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Abstract
Spatial generalization skills in school children aged 8–16 were studied with regard to unfamiliar objects that had been previously learned in
a cross-modal priming and learning paradigm. We observed a developmental dissociation with younger children recognizing objects only from
previously learnt perspectives whereas older children generalized acquired object knowledge to new viewpoints as well. Haptic and – to a lesser
extent – visual priming improved spatial generalization in all but the youngest children. The data supports the idea of dissociable, view-dependent
and view-invariant object representations with different developmental trajectories that are subject to modulatory effects of priming. Late-developing
areas in the parietal or the prefrontal cortex may account for the retarded onset of view-invariant object recognition.
© 2006 Elsevier B.V. All rights reserved.
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Theories of human object recognition generally assume that
image features extracted from single, static two-dimensional
(2D) views are related to some form of internalised object representation. Concerning the quality of such representations there
are two dominant views. On the one hand, it has been postulated that objects are mentally represented by three-dimensional
(3D) configural descriptions in terms of parts or components
(e.g. [1–3]). This class of theories generally predicts spatial generalisation, i.e. observers should be able to recognize objects,
which have been previously learnt from a limited number of
viewpoints only, also from novel, i.e. previously unseen perspectives, as long as the objects can be decomposed into a unique
configuration of parts that do not occlude each other. On the
other hand, a wide range of so-called image-based models have
been proposed that generally assume that 3D objects are represented in terms of multiple, viewer centred 2D views (e.g. [4–6]).
These theories generally predict a pronounced viewpoint dependency of object recognition unless the number of views is sufficiently large to enable the visual system to interpolate between
them.
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While both types of representations often have been discussed
as mutually exclusive alternatives, more recent evidence from
behavioural [7–9], neuropsychological [10–13] and neuroimaging [14] studies suggests that the two formats might co-exist in
the brain, and that the visual system draws upon them in a taskdependent manner. Multiple representations are also plausible
given the fact that knowledge of object geometry has an intrinsic multimodal sensory quality as it may be acquired both by
vision and touch [15–18]. Experiments on cross-modal object
learning show that even a short haptic exploration of objects
(haptic priming) has long-lasting facilitating effects on subsequent visual learning that are stronger than in condition of a
purely visual exploration (visual priming) [19]. This facilitation is particularly pronounced for objects with complex part
structure, suggesting that haptic exploration might generate substantial information on object shape in a format that is readily
accessible by the visual modality.
We have shown in previous work that the ability of a crossmodal transfer of configural information in object recognition
does not develop before late adolescence, i.e. at an age of 13–14
years [20]. The present study aimed to further substantiate the
link between the development of cross-modal learning and the
representations underlying object recognition. For this purpose
we tested spatial generalization skills in 60 school children
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Fig. 1. (A) Top: the three learning objects used in the experiments. Note that objects 2 and 3 are left/right mirror-symmetric versions of each other. The objects were
generated both as real and as computer-graphic, virtual models. Bottom: examples of learning views generated from the virtual models. (B) Sampling grid of the
viewing sphere used to generate learning views. The sampling employed a step width of 60 deg plus a random angle around the virtual camera axis.

aged 8–16 with regard to unfamiliar, artificial objects that had
been previously learned in a cross-modal priming and learning
paradigm. It was hypothesised that effects of age and priming on
the recruitment of multiple object representations should manifest themselves in different degrees of recognition invariance
with regard to novel object views that had not been encountered
during the learning phase of the experiment.
A stimulus set of three molecule-like learning objects (Fig. 1)
was employed. The unfamiliarity of the stimuli ensured that the
learning process was completely under experimental control and
minimized confounding effects due to naming and conceptual
world knowledge. Each object was composed of four spheres.
Three spheres formed an isosceles triangle, while the fourth was
placed perpendicular above the centre of one of the base spheres
(Fig. 1A, top). Because of this construction principle the three
objects only differed in the spatial configuration of their constituent parts, resulting in two types of objects: a non-symmetric
object (object 1) and two objects that were mirror-symmetric
to each other (objects 2 and 3). All objects were generated
both as physical models and as virtual models. Physical models were constructed from polystyrene balls each measuring
6 cm in diameter. Virtual models were generated by means of a
3D graphics software package (Open Inventor, Silicon Graphics Inc., USA) and displayed as perspective 2D projections on
a SGI O2 workstation (Silicon Graphics Inc., USA). From the
virtual object models two sets of views were generated. The first
set, used to train the participants, was obtained by sampling the
viewing sphere in 60 deg steps (Fig. 1B). Views redundant due
to object symmetry were eliminated, resulting in 22 views in
total (6 views for object 1, 8 views for both objects 2 and 3; cf.
Fig. 1A, bottom). The second set of views, used to test spatial
generalization, was obtained by sampling the viewing sphere in
an analogous manner in 30 deg steps, resulting in a further 83
views (21 for object 1, 31 for both objects 2 and 3). Because
of the sampling interval, 19 of the 83 test views were old views
(i.e., they were identical to those used for training), whereas the
others were new views for the subjects. At the viewing distance
of 1 m the object views subtended a visual angle of 1.5 deg.
The experiment consisted of three parts: priming phase,
supervised visual learning and generalisation test. During the
priming phase the subjects either explored the physical object

