views must undergo time-consuming transformation, but that most plane rotated
views can be recognised just as e�ciently as upright views. Plane rotated views are,
though, named slower than upright views because subjects double-check to ensure
that they have correctly recognised the object before making their response. Double-
checking involves a transformation process which produces the characteristic plane
rotation e�ects. When stimuli are repeated, subjects often realise that double-
checking is unnecessary because their initial (orientation-invariant) recognition is
usually correct. They therefore double-check less frequently and plane rotation ef-
fects reduce.

For the double-checking account to di�er from other transformation accounts
(such as the mental rotation account assessed in Section 2.1), double-checking must
have little e�ect on accuracy. If double-checking did improve accuracy, then the
double-checking account would simply suggest that objects are sometimes recog-
nised by extracting orientation-invariant features (in common with almost any ac-
count of plane rotation e�ects) and that otherwise disoriented stimuli must be
transformed before they can be recognised (as in the mental rotation account).

Pierre Jolicoeur and I have examined the double-checking account using a pic-
ture-word veri®cation task (Lawson & Jolicoeur, 1998; see also Lawson & Joli-
coeur, 1999a). We reasoned that double-checking should only have deleterious
e�ects on performance in speeded tasks, when it would slow responses. In un-
speeded tasks, subjects should not be disadvantaged if they double-check, because
although double-checking increases RTs, it should not a�ect accuracy. In our
studies, subjects saw brief, low contrast, masked pictures of familiar objects, which
they identi®ed by choosing from a set of written alternatives. Subjects were more
accurate at recognising upright views than plane disoriented views. Thus even in an
unspeeded task, performance was still in¯uenced by plane orientation (see Fig. 2).
At least some plane rotation e�ects cannot then be accounted for by double-
checking.

It might be argued that the brief, masked presentation used in our studies would
have prevented subjects from double-checking. If this were the case, then again no
plane rotation e�ects would be predicted on the double-checking account, since all
views should then have been recognised equally e�ciently. Once again, this predic-
tion was not supported by our results.

We could not directly compare plane rotation e�ects across speeded and un-
speeded studies. Therefore, it is possible that double-checking does play some role
in increasing RTs when identifying plane rotated views. Note, though, that we have
found the same pattern of plane rotation e�ects in unspeeded and speeded tasks,
both for initial recognition (Jolicoeur, 1985; Lawson & Jolicoeur, 1999a; for
speeded naming and unspeeded veri®cation, respectively) and for the object-speci®c
reduction of plane rotation e�ects following practice (for speeded naming, see
Jolicoeur & Milliken, 1989; for unspeeded veri®cation, see Lawson & Jolicoeur,
1999a, see also Fig. 2). The most parsimonious account of this data is that the same
process transforms plane rotated images in both speeded and unspeeded recogni-
tion tasks. There is no reason to posit an additional process such as double-
checking.
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2.3. Are plane disorientation e�ects eliminated when recognition is at the entry level or
when highly distinctive stimuli are presented?

Hamm and McMullen (1998) claimed that plane disorientation e�ects are found
only when subordinate recognition is tested and not when entry level or superor-
dinate recognition is required- so only when alsations and trawlers are speci®cally
identi®ed as alsations and trawlers, and not when they are identi®ed more generally
as dogs and boats, or as animals and vehicles. Apparently inconsistent with this
claim, strong e�ects of plane rotation are found in speeded naming tasks (e.g.
Jolicoeur, 1985), and here subjects are usually assumed to recognise objects at the
entry level. Instead, Hamm and McMullen suggested that plane rotation e�ects in
naming are due to subjects recognising some stimuli at the subordinate level (Hamm
and McMullen suggest around 50% of stimuli). In contrast to naming, in veri®cation
the experimenter sets the level of recognition of an object, and this is made explicit to
the subjects. Using a speeded word-picture veri®cation task, Hamm and McMullen
found that plane disoriented views were veri®ed slower than upright views only when
a subordinate word was presented (e.g. alsation or trawler) and not when a entry
level word was presented (e.g. dog or boat). They concluded that the representations
supporting initial, entry-level recognition are invariant to plane rotation.

