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Performance is often impaired linearly with increasing angular disparity between two
objects in tasks that measure mental rotation or object recognition. But increased angular
disparity is often accompanied by changes in the similarity between views of an object,
confounding the impact of the two factors in these tasks. We examined separately the
effects of angular disparity and image similarity on handedness (to test mental rotation)
and identity (to test object recognition) judgments with 3-D novel objects. When similarity
was approximately equated, an effect of angular disparity was only found for handedness
but not identity judgments. With a fixed angular disparity, performance was better for sim-
ilar than dissimilar image pairs in both tasks, with a larger effect for identity than handed-
ness judgments. Our results suggest that mental rotation involves mental transformation
procedures that depend on angular disparity, but that object recognition is predominately
dependent on the similarity of image features.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Mental rotation refers to the cognitive ability to rotate
mental representations of objects. A typical mental rota-
tion task requires observers to perform handedness match-
ing judgments, in other words to determine whether two
images show identical or mirror reflections of a rotated ob-
ject (Shepard & Cooper, 1982; Shepard & Metzler, 1971). A
mental rotation process is inferred in part because of a
viewpoint cost – a linear increase in response times and/
or a reduction in accuracy with increases in angular dispar-
ity between the two stimuli. The viewpoint cost is thought
to correspond to the shortest rotation path between two
stimuli, suggesting that mental representations may be
analog to spatial transformations in the physical world
(Shepard & Cooper, 1982).
. All rights reserved.
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Likewise, variations in the observer’s perspective to
physical objects change the perceived appearance of the
objects and thus affect one’s ability to recognize them.
One kind of object recognition task, identity judgments, re-
quires observers to discriminate whether two images show
the same object, often revealing reduced performance
which resembles a viewpoint cost observed for handed-
ness judgments, when the images are from different views
(Hayward & Williams, 2000; Jolicoeur, 1985; Lawson,
2004; Tarr, 1995; but see Biederman & Gerhardstein,
1993).

Because the viewpoint costs are often comparable dur-
ing handedness and identity judgments, overlap between
mental rotation and object recognition processes has been
suggested. According to view-dependent object recogni-
tion theories, multiple 2-D images of an object are repre-
sented and stored when the object is seen across
viewpoints (Bülthoff & Edelman, 1992; Edelman & Bült-
hoff, 1992; Poggio & Edelman, 1990; Tarr, 1995). To iden-
tify an object, some transformations must be performed
when a new view of an object is encountered and matched
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to the stored view representations. Such transformations
may be based on key features of 3-D structural representa-
tions (Ullman, 1989), or on interpolation between 2-D rep-
resentations (Bülthoff & Edelman, 1992; Poggio & Edelman,
1990). Alternatively, recognition could be based on pro-
cesses similar to mental rotation, with novel views being
transformed to match the nearest stored view (Jolicoeur,
1990; Tarr, 1995).

However, the hypothesis that mental rotation can sup-
port object recognition has been challenged on both logical
and empirical bases. Some researchers argue that an object
must be recognized before its orientation can be deter-
mined and thus it is unlikely that mental rotation would
precede object recognition (Corballis, 1988; Shepard &
Cooper, 1982). Behavioral evidence shows that the view-
point slopes are sharper for handedness than identity judg-
ments (De Caro & Reeves, 2000; Gauthier et al., 2002;
Hayward, Zhou, Gauthier, & Harris, 2006; Vanrie, Willems,
& Wagemans, 2001). While the performance costs for
handedness judgments are monotonically related to angu-
lar disparity (Shepard & Cooper, 1982; Shepard & Metzler,
1971), identification performance is less strictly tied to
angular differences. The viewpoint cost for identification
sometimes increases initially but fluctuates across a wide
range of angular disparities up to 180� (Hayward, 1998;
Hayward et al., 2006; Lawson & Humphreys, 1996; Lawson
& Jolicoeur, 2003). Moreover, the viewpoint effect is some-
times absent during identification of highly familiar ob-
jects (Biederman & Gerhardstein, 1993; Harris & Dux,
2005) but linear viewpoint effects are still obtained during
handedness judgments with highly familiar objects (e.g.,
alphanumerical shapes, body parts; Bonda, Petrides, Frey,
& Evans, 1995; Cooper & Shepard, 1973, 1975; Corballis
& McLaren, 1984). Furthermore, fMRI results suggest that
the viewpoint effects for handedness and identity judg-
ments are associated with different brain areas (Gauthier
et al., 2002; Vanrie, Béatse, Wagemans, Sunaert, & Van
Hecke, 2002; Wilson & Farah, 2006). Therefore, converging
evidence demonstrates that mental rotation and object
recognition can be dissociated despite similar viewpoint
effects. But few studies have examined the basis of the
dissociation.

