
1 Introduction
Moving around in the world, we encounter a large number of objects, which we recognise
almost effortlessly. This is a quite remarkable feat in itself but it becomes even more
intriguing when one takes into account the myriad of views that can be produced by
a single object. Despite large differences in the retinal projections stemming from
an object, we most often recognise it readily. Visual object constancy, the capacity to
recognise an object on the basis of its variable image (Lawson 1999), has evolved into
perhaps one of the most intensely debated topics in vision science. The issue has been
investigated with a great variety of research methods, for example, cognitive psycholog-
ical response-time experiments (eg Biederman and Gerhardstein 1993; Tarr 1995; Tarr
et al 1997, 1998), single-cell recordings in primates (eg Logothetis and Sheinberg 1996),
and, more recently, neuroimaging studies with PET or fMRI (eg Kosslyn et al 1994).
The results, however, have been rather variable and inconclusive. Up to now, a number
of theoretical accounts have been put forward, which can be roughly classified into
two major classes, depending on the nature of the internal representation and conse-
quently the relative importance attached to the observer's viewpoint (for reviews, see
Tarr 1995; Vecera 1998).

One class of theories holds that the recognition of objects is influenced by the
observer's viewpoint, ie recognition is regarded as viewpoint dependent (or view
basedöTarr et al 1997). When the object representations are formulated in a viewer-
centred frame of reference, differences can occur in the reference frames of an incoming
perceptual description and of a stored object description. If this is the case, eg when
an object is seen from a new viewpoint, some type of transformation is presumed to
take place to eliminate this discrepancy. In an experimental setting, then, the postu-
lated time-consuming transformation will be responsible for increased response times,
a typical result of viewpoint-dependent recognition.

Contrary to the previous class, the viewpoint-independent theories (or structural-
description theories in the terms of Tarr et al 1997) do not take the specific viewpoint
into account. From (nearly) all viewpoints the same object representation can be
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retrieved, because the frame of reference is object centred, ie viewpoint invariant.
As there is no need to presume some sort of transformation, these theories predict no
significant effect of changes in viewpoint on, for example, response times.(1)

Both classes of theories have provided empirical evidence favouring their case.
However, when reviewing the relevant empirical literature one instantly notices the
wide range of both experimental paradigms and stimuli with which these contradicting
data have been produced (Hayward and Tarr 1997). Moreover, results also seem to
be correlated with the required level of recognition (Bu« lthoff et al 1995; Tarr 1995):
if the object has to be recognised at `entry level', behavioural measures are relatively
unaffected by changes in perspective. However, in the case of subordinate recognition,
in which fine discriminations are typically required, both response times and accuracy
are far more sensitive to the specific viewpoint used. Furthermore, differences in both
the task a subject has to perform (Lawson 1999) and the specific paradigm that is
used (Verfaillie 1992) can influence which level of representation is tapped (see also
Logothetis and Sheinberg 1996).

Following the line of reasoning above, we can draw two important conclusions.
First, it appears that, depending on the input (stimuli) and the goal (task), recognition
can proceed in various ways. In other words, there seem to be multiple routes to object
recognition. This idea has already been put forward in 1984 by Humphreys and Riddoch
and, more recently, by Lawson (1999), who provided a rather exhaustive review of the
relevant empirical literature.