This claim is important, but there is evidence against it. Murray (1998) failed to
replicate Hamm and McMullenÕs results for entry-level veri®cation. Murray used a
speeded word-picture veri®cation task. She found that plane disoriented stimuli were
veri®ed slower than upright stimuli for both match and mismatch trials, when a
visually similar set of items was tested. When a visually dissimilar set of items was
tested, plane disorientation e�ects were again observed, but only for match trials.

Pierre Jolicoeur and I have found similar results in both speeded and unspeeded
word-picture veri®cation studies. In the speeded study, we found plane rotation
e�ects on both match and mismatch trials for entry-level veri®cation (Lawson &
Jolicoeur, 1999b). In the unspeeded studies which we described in Section 2.2, there
were clear e�ects of plane disorientation for entry-level veri®cation (Lawson &
Jolicoeur, 1999a; see Fig. 2). In addition, we have manipulated the visual similarity
of the written distractors. For example, for the picture of a deer, the response al-
ternatives presented either visually similar distractors (deer, goat or donkey) or vi-
sually dissimilar distractors (deer, bowl or bow). There were greater e�ects of plane
rotation when similar distractors were presented, and plane rotation e�ects were
found even with the dissimilar distractors (Lawson & Jolicoeur, 1998).

Why have e�ects of plane rotation been found in some studies of entry-level veri-
®cation but not in others (see Table 1)? Two factors seem important. First, practise at
recognising the stimuli, and second, task di�culty in terms of ease of discrimination
between items. With practise, plane rotation e�ects reduce, both for speeded and
unspeeded recognition (e.g. Jolicoeur, 1985; Lawson & Jolicoeur, 1999a, respectively;
see also Fig. 2). This is probably because subjects learn to recognise some stimuli using
view-invariant features. Such features are easiest to extract if subjects need only dis-
criminate between a small set of visually dissimilar items. In Hamm and McMullen
(1998) studies, only six entry-level objects were presented (car, boat, aircraft, bird, dog
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and buga), these were visually distinct, and the same stimuli were presented many times
during the experiment. No plane rotation e�ects on entry-level veri®cation were found.
In contrast, for the remaining studies listed in Table 1, more stimuli were presented for
fewer repetitions. Plane rotation e�ects on entry-level veri®cation were found, and
these e�ects were greater when more visually similar stimuli were presented.

Nevertheless, plane rotation e�ects will typically be weaker for veri®cation com-
pared to naming tasks, since discrimination is usually easier. In a typical veri®cation
task, relatively coarse or simple orientation-invariant information is often su�cient
to decide whether a picture and a word match. This same information would not be
precise enough to name the picture. If discrimination is made more di�cult in the
veri®cation task (for example, by increasing the similarity of stimuli on mismatch
trials or by increasing the similarity of response alternatives in an unspeeded task),
then it will be harder to achieve object constancy across plane rotation. This is an
example of the interaction between ease of discrimination and ease of achieving
object constancy which was discussed in the introduction.

2.4. Summary: the achievement of object constancy across plane rotation

For mirror-image discrimination, mental rotation may be used to achieve object
constancy across plane rotation. In contrast, for the recognition of familiar objects,
neither mental rotation nor double-checking can adequately account for plane ro-
tation e�ects, and these e�ects are found for entry-level as well as for subordinate
recognition. The process which enables the visual system to compensate for plane
disorientation has not yet been satisfactorily speci®ed. Transformation processes
which are promising alternatives to mental rotation include image alignment (Ull-
man, 1989) and view interpolation (B�ultho� & Edelman, 1992, 1993; Ullman &
Basri, 1991). The identi®cation of invariant features (Jolicoeur, 1990) also plays a

Table 1

Word-picture veri®cation studies presenting line drawings of familiar objects

Task (un/speeded; with visually dis/similar stimuli

tested; number of stimuli presented and number of

exposures across both match and mismatch trials)

Entry-level

e�ects of

plane

rotation

Hamm & McMullen

(1998)

Speeded ± dissimilar ± 6a items seen 12 times,

6/exemplar

No

Lawson & Jolicoeur

(1998)

Unspeeded ± dis/similar ± 126 items seen two or four

times

Yes

Lawson & Jolicoeur

(1999a)