What information underlies mental rotation and object
recognition as revealed in handedness and identity judg-
ments? Vanrie and colleagues (2001, 2002) began to ad-
dress this issue by comparing viewpoint-dependent
mental rotation with viewpoint-invariant object recogni-
tion. Here, we instead investigated the viewpoint-depen-
dent effects in mental rotation and object recognition, by
dissociating the effects of angular disparity and image sim-
ilarity with objects rotated in depth. Angular disparity
influences visual similarity to some extent, but these two
factors are related in a complex, often non-linear, fashion,
depending on the geometry of objects and the nature of
the diagnostic information. While these two factors can
in principle exert influences of different kinds, the fact that
they can be difficult to disentangle suggests a potential
problem in the results of studies where these issues are
not considered. Although two images of an object may be-
come more dissimilar with increasing angular disparity,
especially when visible features become occluded or a
main axis of elongation becomes foreshortened, angular
disparity and image similarity can also be manipulated
separately (Schwoebel & Srinivas, 2000). Indeed, images
differing by a large angular disparity (e.g., 180�) may some-
times be more similar than images differing by a smaller
rotation (Hayward, 1998). Because these factors are typi-
cally confounded or uncontrolled in mental rotation and
object recognition studies, it is unclear to what extent
the viewpoint costs for handedness and identity judg-
ments are due to spatial processes that compensate for
angular disparity vs. image matching processes that oper-
ate on the similarity between images of the same object.

Several studies have examined the effects of image sim-
ilarity and/or angular disparity on object recognition but
the two factors either have not been systematically manip-
ulated or are confounded. For instance, Lawson and
Humphreys (1996) assumed that images differing by a
smaller rotation are more similar compared to images dif-
fering by a larger rotation. Schwoebel and Srinivas (2000)
selected image pairs for each object based on subjective
similarity ratings, but with similar pairs differing by a lar-
ger angular difference than dissimilar pairs. Hayward et al.
(2006) predicted that image similarity might not be corre-
lated with angular disparity across a wide range of views
but did not systematically manipulate image similarity.
While these studies suggest that image similarity can
determine performance in object recognition, the role of
this factor in identity judgments has not been systemati-
cally compared to that of angular disparity.

Our goal was to determine the contributions of angular
disparity and image similarity to the viewpoint costs aris-
ing from mental rotation and object recognition that are
measured via handedness and identity judgments, respec-
tively. We used a set of 3-D novel objects, similar to those
used in previous studies (Shepard & Metzler, 1971; Tarr,
1995), rotated along the vertical axis for both handedness
and identity judgments. In our object set, the overall sim-
ilarity among all non-occluded images was generally cor-
related with angular disparity. To dissociate the two
factors, we selected image pairs that had been rated
approximately equal in similarity but differing in angular
disparity and other image pairs that were rated either
highly similar or highly dissimilar, both separated by the
same angular disparity. We predicted that viewpoint costs
during identity judgments mainly reflect object recogni-
tion processes’ sensitivity to image similarity, whereas
the viewpoint costs during handedness judgments primar-
ily reflect that mental rotation is sensitive to angular
disparity.

2. Methods

2.1. Similarity ratings

2.1.1. Participants
Sixteen undergraduates (mean age = 19.1) at Vanderbilt

University participated for course credit.