Second, the nature of the recognition process is affected by `irrelevant' variables
(paradigm, stimuli, etc). Although more and more attention is being paid to this issue
(eg Biederman and Bar 1999; Hayward and Williams 2000; Tjan and Legge 1998), few
studies have explicitly taken this into account, so it would be of great interest to
examine the possibility of producing different behavioural response patterns without a
fundamental change in variables like stimuli or paradigm. This is precisely our major
goal in the present investigation: to disentangle two comparable but distinct routes to
object perception. Importantly, in eliciting these processes we control for the previously
mentioned variables. That is, we utilise an identical paradigm in both conditions and
we make use of a highly similar stimulus set. We wish to demonstrate that, even then,
it is possible to dissociate two recognition processes at the behavioural level. These
processes, although comparable in terms of equivalency of mean response time and
proportion of correct responses, have a totally distinct pattern of results regarding the
influence of the specific viewpoint the objects are presented in. One process shows a
clear dependency on the perspective of the viewer (viewpoint-dependent results) while
the other remains unaffected by changes in viewpoint (viewpoint-independent results).
Again, this dissociation will be apparent despite the similarity in paradigm and stimuli.
For stimuli, we developed a standard set of block-like objects (see figure 1), which
were used in both conditions, and additionally for each condition a specific set of
objects with a specific sort of violation. The precise nature of the conditions and
the object violations will be discussed next.

1.1 Viewpoint dependency
To elicit a viewpoint-dependent process, we returned to the well-established method of
asking subjects to discriminate between an object and its mirrored counterpart. Shepard
and Metzler (1971) demonstrated that, in this case, response times constitute a linear
function of the angular difference (AD) between the two presented figures, indicating

(1) At this point, it is important to note that, although the relationships viewpoint independencyöno
effect on response timesöand viewpoint dependencyöincreased response timesöare fairly easily
accepted, some evidence suggests this assumption should be met with caution (see Biederman and
Gerhardstein 1993; Wagemans et al 1996).
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that subjects mentally rotated one of the objects. Since then, the increasing response-time
curve in such `handedness' tasks has been replicated frequently (for reviews, see Corballis
1988; Kosslyn 1994; Takano 1989). There seems to be a consensus that a handedness task
elicits the mental-rotation process (for an exception, see Cohen and Kubovy 1993). Even
the proposed object-centred representations do not code for handedness [eg Biederman
and Gerhardstein (1993); see also Takano (1989) who states that only handedness infor-
mation is `orientation free']. Certainly, when the discrimination of mirrored objects is
not at stake, the possible role of mental rotation is far more disputed (eg Perrett et al
1998; Willems and Wagemans 2001). However, the mental-rotation process itself remains
perhaps the clearest example of viewpoint dependency in visual object perception and
seems therefore highly appropriate in the present investigation.

1.2 Viewpoint independency
In all viewpoint-independent theories, the extraction of invariant features plays an
essential part in constructing an object-centred representation. By introducing a diag-
nostic feature which remains invariant across rotations in depth it is possible to make
explicit the process of employing invariants in recognition (for a review, see Vecera
1998). Furthermore, the use of invariant features should be apparent in the behavioural
response pattern: both Eley (1982) and Biederman and Gerhardstein (1993, experi-
ment 5) found no effect of changes in viewpoint. On the other hand, not all structural
features of an object are equally efficacious in the recognition process: Todd et al
(1998) found that, even when all differences in these properties were metrically equiv-
alent, topological properties were more salient than affine properties, which were in turn
more salient than Euclidean properties. In the present investigation, we constructed a
specific variant of the standard set of objects by introducing a diagnostic feature that
remained invariant across rotations in depth. More specifically, the angle of attach-
ment of all the side components was altered (see figure 1a and section 2.1.2 for details).
In this way, there was a qualitative distinction between objects with orthogonal side
components and those with skewed side components. The implications of this specific
invariant feature will be taken up further in section 3.

2 Experiment
2.1 Methods
2.1.1 Subjects. Ten undergraduate students (three male, seven female) participated in
the experiment for course credit. They were na|« ve with respect to the purpose of the
experiment. All subjects had normal or corrected-to-normal vision.

2.1.2 Stimuli. Stimuli consisted of 2-D perspective drawings of a set of twenty-seven
objects (see figure 1). Four components were constructed by connecting cubes at the
faces: a main limb (consisting of seven cubes) and three smaller limbs (consisting of
one, two, and three cubes). The smaller limbs were attached face-to-face onto the
main limb. The ordering was systematically varied so that there would always be two
side components in the same plane but on opposite sides of the main limb. This
procedure resulted in a standard set of nine front/back and left/right asymmetrical,
solid objects (cube edges were not drawn).