Unspeeded ± similar ± 126 items seen two or three

times

Yes

Lawson & Jolicoeur

(1999b)

Speeded ± dissimilar ± 60 items seen eight times Yes

Murray (1998) Speeded ± dis/similar ± 18 items seen two times Yes

a Two di�erent subordinate-level exemplars of each of the six entry-level items were presented to each

subject, e.g. for the dog, an alsation and a collie were both seen by a given subject.
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role in achieving object constancy across plane rotation. Invariant features will be
most useful when recognising small sets of distinctive objects, especially if the objects
are presented repeatedly (Lawson & Jolicoeur, 1998, 1999a). To date, these alter-
natives have not been properly assessed in behavioural studies.

3. The achievement of object constancy across depth rotation

Plane rotations are a special case of image transformations about a unique axis
along the line of sight of the viewer, and are rarely observed in everyday situations. I
will describe rotations about any other axis as a depth rotation. In my own studies I
have rotated objects about a vertical axis. This is probably the most common ro-
tation observed in ecological viewing situations, although to date more research has
investigated the e�ects of plane rotation. Indeed, there is often an implicit assump-
tion that the visual system compensates for plane and depth rotations in the same
way. This assumption may have arisen from Shepard and Metzler's (1971) ®nding
that the angular separation between stimuli in a mirror-image discrimination task
produces similar e�ects whether the separation is in the plane or in depth.

One reason for the bias towards investigating the e�ects of plane rather than
depth rotations is the relative ease of producing plane rotated stimuli. A further
reason is that di�erences between plane rotated views of the same object are well-
de®ned and are restricted to changes in spatial relations relative to the viewer. All
plane rotated views of a given object reveal the same features and parts in the same
spatial relations to other object features and parts. The angle of plane rotation be-
tween two views of an object provides a psychologically plausible and readily as-
sessed measure of the visual similarity of the two views, unlike the angle of depth
rotation between two views (see Lawson & Humphreys, 1998a). For depth rotation,
global shape and visibility of features and parts will usually change less following a
rotation between 0° and 30° views than following the same 30° rotation but between
60° and 90° views (see Fig. 1, left column). Finally, for the objects typically presented
in plane rotation studies, the canonical, upright view (from which the angle of plane
rotation is measured) can be de®ned unequivocally as the usual view in-plane from
which the object is seen. For most objects, there is not an equivalent, single, ca-
nonical depth-rotated view which can be speci®ed independent of behavioural data
(Newell & Findlay, 1997). Instead, preferred, canonical views in depth vary from
object to object (Palmer, Rosch & Chase, 1981).

Recent technical improvements have made it easier to produce depth-rotated
views of familiar objects. This has been a catalyst for a rapid increase in research into
the achievement of object constancy across depth rotation. Researchers have gen-
erally manipulated view in depth relative to the most foreshortened view of the
object (e.g. Lawson & Humphreys, 1996, 1998a, 1999; Newell & Findlay, 1997;
Warrington & James, 1986, 1991). This view can be speci®ed independent of be-
havioural data, and depth rotation can then be manipulated systematically, though a
more psychologically plausible measure of visual changes due to depth-rotation
would be preferable.
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3.1. Are stored object representations invariant to depth rotation?

It is clear that depth rotation does in¯uence object recognition. Severely fore-
shortened views and other unusual, depth-rotated views are recognised slower and
less accurately than canonical views, so object constancy across depth rotation is not
perfect (Humphrey & Jolicoeur, 1993; Lawson & Humphreys, 1996, 1998a, 1999;
Newell & Findlay, 1997; Srinivas, 1993, 1995). These depth rotation e�ects on initial
recognition could be due to certain views being intrinsically di�cult to recognise (as
blurred or small depictions of objects are hard to recognise). Alternatively, the e�ects
might re¯ect access to stored view-speci®c object representations. If only canonical
views of objects are stored, then unusual views (such as foreshortened views) would
be expected to be recognised less e�ciently than canonical views.