2.1.2. Stimuli
Twelve 3-D objects were created using Carrara 5. All

objects were asymmetrical in left–right/front–back config-
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urations, except for one which was not used in the main
experiment. For each object, images at each 20� rotation
along the vertical axis (0–360�) were used. Any image with
any fully occluded feature was replaced with an adjacent
image (5� or 10� apart) if it showed all features, otherwise
it was excluded. The images were then paired for various
angular disparities (40�/80�/120�/160�), which led to 7–
11 image pairs for each object at each disparity (with a to-
tal of 426 pairs).

2.1.3. Procedure
There were 12 blocks of trials, each for one of the 12 ob-

jects, with order randomized across participants. In each
block, all the images of the object were first shown on a
sheet of paper. Participants were asked to choose two
images that were highly similar and another pair that
was highly dissimilar. This procedure exposed participants
to all images and helped establish a reference for later rat-
ings. Each image pair was then shown once on a computer
screen for up to 10 s, in a random order, and participants
provided similarity ratings on a 1 (highly dissimilar) to 7
(highly similar) scale. Trials across the angular disparities
were randomized.

2.1.4. Results
Based on the mean similarity ratings across partici-

pants, we selected image pairs for the Image Similarity
and Angular Disparity conditions (Fig. 1). Different objects
were used in the two conditions to prevent excessive
familiarity with the objects during the course of the study.
Critically however, the same images were used for both
handedness and identity judgments. For the Image Similar-
ity condition, a similar and a dissimilar pair differing by
40� were selected for each of the five objects (mean rat-
ing = 6.14 for similar, 4.2 for dissimilar). A one-way re-
peated measures ANOVA showed a significant effect of
similarity (F1,15 = 56.67, p < .0001). For the Angular Dispar-
Fig. 1. Top panel shows two image pairs of an object used in the Image
Similarity condition (similar vs. dissimilar, with a fixed angular disparity
at 40�). Bottom panel shows four image pairs of another object used in the
Angular Disparity condition (40� vs. 80� vs. 120� vs. 160�, with no
significant differences in similarity across the angular disparities).
ity condition, an image pair was selected for each of the
five other objects, differing by 40�, 80�, 120� or 160� (mean
ratings = 4.18, 3.97, 3.72 and 3.50, respectively). Although
the similarity ratings were different numerically, the effect
of similarity was not significant for the selected pairs
(F3,45 = 2.45, p = .08), nor did they show a significant effect
of similarity when a linear trend over angular disparity
was tested (F1,15 = 3.00, p > .10). More importantly, any ef-
fect of similarity as a function of disparity was greatly re-
duced compared to when all image pairs for the five
objects were included (F3,45 = 32.4, p < .0001, mean rat-
ings = 4.96, 3.76, 3.2 and 3.18, respectively).

2.2. Main experiment

2.2.1. Participants
A separate group of 21 students (mean age = 21.6) at

Vanderbilt University participated for payment or course
credit. Data from five participants were excluded because
of below-chance performance for handedness judgments.

2.2.2. Stimuli
According to the similarity ratings, 10 image pairs from

5 objects were selected for the Image Similarity condition
and 20 pairs from the other 5 objects were selected for
the Angular Disparity condition. For different trials in
handedness judgment, images were created from rotating
the mirror reflection of the original objects. For different
identity judgment trials, images were randomly selected
from the other four objects with the appropriate rotation.

2.2.3. Procedure1

Four blocks of Image Similarity trials and four blocks of
Angular Disparity trials were interleaved. Within each of
these blocks, there were 16 interleaved 5-trial blocks of
handedness or identity judgments. The order of the Image
Similarity/Angular Disparity blocks and Tasks was counter-
balanced across participants. The trial order of Similarity
Level (similar/dissimilar) and Angular Disparity (40�/80�/
120�/160�) was randomized for each participant. An
instruction screen (3 s) showing ‘‘Same Version?” (for
handedness judgment) or ‘‘Same Object?” (for identity
judgment) was presented prior to each task. On each trial,
a fixation was presented (200 ms), followed by a blank
screen (50 ms), then by a study image (1 s), then by a blank
screen (400 ms), then by a test image (2.15 s). A trial timed
out if a response was not made during the presentation of a
test image. In the Image Similarity condition, there were 40
trials in each combination of Similarity Level, Task and Re-
sponse (same/different). In the Angular Disparity condi-
tion, there were 20 trials in each combination of Angular
Disparity, Task and Response. There were a total of 640 tri-
als. No feedback was given.