In addition to the standard set, a specific set of objects was constructed for each
separate condition. For the handedness condition, this consisted of `mirror' versions
of the standard set of objects. In essence, this came down to specific displacements of
the side components: we relocated each of the two co-planar side components to the
opposite side of the main limb (figure 1b). For the invariance condition, the angle of
attachment of the side components to the main limb was altered. Whereas the face-to-
face connection in the standard objects resulted in orthogonal angles, the attachment of
a smaller limb was now no longer orthogonal. With the main limb in the vertical
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orientation, the side components were tilted upward or downward by 108 (figure 1a). The
direction of tilt (upward or downward) was random but had to be opposite for the two
limbs in the same plane. The relatively small but qualitative difference was thus the angle
formed by a small limb and the main limb: this was 908 (orthogonal) in one set of
objects and 808 or 1008 (skewed) in the other set of objects.

Next, we produced twelve different images of each of the twenty-seven objects
(ie nine standard, nine mirrored, nine skewed objects). The objects in their upright
position (with the main limb oriented vertically) were rotated 458 in the plane in a
counterclockwise direction and slanted 458 backwards. For every object, the view
obtained in this way was taken as the standard view (ie the `08 view'). Rotating the object
around the length axis of the main limb in steps of 308 generated twelve different views
of each object, which represented the actual stimuli.(2) These were copper coloured
against a black background and subtended approximately 3.30 deg63.10 deg. Two views
were presented simultaneously, next to one another, separated by 7.40 deg on a 17 inch
SVGA CRTwith a spatial resolution of 1024 pixels6768 pixels and a temporal resolution
of 75 Hz.

2.1.3 Design. All subjects performed two conditions: the handedness and invariance
conditions. In each condition the images of eighteen objects were used: the standard
set of nine objects plus the nine condition-specific objects. For all eighteen objects,
one of the twelve viewpoints was selected that would appear in all trials in which the
object in question was used. The selected view was then combined with each of the
twelve views of the same object, resulting in twelve `match' trials with ADs of 08, 308,

(2) It is important to emphasise the nature of the difference between the 08 view of a standard
object and that of its mirrored counterpart. Namely, the two co-planar side components are located
on opposite sides of the main limb, while the remaining third component is in the same place.
Note that in the present experiment this constitutes an angular difference (AD) of 08. However, if
one of the objects is rotated to the 1808 view, the two co-planar side components would again be
in the same location, but the remaining single component would now be located on the opposite
side of the main limb. This constitutes an AD of 1808. However, since the actual angular difference
for a subject depends on what is taken as the `anchor' to mentally rotate the object (ie the two
planar components or the single component), a specific angular difference between two non-matching
objects can be seen as either large or small. Consequently, results in terms of the influence of AD
on response times and error rates of judgments on non-matching objects will be difficult to inter-
pret. For matching trials, AD is unambiguous.

(a)

(b)

Figure 1. Examples of non-match trials,
(a) in the invariance condition (left
objectöskewed; right objectöorthogonal;
AD � 908) and (b) in the handedness
condition (AD � 608).
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608, 908, 1208, 1508, and 1808 between the two presented views. For the `non-match'
trials, the selected view of each of the eighteen objects was combined with each of the
twelve views of the corresponding object in the other set. So, a non-match trial in the
handedness condition consisted of a view of an object and a view of its mirrored
counterpart (figure 1b). In the invariance condition, the two objects were either both
orthogonal or both skewed in case of a match trial, whereas for a non-match trial
they differed in the angle of attachment of their side components, that is, one was
orthogonal and the other skewed (figure 1a). So, the objects in a non-match trial could
only differ in one feature: a handedness violation (ie the location of the side components)
in the handedness condition or an invariance violation (ie the angle of attachment to
the main limb) in the invariance condition.