with their hands being blindfolded (haptic priming condition), or
they explored the virtual models visually by rotating them successively around the three axis on the computer screen (visual
priming condition) by means of the computer mouse. No instruction other than the invitation to familiarize themselves with the
objects was given in either condition. Both haptic and visual
priming lasted for 5 min and were immediately followed by
the second part of the experiment, the supervised learning. As
a baseline for the two priming conditions a neutral (control)
condition was included, where subjects entered the supervised
learning directly, i.e. without prior exploration of the objects.
The supervised-learning procedure was partitioned into
learning units (see [20] for details), each consisting of a learning
phase and a test phase. During the learning phase each of the 22
views of the learning set was presented once for 250 ms and in
random order, followed by the corresponding object label (“1”,
“2” or “3”) displayed for 1 s. During the test phase, each learning
view was presented once and assigned to one of the three objects
by the observer. Upon completion of the test phase, participants
received feedback concerning the percent correct value of their
responses. Each subject performed a series of 12 learning units,
which were completed within 50 min. For the learning unit with
the maximum percent correct value in this series, the classification frequencies of each object were transformed into d scores
[21], in order to obtain a stable, bias-free sensitivity measure

dmax
characterizing the learning status of the subject.
The final part of the experiment assessed spatial generalisation. Here each of the 83 test views was presented three times
for 250 ms and in random order. Participants had to assign each
view to one of the objects 1–3 by pressing the corresponding key
of the computer keyboard. For old views and novel views, classification frequencies were separately derived for each object
and transformed into d scores.
Participants were assigned into four age groups (8–9, 9–10,
13–14 years, 15–16 years) and to one experimental condition
defined by the type of priming (haptic, visual or control) used
in the first part of the experiment. Each of the four age groups
had equal number of participants in each condition.
A preliminary three-way ANOVA (object type × age
group × priming condition) revealed, for both the data on learning and generalization, significant main effects of object type,
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Fig. 2. Effect of age and priming condition (haptic, visual, control) on learning status and generalisation performance. (A) Learning status, as reflected by the


for recognizing the non-symmetric object 1 and the mean d for the (mirror-)symmetric objects 2 and 3. Individual dmax
scores were derived
sensitivity measures dmax
by transforming for each subject the classification frequencies of each object in the learning unit with the highest overall performance. (B) Spatial generalization for
non-symmetric and symmetric objects. For each priming condition and age group, shaded bars represent the mean classification scores (d ) of new views, whereas
open bars refer to the classification of old views. Error bars S.E. (N = 5).

age group and priming condition. The only significant interaction was between priming condition and age. To further explore
this interaction, the data of the non-symmetric object 1 and the
data of the two mirror-symmetric objects 2 and 3 were analysed
in separate two-way ANOVAs (age group × priming condition)
in the following.
Fig. 2A displays learning performance in terms of the average

dmax
values in each priming condition and age range. The data
are split into two columns according to object type, indexing
the classification of the non-symmetric object 1 and the mean
of the two (mirror-)symmetric objects 2 and 3, respectively. The
data shows a distinct increase of learning performance with age
(non-symmetric object: F(3, 48) = 47.87, p < 0.001); symmetric objects: F(3, 108) = 32.04, p < 0.001)) that is modulated by
priming. In case of the non-symmetric object, the main effect
of priming condition was close to significance (F(2, 48) = 2.90,
p = 0.06) and there was a significant interaction of priming condition and age (F(6, 48) = 2.29, p < 0.05). For the symmetric
objects the main effect of priming condition was significant (F(2,
108) = 2.54, p < 0.05) whereas the interaction of priming condition and age was not (F(6, 108) = 1.62, p = 0.14).
Inspection of Fig. 2A suggests that, consistent with previous
results [20], haptic priming facilitates learning of older children but not that of children in the youngest age group. An