Priming studies allow us to dissociate the intrinsic di�culty of naming a particular
view from e�ects of access to view-speci®c representations. In priming studies,
subjects ®rst see a prime view of an object, then they see a target view. Any intrinsic
di�culty in recognising a given view should be similar for both the prime and the
subsequent target views. In contrast, e�ects of view-speci®c representations on the
recognition of target views should be in¯uenced by the prime view. Views which were
disadvantaged on initial recognition (such as foreshortened views) may subsequently
be recognised faster than more canonical views if they bene®t from view-speci®c
priming. View-speci®c priming would occur when the prime and target views were
similar or identical.

Glyn Humphreys and I (Lawson & Humphreys, 1996, 1998a) have reported such
view-speci®c priming. Subjects were fastest to recognise targets depicting a depth-
rotated view similar to the prime view of the object. This was true even when the
target depicted a foreshortened view, see Fig. 3. In Lawson and Humphreys (1998a),
we tested speeded naming in prime and target blocks. In Experiment 1, in the prime
block, canonical, 150° views were named faster than foreshortened 90° views, as
expected. In the target block, subjects were again faster to name 150° views than 90°
views for trials primed by a 150° view of the object (top two conditions in Fig. 3). In
contrast, and most critically, 90° targets were actually named faster than 150° targets
for trials primed by a 90° view of the object (lower two conditions in Fig. 3). View-
speci®c e�ects were not simply determined by the canonicality of a view. Naming
was faster when the prime and target were identical relative to when they were
dissimilar in view, even for foreshortened views. In Experiment 3 of Lawson and
Humphreys (1998a), we reported view-speci®c priming e�ects for depth rotations as
small as 10°.

We have also reported an analogous series of studies which tested speeded, se-
quential picture-picture matching (Lawson & Humphreys, 1996). In Experiment 4,
150° primes were matched faster to 150° targets than to 90° targets, as expected (top
two conditions in Fig. 3). Most importantly, 90° primes were matched faster to 90°
targets than to 150° targets (lower two conditions in Fig. 3). Thus, as in the naming
studies, view-speci®c priming e�ects strongly in¯uenced performance, suggesting
that view-speci®c, stored representations are involved in the recognition of familiar
objects.
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In studies presenting novel 3D objects in naming and picture±picture matching
tasks, Hayward and Tarr (1997) reported view-speci®c priming e�ects similar to our
results for familiar objects. Finally, similar results (though with broader tuning of
priming to depth rotation) were reported by Srinivas (1995) for long-term priming in
an object decision task (object / non-object discrimination) for both familiar and
novel objects. Again, these studies suggest that view-speci®c, stored representations
mediate human visual object recognition.

Fig. 3. The critical comparison conditions involving 90° (foreshortened) and 150° (canonical) views from

two priming tasks, picture±picture matching and picture naming. The prime was presented immediately

before the target in the matching task. The prime was presented in the previous block to the target in the

naming task. On each row, the relevant prime and target views are depicted, followed by the RT to re-

spond on prime-target match trials in the matching task (Experiment 4, Lawson & Humphreys, 1996) and

the RT to name target views in Experiment 1 of Lawson and Humphreys (1998a).
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The results of Biederman and Gerhardstein (1993) appear to contradict this
conclusion. Their Experiment 1 was similar to Experiments 1 and 3 of Lawson and
Humphreys (1998a), in being a priming study which required the speeded naming of
line drawings of depth-rotated views of familiar objects. Biederman and Gerhard-
stein (1993) reported that the view of the prime had little e�ect on target naming,
unless prime and target views revealed di�erent parts or di�erent spatial relations
between parts. They claimed that in everyday situations, object recognition is largely
invariant to depth rotation. They suggested that the strong e�ects of depth rotation
reported in several studies (Edelman & B�ultho�, 1992; Rock & DiVita, 1987; Tarr &
Pinker, 1989) were due to testing novel objects that, unlike the objects that humans
must typically recognise, ``failed to meet at least one of the conditions for viewpoint
invariance, either because the stimuli did not decompose into a geon structural de-
scription or because the set members did not activate distinctive geon structural
descriptions or produced non-stable part structures'' (Biederman & Gerhardstein,
1993, p. 1166).