In half of the twelve trials, the selected viewpoint was presented as the left object.
The angular difference between the two viewpoints varied from 08 to 1808 in steps
of 308. In sum, for each condition 18 (objects)62 (match)612 (views) � 432 trials were
presented. The order of trials was randomised independently for each subject.

2.1.4 Procedure. All subjects performed two separate sessions, on two separate occasions,
with one condition presented in each session. Half of the subjects started with the
handedness condition, the other half with the invariance condition. In both conditions,
a simultaneous, same ^ different judgment paradigm was used.

Subjects were seated in front of the CRT at a distance of about 80 cm, in a dimly
lit room. Prior to each session subjects were informed about the nature of the stimuli,
the way in which they could differ, and the task they had to perform. After some
practice trials, the actual experiment began. Two views were presented next to one
another (see figure 1) and subjects judged whether the objects were the same (M key)
or different (Z key), regardless of possible rotations in depth. Stimuli were visible until
subjects responded, after which a 500 ms black screen was shown, followed by the
display of a new stimulus pair. The presentation of the stimuli was controlled by a
program developed in Superlab Pro,(3) which also recorded the response and response
time. Subjects were instructed to respond as quickly and as accurately as possible.

2.2 Results
Prior to the analysis 1.6% of the data were removed as outliers, ie trials with a response
time larger than the mean response time plus three standard deviations (calculated per
subject for each condition separately).

2.2.1 Response times. For each subject, response-time means per angular difference for
each of the two conditions were calculated, differentiating between matches and non-
matches. The data were analysed through an ANOVA having as within-subjects variables:
Object violation (handedness or invariance), AD (08, 308, 608, 908, 1208, 1508, or 1808),
and Match (same or different). The significant effect of Object violation (F1 9 � 16:71,
p � 0:003) showed that, in general, the mental rotation is executed more slowly than the
invariance task (3529 ms versus 2497 ms). The effect of AD was also highly significant
(F6 54 � 34:68, p 5 0:001). Both the Match6AD interaction (F6 54 � 45:38, p 5 0:001)
and the Object violation6AD interaction (F6 54 � 18:37, p 5 0:001) were highly signifi-
cant. The latter effect is important because it shows that AD influences response times
in the handedness condition, but not in the invariance condition; a Tukey (HSD) test
indicated that in the invariance condition none of the means differed significantly from
any other (all p 4 0:05), while these differences were present in the handedness condi-
tion. The Match6AD effect showed that, for match trials, larger AD yielded larger
response times (with the exception of 1808 AD, which yielded a value somewhat smaller

,
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,

(3) Cedrus Corporation, PO Box 6188, San Pedro, CA 90734, USA (1997).
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than 1508 AD). For non-match trials, however, response times seemed to decrease with
increasing angular difference.

Finally, the three-way interaction Object violation6Match6AD was also highly
significant (F6 54 � 44:67, p 5 0:001), and can be seen in figure 2. We see no effect of
AD in the invariance condition. However, in the handedness condition the variable AD
seems to have a strong effect on match trials while this is not the case for non-match
trials.

The linear trend, present in the response times on the correct match trials in the
handedness condition (figure 2a), was tested and found significant (F1 9 � 144:72,
p 5 0:001). Through a linear regression, the speed of rotation was estimated to be 638 sÿ1.

2.2.2 Accuracy. For the two conditions the mean proportion of correct responses per
AD both for matches and for non-matches was calculated. The analysis was as for
the response times. The ANOVA yielded a significant main effect of AD (F6 54 � 7:97,
p 5 0:00001) and the kind of Object violation (F1 9 � 20:18, p 5 0:002). Furthermore,
the mental rotation yielded more correct responses (0.93) than the use of invariant
features (0.84).