Practice trials were given prior to testing, including 40
matching trials (10 Image Similarity and 10 Angular Dis-
parity trials for handedness and identity judgments,
respectively). Based on pilot work, to facilitate perfor-
mance mainly for handedness judgments, the full rotation
1 The procedure was to mirror a future neuroimaging study.
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path of the original and mirror versions of all objects were
also shown in brief (6 s) video clips. Participants judged the
handedness or identity of objects in separate blocks: they
matched whether a test image, which was presented along
with the last image of each video, was identical or mirror
reflection of/different from the object presented in the vi-
deo. Auditory feedback was presented after 3 s or after
an incorrect response. These data were not analyzed. The
entire study lasted approximately 1 h.

3. Results

The mean d’ and RT for correct same trials are illus-
trated in Fig. 2 for the Image Similarity condition and in
Fig. 3 for the Angular Disparity condition. Two-way ANO-
VAs with within-factors Task (handedness judgment/iden-
tity judgment) and Similarity Level (similar/dissimilar), or
Task and Angular Disparity (40�/80�/120�/160�), were
conducted.

3.1. Effects of image similarity

A significant main effect of Task revealed longer RT for
handedness than identity judgments (F1,15 = 29.90,
p < .0001, not significant in d’, F1,15 = 1.92, p = .19). A signif-
icant main effect of Similarity Level revealed that similar
pairs were matched better and faster than dissimilar pairs
(d’: F1,15 = 16.79, p = .001; RT: F1,15 = 5.04, p = .04). There
was a significant interaction between Task and Similarity
in d’ (F1,15 = 4.36, p = .05; not significant in RT: F1,15 = .71,
p = .41). While the advantage in d’ for similar pairs was lar-
ger for identity than handedness judgments, similarity
benefitted both tasks (Scheffé’s ps < .025).

3.2. Effects of angular disparity

A significant main effect of Task revealed better and fas-
ter performance for identity than handedness judgments
(d’: F1,15 = 12.80, p < .005; RT: F1,15 = 17.45, p < .001). The
non-significant effect of Angular Disparity (d’: F3,45 = 1.33,
p = .28, RT: F3,45 = 2.57, p = .066) was modulated by a sig-
nificant interaction between Task and Angular Disparity
Fig. 2. Mean d’ and RT for correct same trials (ms) in the Image Similarity co
Similarity Level. The error bars represent 95% confidence intervals of the interac
in RT, F3,45 = 5.40, p < .005 (not in d’: F3,45 = 1.81, p = .16).
Linear trend analyses also showed a significant interaction
between Task and Angular Disparity in RT (F1,15 = 25.31,
p < .0001), revealing that RT increased linearly with angu-
lar disparity for handedness judgment (p < .005) but not
for identity judgment (p > .31).

4. Discussion

The effects of angular disparity and image similarity on
mental rotation and object recognition can be dissociated.
While the viewpoint cost in handedness judgments is af-
fected by variations in both angular disparity and image
similarity, the primary source of view-dependence in iden-
tity judgments is the similarity of image features.

For handedness judgments, a portion of the so-called
‘‘viewpoint cost” may be associated with spatial transfor-
mation processes (Shepard & Metzler, 1971), as mental
rotation depends on the angular difference between views
of the objects. Observers may complete this task by imag-
ining analog rotations of objects (Shepard & Metzler,
1971), or covertly simulating motor rotation (Kosslyn,
1994; Wexler, Kosslyn, & Berthoz, 1998). In such cases,
intermediate representations between the two target
images are likely formed and responses are slowed
depending on the rotation distance between them. Addi-
tionally, handedness judgments can also depend on how
similar two images are. Observers may rely on image sim-
ilarity to suggest shared features between images, facilitat-
ing the alignment of two views within the same reference
frame. Moreover, there is still some overlap in the neural
networks engaged for both handedness and identity judg-
ments (Gauthier et al., 2002; Schendan & Stern, 2007).
Thus, handedness judgments are also likely to be affected
by factors that influence object recognition if the appropri-
ate information is available, which may be why similarity
influenced both tasks.