In contrast, the stimuli presented in Lawson and Humphreys (1996, 1998a) were
line drawings of familiar objects similar to those presented by Biederman and
Gerhardstein (1993). These stimuli could easily be decomposed into sets of distinc-
tive parts and simple spatial relations that would allow the di�erent objects to be
distinguished. Nevertheless, we found view-speci®c priming e�ects whilst Biederman
and Gerhardstein (1993) reported largely view-invariant priming. Note, though, that
the trend of Biederman and GerhardsteinÕs data mirrored our data (Lawson &
Humphreys, 1996; 1998a) in revealing greater priming when the prime and target
views of an object were similar. Furthermore, Biederman and Gerhardstein tested
only 24 objects (our studies tested 36 or 72 objects), so their studies may not have
been as sensitive. In addition, some of the depth rotations which Biederman and
Gerhardstein tested resulted in near mirror-image versions of stimuli being pre-
sented. This is a special case of depth rotation for which long-term priming of the
visual system appears to be invariant (see above; Biederman & Cooper, 1991;
Lawson & Humphreys, 1996, 1998a; Stankiewicz, Hummel & Cooper, 1998). Fi-
nally, for some objects in our studies (Lawson & Humphreys, 1996, 1998a) parts may
have been occluded in certain views, resulting in di�erent structural descriptions for
those views. Interested readers are referred to Tarr and B�ultho� (1995) for further
discussion of these and related issues; see also the response by Biederman and
Gerhardstein (1995).

One note of caution should be made in the interpretation of these results from
priming studies. In ``long-term'' priming studies (in which the target is seen several
minutes after the prime and following many intervening items, e.g. Biederman &
Gerhardstein, 1993; Lawson & Humphreys, 1998a), it is usually assumed that the
representations mediating priming are the stored representations used in everyday
object recognition. Nevertheless, it is possible that instead information in a short
term store or memory cache causes the view-speci®c priming e�ects. This is most
likely when the prime precedes the target by only a few seconds and there is either no
intervening stimulus or only a mask between the prime and the target, as in the
picture±picture matching studies of Lawson and Humphreys (1996).
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In order to test this alternative interpretation of view-speci®c priming e�ects,
studies should test very long-term priming, over days, weeks, and even months.
These studies should disguise the repetition of prime objects by including many ®ller
items and by changing the task and the experimental situation between the prime
and target blocks. Such studies have been conducted with face stimuli (Bruce,
Carson, Burton & Kelly, 1998), and have reported view-speci®c priming e�ects. If
analogous studies with objects revealed view-speci®c priming, then we could be more
con®dent in claiming that priming e�ects re¯ect access to stored object representa-
tions.

Additional evidence that view-speci®c, stored representations are used to recog-
nise familiar objects comes from a series of studies in which my colleagues and I
asked subjects to recognise familiar objects from a sequence of 12 depth-rotated
views (Lawson, Humphrey & Watson, 1994). In Experiments 1 and 3, each succes-
sive view was presented for just 30 ms and was then pattern masked. The percentage
correct recognition of objects from four types of sequence was:

(i) 41.9% ± random sequences
(ii) 63.0% ± coherent sequences (each successive view was rotated by a further 30°-

the object appeared to rotate in depth smoothly, in the same direction)
(iii) 41.7% ± coherent sequences (as (ii) except each successive view was rotated by

a further 60°)
(iv) 68.6% ± incoherent but visually similar sequences (the direction of rotation of

the object reversed for each successive pair of views, and successive pairs were ro-
tated from each other by a large angle, but within each pair of views, views were
rotated by only 30°)

Performance was poor in (iii) although these sequences were coherent. Thus, in
this task, the visual system could not use the coherent, structured information from
the overall view sequence (although see Stone, 1998). In contrast, increasing the
visual similarity of successive views in the sequence improved performance, both for
(ii) coherent sequences and for (iv) incoherent sequences. When successive pairs of
views are separated by just a 30° depth rotation, both views may access the same
view-speci®c, stored representation, improving the likelihood of recognising that
object. Such representations must, though, be narrowly tuned to view in depth- when
successive views were rotated by 60° in (iii) sequences, objects were much more
di�cult to recognise.