The significant AD6Match interaction (F6 54 � 4:84, p 5 0:001) indicated that the
proportion of correct responses on match trials generally declined with increasing AD
(Tukey HSD), while this was not the case for non-match trials. Although Object violation
and AD did not interact significantly (F6 54 5 1), the three-way interaction (figure 3)
was highly reliable (F6 54 � 3:21, p 5 0:009). Means per AD in the invariance condition
did not differ significantly. This was also the case for non-matches in the handedness
condition. For match trials, however, significant differences in the means per AD were
found (eg 1508 AD yielded significantly worse performance than 08, 308, and 608 AD).
Thus, although the effects on accuracy were generally smaller than on response times,
the general pattern of interactions was preserved and the directions of the effects
were in agreement (ie when response times increased, accuracy decreased).
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Figure 2. Mean response time on (a) match trials and (b) non-match trials per angular difference
(AD) for both conditions.
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3 Discussion
With response times as the dependent variable, the interaction between AD and Object
violation points to a clear dissociation between the two conditions: AD had no effect
in the invariance condition but a strong effect in the handedness condition. Apparently,
AD also affected match and non-match trials in an opposite way, an observation which
was supported by the significant Match6AD interaction and the significant three-
way interaction. Trials in which identical objects were presented show a linear increase
in response time with increasing values of AD, a pattern consistent with an explana-
tion in terms of an analogue mental transformation through the shortest 3-D path
(Shepard and Metzler 1971). In this way the objects, seen from the observer's perspective,
are aligned and then compared. However, when subjects are presented with different
objects, they respond faster if the angular difference increases. Although results on
non-match trials are usually difficult to interpret, it seems that, in this case, the con-
sistent decline can be accounted for. The explanation is found in the specific `anchor'
subjects use to mentally rotate the objects, ie those components of the object which
subjects fixate and which have to be aligned in order to compare the objects (see also
footnote 2). For subjects who take the `isolated' side component as anchor, a theoret-
ically defined AD of 1508 constitutes a factual AD of 1508. However, for subjects who
take the two co-planar side components as anchor, a theoretically defined AD of 1508
constitutes in fact an AD of 308. For example, in figure 1b, the AD is defined as 608,
ie if you take the isolated side component as anchor, you would have to rotate the
left figure 608 (clockwise) to align it with the right figure (after which you are able to
compare if the other components are at the same location). However, for subjects who use
the two co-planar side components as anchor, the shortest 3-D path to align both
objects is to rotate the left object 1208 (counterclockwise). If this is indeed the strategy
most subjects in the experiment used, the decreasing slope for the response times is
readily explained because for the majority of the non-match trials, then, a theoretically
`small' AD was in fact a `large' AD and vice versa. Unfortunately, both the strategies
were probably used intermittently in the experiment (eg a non-match trial with an AD
of 1508 was experienced by some as an AD of 308 and by some as an AD of 1508), thus
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making the effect of AD less clear. The proportion of correct responses is in general
negatively affected by the variable AD. Looking at the four Object violation6Match
conditions, it again turned out that only the match trials in the handedness condition
were systematically affected by AD. The direction of the effect (declining proportion
of correct responses) confirmed that objects separated by larger angular differences
in the handedness condition were also more difficult to compare according to this
measure. This is not obvious given the overall speed ^ accuracy tradeoff, which has
affected the relative difficulty of the two major experimental conditions. Indeed,
trials in the invariance condition were executed faster, but less accurately than the trials
in the handedness condition. In particular, the high proportion of correct responses in
the handedness condition (0.93) is remarkable. It seems as if trials in this condition
were performed èxhaustively', ie subjects were focusing on a single trial until they were
sure of a correct response. In this case, accuracy outweighs speed of performance.
Furthermore, changing the angle of skewing for objects in the invariance condition
would not have improved the equivalence in overall performance. In a pilot study,
designed to find precisely the most appropriate amount of skewing, we found that
decreasing the amount of skewing indeed increased mean response time but reduced
accuracy at the same time. The equilibrium in the tradeoff between speed of perform-
ance and accuracy was situated exactly on the 108 level of skewing angle.