additional a posteriori contrast analysis showed a significant
(p < 0.05) advantage of haptic priming relative to the control
condition in age groups 9–10 (non-symmetric and symmetric
objects) and 15–16 (symmetric objects only), which turned into
a significant disadvantage for children aged 8–9 (non-symmetric
and symmetric objects).
Spatial generalization for the two types of objects is summarised in Fig. 2B. For each priming condition and age group,
shaded bars represent the mean classification scores of new
views, whereas open bars refer to the classification of old views.
Because recognition performance for old views and new views
necessarily depends on learning status, i.e. the score achieved
in the learning task preceding the generalisation test, an anal
ysis of covariance (ANCOVA) was conducted using the dmax
scores obtained during learning (Fig. 1A) as covariate. Taking
into account learning status in this way rendered the effect of age
non-significant for the recognition scores of the non-symmetric
object (old views: F(3, 47) = 1.38, p = 0.26; new views: F(3,
47) = 0.88, p = 0.46). In contrast, for the symmetric objects
age significantly affected the recognition of new views (F(3,
107) = 3.96, p < 0.01) but not of old views (F(3, 107) = 2.03,
p = 0.12). Priming effects were significant for the recognition
of new views (non-symmetric object: F(2, 47) = 4.27, p < 0.05;
symmetric objects: F(2, 107) = 9.92, p < 0.001); they were only
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approaching significance for the recognition of old views of the
non-symmetric object (F(2, 47) = 3.09, p = 0.06) and were nonsignificant for the symmetric objects (F(2, 107) = 0.11, p = 0.90).
Interactions of age and priming condition were non-significant
for the non-symmetric object; for the symmetric objects they
were significant for new views (F(6, 107) = 3.21, p < 0.01) but
not old views (F(6, 107) = 0.18; p = 0.84).
These results indicate a differential effect of age and priming
on the recognition of new as opposed to old views. For the recognition of new views, an additional a posteriori contrast analysis
showed a significant (p < 0.05) advantage of haptic priming relative to the control condition in age group 9–10 (non-symmetric
objects only), 13–14 (non-symmetric and symmetric objects)
and 15–16 (non-symmetric and symmetric objects). This advantage was absent for children aged 8–9 (non-symmetric and
symmetric objects). For the recognition of old views, all contrasts were non-significant.
Fig. 2B shows that the recognition of old views improves
faster with increasing age than that of new views and parallels
the developmental trajectory of learning status, shown by the