If we do store multiple view-speci®c representations of a given object, a further
question is how are these views related together? Recent work has started to in-
vestigate whether there are links between di�erent, stored views of an object and
whether apparent motion enables di�erent views to prime each other (see Kourtzi &
Shi�rar, 1999).

3.2. Cognitive neuropsychological evidence for multiple routes to object constancy

Over the past four decades, cognitive neuropsychologists have conducted many
investigations into the achievement of object constancy following neurological
damage (Lawson & Humphreys, 1998b). Warrington and colleagues (Warrington &
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James, 1988; Warrington & Taylor, 1973; 1978) tested patients at matching a ca-
nonical view to a view which obscured important features or which foreshortened the
object. Patients with right posterior damage were particularly poor at this test.
Layman and Greene (1988) made similar observations and further noted that right-
hemisphere lesioned patients found it harder to compensate for depth rotation than
for plane rotation.

Warrington and Taylor (1973, 1978) suggested that visual object recognition
could be divided into two main stages, ®rst, perceptual categorisation (including the
achievement of object constancy), which relied primarily on right hemisphere pro-
cessing, then semantic categorisation, which mainly involved left hemisphere pro-
cessing. If perceptual categorisation was impaired, it might only support the minimal
processing required for conventional, canonical views of objects, which could then
still access the semantic categorisation stage. Supporting this hypothesis, right-le-
sioned patients are often found to have di�culty in recognising unusual, atypical
stimuli although canonical views of objects may still be recognised quite e�ciently
(e.g. Rudge & Warrington, 1991; Warrington & James, 1988).

Evidence for the existence of multiple routes to object constancy across depth
rotation comes from Humphreys and Riddoch's (1984) investigation of ®ve patients,
all of whom revealed de®cits in the unspeeded recognition of unusual views of fa-
miliar objects. H.J.A., a patient with bilateral occipital lesions, revealed a speci®c
de®cit in matching and naming views where the main distinguishing feature of the
object was obscured. In contrast, four right-lesioned patients were particularly im-
paired in matching and naming foreshortened views of objects. Control subjects
rated the feature-obscured views as having lower feature saliency but higher ®gural
goodness and familiarity relative to the foreshortened views.

Humphreys and Riddoch (1984) proposed that there are at least two independent
routes to object constancy across depth rotation. The ®rst employs a distinctive local
feature analysis; the second depends on a global shape analysis, is axis-based and
may include the encoding of depth cues. HJA had a de®cit in the global shape route
and was reliant on identifying local distinguishing features. In contrast, the right-
lesioned patients had a de®cit in the local features route, and so were reliant on
global shape analyses. Their di�culty in recognising foreshortened views was due to
the reduced salience of the main axis of elongation of the object in these views, which
often led them to impose an incorrect 2D rather than a 3D structure on such images.
Their performance improved when the foreshortened stimuli were depicted against
graph paper, presumably because this made global orientation information more
accessible, by adding linear perspective cues. Similar results have been reported by
Humphrey and Jolicoeur (1993) for neurologically intact subjects.

3.3. Do internal details aid in the achievement of object constancy?

Marr (1982) proposed that all views of an object access the same, view-invariant,
stored structural description. These structural descriptions are described in relation
to an object-centred co-ordinate system based around the objectÕs main axis. Before
an input image can be matched to a stored structural description, the image must be

238 R. Lawson / Acta Psychologica 102 (1999) 221±245



described with respect to the main axis of the object. Marr (1982) suggested that for
certain views, the main axis was di�cult to derive from the image, making these
views hard to recognise. For example, in foreshortened views, the longest 2D axis of
the image often does not coincide with the main axis of elongation of the object (see
Fig. 1).

The evidence presented in Section 3.1 for view-speci®c, stored representations
contradicts Marr's (1982) theory, which proposes that stored representations are
view-invariant. Glyn Humphreys and myself (Lawson & Humphreys, 1999) have
examined a further prediction related to MarrÕs theoretical claims. If all e�ects of
depth rotation are due to di�culties in assigning the main axis of elongation to a
given image, and if the ease of assigning the main axis is matched across two sets of
stimuli, then depth rotation e�ects should be equal across those stimulus sets. We
compared the e�ciency of recognition of matched line drawings and silhouettes in a
speeded word-picture veri®cation task (see Fig. 1, left compared to right views of an
iron). The outline global shape and aspect ratio of each matched line drawing and
silhouette was identical, but the silhouettes lacked internal detail. We tested only
clearly elongated objects (e.g. pencil, stapler, hammer) for which the principal axis of
the object is most likely to be the main axis of elongation.