We have thus demonstrated that even with similar stimuli and an identical paradigm,
distinct routes to object recognition could be elicited. Note that the dissociation between
mental rotation and orientation-invariant recognition has already been demonstrated in
a neuropsychological case-study report by Farah and Hammond (1988). Our investiga-
tion, using healthy subjects and controlling for stimuli and paradigm, thus replicates and
extends this finding. In addition, our results also relate to some extent to those of two
recent studies by Biederman and Bar (1999) and by Johnston and Hayes (2000).

In a sequential same ^ different judgment paradigm with novel objects, Biederman
and Bar (1999) observed relatively low costs of changes in viewpoint when the second
object differed in a non-accidental property (NAP) of a single part. On the other hand, a
change in viewpoint did reduce dramatically the detectability of so-called MP differences,
ie differences in the metric properties of the objects. Johnston and Hayes (2000), on the
other hand, created two sets of objects that were either matched for `unary-feature'
information (all objects consisted of the same parts) but varied in `binary-feature' infor-
mation (objects differed in their global spatial configuration) or vice versa (ie objects
consisted of different parts arranged in the same global configuration). In their study,
performance in matching object views separated by rotations in depth was found to be
viewpoint dependent for both object sets (although the rotation costs were much smaller
when objects were used that differed in unary features).

Apart from differences in experimental paradigms, the modification in our
condition-specific objects is quite distinct from that in the previous studies. Our `skewed'
objects in particular make up a special case. They are clearly matched for unary features,
that is, they consist of the same parts. This avoids the controversial issue of introducing
different geons in the object set (Biederman and Gerhardstein 1993; Tarr et al 1997).
Contrary to the mirrored objects, however, they also preserve the global configuration
of the parts (binary features). Nevertheless, we clearly observed viewpoint invariance.
Moreover, some of the MP differences in the Biederman and Bar (1999) study which
were extremely hard to detect in rotated objects consist of a change in the angle at
which two geons are connected. At this point, it is important to note that one single
projected angle should not be regarded as invariant. Indeed, an orthogonal angle seen
from arbitrary viewpoints will remain orthogonal in the image only very rarely. For a
single orthogonal angle, this results in considerable perceptual ambiguity, as shown
convincingly by Willems and Wagemans (2000). For this reason, all three angles were
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altered in the present experiment. So, the `invariant' feature in the present experiment
actually consists of a collection of features which by themselves are not invariant
over rotations in depth. It can be shown mathematically that this qualitative property,
specified by the ensemble of visible angles, does remain invariant over viewpoints.
Previous research has shown that human observers are sensitive to these qualitatively
invariant properties (eg Kukkonen et al 1996; Wagemans 1993; Wagemans et al 2000).

4 Conclusions
In this study, subjects had to perform the same task (simultaneous matching from
different viewpoints) with the same target objects (multiblock figures) and performance
depended strongly on viewpoint when the two objects were mirror versions and did
not depend on viewpoint at all when a distinction had to be made between orthogonal
and skewed objects. As mentioned in section 1, the issue has beenöand will continue
to beöapproached from quite different angles. We designed an fMRI experiment in
which six subjects performed the two conditions described here in alternate blocks
(Vanrie et al 2001). In line with the conclusion drawn from this investigation, we
observed a dissociation in the brain patterns underlying the two recognition processes.
The neurofunctional results indicated that all cortical areas activated in the invariance
condition were also activated in the handedness condition. However, parietal areas
were more activated than occipito-temporal areas in the handedness condition, while
this pattern was reversed in the invariance condition. Furthermore, compared with the
invariance condition, the handedness condition differentially activated several areas
in the superior parietal cortex, parts of the intraparietal sulcus, the frontal eye fields,
and V5/MT. This converging evidence not only strengthens the increasingly accepted
idea that multiple routes to object recognition exist, but also demonstrates that these
routes can be elicited in the same experimental paradigm, with highly similar stimulus
objects. It is probably more fruitful if future research would further investigate the
circumstances in which viewpoint effects are present or absent (or better still, strong
versus weak) rather than attempting to demonstrate that object recognition is view-
point dependent or independent.
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