Our findings with identity judgments are in sharp con-
trast with the results in handedness judgments and sup-
port the claim that mental rotation is unlikely to be the
underlying mechanism for object recognition (Hayward
et al., 2006; Lawson & Humphreys, 1996; Lawson & Jolico-
ndition (with a fixed angular disparity at 40�), plotting across Task and
tion of Task and Similarity Level.



Fig. 3. Mean d’ and RT for correct same trials (ms) in the Angular Disparity condition (with no significant differences in similarity across the angular
disparities), plotting across Task and Angular Disparity. The error bars represent 95% confidence intervals of the interaction of Task and Angular Disparity.
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eur, 2003). We demonstrate that the source of the view-
dependent effect for object recognition, previously con-
ceived as a ‘‘viewpoint cost”, may not depend on angular
disparity. Instead, object recognition relies on matching
image similarity of objects seen in different perspectives
(Bülthoff & Edelman, 1992; Edelman & Bülthoff, 1992;
Logothetis, Pauls, Bülthoff, & Poggio, 1994; Perrett, Oram,
& Ashbridge, 1998). Our results expand on previous find-
ings and distinguish confounded factors: image similarity
is typically confounded with angular disparity, because ob-
ject rotation can cause self-occlusion of visual features or
foreshortening of axis elongation, compromising the
matching of different images of an object. But the main
influence on performance appears to be the similarity of
images, rather than angular disparity per se.

One possible concern regarding our findings is that we
were unable to entirely disentangle angular disparity from
image similarity. Thus, some of the effects in the Angular
Disparity condition might have been due to similarities
of image features, rather than rotational differences be-
tween viewpoints. However, since our results successfully
dissociated the two factors in the two tasks, the most plau-
sible explanation for our divergent results remains the
large differences in image similarity and angular disparity
that we introduced in the Image Similarity and Angular
Disparity conditions, respectively.

The present study used novel 3-D objects rotated in
depth but the results may also have implications for other
object types. Note, however, that recognition of familiar
objects is also influenced by other factors such as semantic
processing (Curby, Hayward, & Gauthier, 2004), while im-
age similarity is more likely the primary source of informa-
tion for matching novel objects. The effect of image
similarity in object recognition may also depend on the
features that are used at different levels of categorization
(Zhang & Cottrell, 2005). Moreover, the effects could differ
for picture plane transformations that do not affect feature
visibility but affect both left/right and top/down feature
relations. The relative importance of angular disparity
and image similarity in these conditions remains to be
examined. It will also be important to investigate the pos-
sible generalization of our results from sequential match-
ing to other experimental paradigms (e.g., simultaneous
matching, naming tasks).

Future work should also further examine the roles of
the neural substrates that support handedness or identity
judgments. Since angular disparity and image similarity
were not examined independently in previous studies
(e.g., Gauthier et al., 2002; Richter, Ugurbil, Georgopoulous,
& Kim, 1997; Tagaris et al., 1997), it is as of now impossible
to specify the nature of the information processed in occip-
itotemporal areas and parietal areas for the two tasks. Our
work provides a method to address these issues.
5. Conclusion

Our findings have important implications for future re-
search. Specifically, although angular disparity and image
similarity are often correlated (e.g., with all image pairs
in our Angular Disparity condition), their effects can be dis-
sociated (e.g., with our selected pairs). If experimenters are
interested in spatial transformation processes engaged by
mental rotation, image similarity should be controlled.
When interpreting view-sensitive effects in object recogni-
tion, it is important to distinguish the sources of the
effects.
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