View e�ects were not equal across line drawings and silhouettes (see Fig. 1). First,
across 0°, 30° and 60° views, silhouettes were veri®ed only 45 ms slower than line
drawings. Thus recognition was reasonably e�cient even when internal details were
absent, since the global shape of the object was informative. Second, when global
shape was uninformative, as for most 90° views, then internal detail could still
support quite e�cient recognition, since 90° line drawings were veri®ed only 26 ms
slower than 0°, 30° and 60° line drawings. Third, foreshortened, 90° silhouettes,
which lacked both global shape and internal detail information, were veri®ed much
slower than all other stimuli- 102 ms slower than 0°, 30° and 60° silhouettes. The
same pattern of results was found for errors. This result indicates that either internal
details aid recognition directly, or that internal details aid the extraction of the
principal axis or secondary axes of description of the stimulus, such that the oc-
cluding contour is not the only source of information in locating axes.

In two further studies which have compared the recognition of shaded pictures of
familiar objects and matched silhouettes, little or no disadvantage for silhouettes was
found, except for foreshortened views (Hayward, 1998; Newell & Findlay, 1997).
Together these three studies indicate that, as Marr (1982) had predicted, under
normal conditions, internal detail and shading of the object are not necessary for fast
and accurate recognition. There are, though, clearly circumstances in which objects
are di�cult or impossible to recognise from a silhouette. These include objects which
di�er only on surface information (boxes of cereal and boxes of washing powder),
objects which di�er only on ``concave'' information (a bowl with and without cereal
in it) and, as noted above, objects for which most views are identi®able, but certain
unusual views are not (such as foreshortened views of mugs and jugs).

Warrington and James (1986) tested the recognition of 3D silhouettes of familiar
objects which fell into the latter category of being unidenti®able only when depicted
from certain views. The silhouettes were initially presented from an unusual view
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(either a view of the base of the object or an upright, foreshortened view). The object
was then gradually rotated (vertically or horizontally respectively) towards a ca-
nonical view, until the object was recognised. The view at which the object was ®rst
recognised was termed the minimal view. The minimal view varied across vertical
and horizontal directions of rotations for a given object. It also varied across dif-
ferent objects for a given axis of rotation. However, the minimal view was consistent
across subjects for a given object rotating about a particular axis. This provides
further evidence for the conclusion drawn from Section 3 that the canonical view in
depth varies across objects (Newell & Findlay, 1997; Palmer, Rosch & Chase, 1981).

Warrington and James (1986) suggested that accurate recognition required dis-
tinguishing features of the object to be visible. Their results suggest that subjects use
the same distinguishing features given a particular object rotating about a given axis.
Warrington and James (1986) compared right-lesioned patients to neurally intact
control subjects on the silhouette recognition task. The minimal rotations required
by the patients were greater than those needed by the controls, but patients and
controls revealed the same pattern of performance (objects rotating about a given
axis which were relatively easy for the patients to recognise were also easy for the
controls to recognise). This suggests that patients and controls were using the same
information to recognise objects (possibly the same distinguishing features).

A subsequent study by Warrington and James (1991) presented single, 2D sil-
houettes at the view at which 75% of control subjects could recognise the object. In
an object decision task in which subjects had to discriminate between these silhou-
ettes of familiar objects and silhouetted non-objects, right-lesioned patients per-
formed worse than left-lesioned patients, whose performance was no worse than that
of controls. For all three groups of subjects, performance on this object decision task
correlated to their performance on the unusual views test described above, sug-
gesting that the two tests measure the same process of achieving object constancy
across depth rotation. Results from these two tasks indicate that right but not left-
hemisphere lesioned patients have speci®c di�culties in achieving object constancy
for depth-rotated silhouettes, supporting the conclusions of Section 3.2.