dmax
scores in Fig. 2A. The performance difference between
old and new views indicates a pronounced viewpoint dependency of recognition. However, this difference is strongly modulated by priming. Both visual and haptic priming distinctly
improve classification of the new views, thereby reducing the
old–new discrepancy up to the point where performance with
regard to the two types of view becomes equivalent—the hallmark of viewpoint-independence. Haptic priming proved more
effective than visual priming in advancing the development of
viewpoint-independence: in case of the non-symmetric object a
near independence is observed in children aged 9–10 for haptic
priming, but only in children aged 13–14 for visual priming.
In case of the symmetric objects, only haptic priming enables
viewpoint-independence in the oldest children (15–16 years). In
contrast, children in the control condition only show a marginal
improvement of performance towards viewpoint-independence
in case of the non-symmetric object, whereas recognition of the
symmetric objects remains clearly view-dependent throughout
the tested age range.
Our data thus demonstrates a developmental dissociation
between view-dependent and view-invariant object recognition
during adolescence. Whereas the unsurprising improvement of
learning performance with increasing age is directly reflected
in the gradual improvement of recognition performance for old
views in the generalization test, performance with regard to new
views shows a marked retardation. Mental rotation skills are
unlikely to account for this retardation as such skills develop
much earlier in life, and children as young as five have been
shown to use them for tasks involving perspective taking or spatial comparisons [22,23]. Moreover, even when assuming that
older children find mental rotation easier to use for object recognition purposes than younger children the “difficulty” of mental
rotation may have two reasons: it could mean that in young children (1) the necessary 3D object representations to which mental
transformations such as 3D rotations could be applied are not
yet in place, or (2) the skill proper to apply mental transformations to existing representations is insufficiently developed.
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The distinct facilitation of recognition brought about by haptic or visual priming clearly favours the first alternative. When
classifying new (but not old) views, children aged 9–10 who
had received haptic priming performed significantly better than
subjects aged 13–14 with no priming (control condition) for
both the non-symmetric (t(8) = 2.63, p < 0.05) and the symmetric (t(18) = 2.1, p < 0.05) objects. Given our paradigm it would
seem unlikely that a few minutes of haptic exploration should
boost subjects’ mental rotation skills to a level that exceeds performance of control subjects who are 4 years older.
A more parsimonious explanation is that priming (haptic
or visual) triggers the recruitment of existing representations
that preserve the spatial structure of 3D objects and permit the
use of mental transformations (such as rotations) to achieve
viewpoint-independence. The observed retardation could then
be explained on the assumption that young children do not have
representations allowing view-independent recognition, or that
such representations do exist but that children are disinclined
to use them. Our present results do not permit to distinguish
between these two possibilities as they provide partial evidence
for either interpretation: the modulating effect of priming (visual
or haptic) suggests a strategic component, whereas the absence
of generalization skills in very young children would seem to
indicate a rigid developmental constraint.
While the exact relationship between these two factors
remains an issue for future research, our data clearly supports
the idea of a non-unitary representation of objects in the brain.
Multiple formats have been postulated previously to account for
view-dependent and view-independent benefits in object priming and learning, and the type of representation tapped by a
particular task has been shown to depend on object class [12,24]
and the engagement of attention [7,9]. The possibility of a selective impairment of viewpoint-independence in brain-damaged
patients (e.g. [10–13]) suggests dissociable neural subsystems
for the different formats, and even a hemispheric specialisation
for certain classes of stimuli depending on their preferred representation [10,12,25].
Evidence from brain imaging [14] shows that areas selective
for objects and non-objects during priming tasks form clusters with view-dependent areas in the right fusiform cortex,
whereas areas only selective for objects (but not non-objects)
cluster together with view-invariant areas in the left fusiform
cortex. This indicates that learning (i.e. the process of a ‘nonobject’ becoming an ‘object’) may involve the transition from
a purely view-specific format to a dual representation including
both a view-dependent and view-independent component (see
also [7]). A dual representation could also account for a slight
bias in our generalization data favouring old views (Fig. 2B), as
recognition of the latter could rely both on the view-dependent
and view-invariant component, whereas the recognition of novel
views would necessarily rely on the view-invariant representation only.
As for the developmental trajectory of the observed
dissociation between the two formats, the delayed onset of
viewpoint-independence and the facilitating effect of visuomotor interaction may be accounted for by late-developing structures in the parietal or the prefrontal cortex. Within the former,
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the angular gyrus is known to be one of the last myelinating areas
of the human cortex [26] and an important platform of multisensory associative integration. Lesions of this area may cause
Gerstman’s syndrome, which includes finger agnosia, left-right
confusions as well as agraphia and which has been characterized
as an impairment in the manipulation of mental images [27].
It seems conceivable that the late development of this structure may impede the ability to relate mental representations of
objects to the motor programs that guide haptic or visual object
exploration in our two priming conditions. A crucial role in the
perception–action cycle is also played by the prefrontal cortex
(PFC), which controls the generation of complex sensorimotor sequences by connecting sensory areas with motor areas in
the cerebral cortex [28]. The PFC is also one of the last brain
regions to mature [29,30] and its development between the ages
of 7 and 16 is strongly predictive of delayed verbal and visuospatial memory functions [29,31]. The maturation of the PFC
could therefore enable humans to integrate haptic object knowledge from self-generated exploratory activity with visual object
representations acquired during supervised learning.
In conclusion, we have shown that a fixed procedure of visual
supervised learning may result in object representations with distinctly different invariance properties, depending on whether the
learning has been preceded by a brief priming phase of (visual or
haptic) exploration. On the one hand, our results add to the growing body of evidence suggesting the dual use of view-dependent
and view-invariant object representations in the brain. On the
other hand, the age dependency of the observed priming effects
suggests that such representations have different developmental trajectories that extend well into adolescence and imply a
retardation of view-invariant relative to view-dependent object
formats.
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