3.4. Summary: the achievement of object constancy across depth rotation

The visual system is not perfectly e�cient at achieving object constancy across
depth rotation. Some unusual views (such as foreshortened views) are recognised
slower and less accurately than more canonical views. View-speci®c e�ects are not
dependent solely on the typicality, familiarity or quality of views, since foreshortened
views can be recognised more e�ciently than canonical views if they are primed by a
similar depth-rotated view (see Fig. 3). This suggests that view-speci®c object rep-
resentations are stored by the visual system. The intact visual system uses infor-
mation from di�erent sources and at di�erent spatial scales (global shape and
internal detail). For most views of an object, either local or global information is, by
itself, su�cient to recognise the object. Performance of the visual system only starts
to break down if stimulus information is impoverished (as for most foreshortened
silhouettes, where both local and global information is either absent or misleading)
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or if the system is itself damaged, preventing it from using certain types of infor-
mation (as for HJA and certain right-lesioned patients).

4. What are the e�ects of combining depth rotation and plane rotation?

Sections 2 and 3 reviewed studies investigating the individual e�ects of plane and
depth rotation on the recognition of familiar objects. Following from this, one ob-
vious question is whether common visual transformations compensate for both
plane disorientation and foreshortening on object recognition. Plane disorientation
and foreshortening both increase naming RTs and errors. In addition, the e�ects of
both manipulations reduce with practise at recognising a ®xed set of stimuli (for
plane rotation, see Fig. 2; see also Jolicoeur, 1985; Lawson & Jolicoeur, 1999a; for
depth rotation, see Lawson & Humphreys, 1998a). Nevertheless, these similarities
may be super®cial. More direct comparisons of the e�ects of plane and depth ro-
tation are required before strong conclusions can be drawn. My colleagues and I
have started to conduct such research by comparing the achievement of object
constancy across combined transformations of plane and depth rotation for familiar
objects, both on initial recognition and following training (Lawson, Humphreys &
Jolicoeur, 1999; Lawson & Jolicoeur, 1999b).

5. What are the routes to object constancy?

There are similarities between the e�ects of the di�erent transformations (plane
rotation, depth rotation, removing internal detail), tasks (speeded and unspeeded;
mirror-image discrimination, naming, word-picture veri®cation, sequence recogni-
tion and picture-matching) and subject groups (neurally intact and brain-damaged)
used in the studies reviewed here. However, I have noted important di�erences in the
achievement of object constancy, ®rst, given di�erent image information tested with
the same task (e.g., global shape versus local, distinguishing features, Humphreys &
Riddoch, 1984; drawings with and without internal detail, Hayward, 1998; Lawson
& Humphreys, 1999; Newell & Findlay, 1997), and second, given di�erent tasks
presenting the same stimuli (e.g., comparing mirror-image discrimination to recog-
nition for plane-rotated views of familiar objects, Farah & Hammond, 1988; Joli-
coeur Corballis & Lawson, 1998; Lawson & Jolicoeur, 1998, 1999a; Turnbull &
McCarthy, 1996).

The extraction of view-invariant features is not likely to be an e�ective means of
achieving object constancy for the initial, unconstrained, entry-level recognition of
objects in everyday situations. Nevertheless, if a set of readily distinguishable stimuli
are presented many times for recognition, subjects may learn to extract such features
e�ciently, if such features are available. In addition, subjects may be forced to rely
on using view-invariant features under extreme conditions (for instance, when pic-
tures of objects are presented brie¯y, at low contrast, and are then masked, Lawson
& Jolicoeur, 1998), although performance is then likely to be inaccurate. Finally,
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view-invariant features may su�ce to classify an object at the superordinate level
(an animal) and to indicate its likely entry-level identity (probably a dog, maybe a
cat).

Under most circumstances, it appears that view-speci®c transformation processes
or view-speci®c, stored representations are required to achieve object constancy. The
route to achieving object constancy will depend on the stimuli presented, the context
in which the stimuli must be recognised and the task required. Unfortunately, most
current accounts are under-speci®ed, making it di�cult to devise rigorous empirical
tests of their predictions under these diverse experimental conditions. In order for
our understanding to increase, much more detailed theoretical hypotheses are now
required about the nature of the processes and representations involved in the
achievement of object constancy.
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