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demands imposed by manual retrieval involve exploiting and
coordinating distinct representational components while pre-
dictive visual pursuit need only refer to the representation of
an object’s position.

We explain the developmental lag between predictive pur-
suit of hidden objects and manual retrieval of hidden objects
as a consequence of the differential task demands for the two
behaviours. Manual retrieval requires the coordination of
representations while predictive visual pursuit does not. We
suppose that the coordination of representations itself needs
to be learnt. Hence tasks requiring the coordination of repre-
sentations will be developmentally delayed in relation to
tasks that do not require this extra level of representational
integration. Note that the manual retrieval of displaced hid-
den objects constitutes the most difficult case for the child
from this perspective. Not only must the child coordinate
representations of the object’s identity and position, but they
do so in the absence of direct perceptual cues. In contrast,
predictive visual pursuit of a visible object constitutes the
easiest case for the child—no coordination of distinct repre-
sentations is required and direct perceptual input is available
to support predictions about the object’s trajectory. The pre-
dictive visual pursuit of hidden objects and the manual
retrieval of visible objects constitute tasks of intermediate
difficulty on this perspective. In particular, the manual
retrieval of visible objects should be easier than that of hid-
den objects because the latter require the representations that
coordinate object position and identity to become more
strongly established.

This paper describes a working model of the development
of object permanence in the domain of visible and occluded
visual pursuit tasks (cf. Bremner, 1985 for a review). We
implement a computational model that learns to establish the
identity of an object in terms of its distinguishable features,
that learns to predict the future position of an object on the
basis of its recent trajectory and that leams (o initiate a man-
ual retrieval response based on a composite representation of
an object’s position and identity. The mechanisms brought to
bear on the computation of the object’s position and identity
are quite separate. However, they are exposed to the same
input stimulus throughout training and thus have the same
opportunity to learn about the relevant characteristics of the
environment. The architecture of the model is constrained in
such a way that predicting the position of an object takes no
account of the object’s identity. In contrast, the inititation of
a manual retrieval response requires a sensitivity to both
position and identity. These architectural constraints are
motivated by the findings cited above suggesting the inde-
pendent representation of spatial and featural information by
infants. Our purpose in building the model is to explore the
viability of the view that the relatively late emergence of the
ability to retrieve displaced hidden objects is due to the com-
bined requirements to develop strong internal object repre-
sentations and to coordinate those representations. The
model is continuously tested on its ability to predict the next
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position of visible and hidden objects (predictive visual
pursuit) and on its potential to retrieve visible and hidden
objects (manual retrieval). We can, therefore, establish a
developmental profile of the mastery of these skills in the
model and compare this profile to that observed in infants.
Furthermore, we can manipulate systematically various
features of the model in order to determine their effect on
performance. The facility to manipulate characteristics of
the model permits us to determine the essential properties
that govern its performance and to generate novel behav-
jours that can be evaluated against the experimental litera-
ture or inspire new experiments with infants.

The Model

Figure 1 shows a schematic outline of the model. It con-
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Figure 1: Schematic of modular network architecture.

sists of a modular architecture. Each functional module is
enclosed by a dashed line. Note that some units are shared
by two modules and serve as a gateway for information
between the modules. In accordance with recent neurolog-
ical evidence (Ungerlieder & Mishkin, 1982) spatio-tem-
poral information about objects in the world is processed
independently of featural information. Information enters
the network through a 2-dimensional retina homogene-
ously covered by feature detectors. It is then funnelled
down one pathway which processes the temporal history
of the object and another which develops 2 spatially invar-
iant feature representation of the object (Foldiak, 1991).

The reina consists of a 4x25 cell grid. Each cell con-
tains four feature detectors responding to different proper-
ties (e.g. light/dark, high/low contrast, hot/cold, soft/hard).
If a projected object image overlaps with a grid cell, the
cell’s feature detectors take on the value +1.0 if the feature
is present and -1.0 if the feature is absent (Treisman &
Sato, 1990). Cells on which the object image is not pro-
jected are quiescent and take on the value 0.0. An occlud-
ing screen is also projected on the retina. The cells
corresponding to those positions have a constant value of
1.0 and do not encode object features. :
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Figure 2: Network tracking of occluded object at 5 consec-
ative time intervals. Both the screen and the object are pro-
jected onto the retina. The network correctly predicts the
next position of the object even when the object is not
directly perceptible.
dict the subsequent reappearance of the object taking
account of how long it has been behind the screen. Moreo-
ver, as found with infants (Muller & Aslin, 1978), the net-
work’s ability to track an occluded object depends on the
length of the occluding screen: the longer the screen, the
worse the performance.

Developmental lag

The model was designed to examine the developmental lag
between an infant’s implicit knowledge of object perma-
nence (predictive visual pursuit) and its ability to demon-
strate that knowledge with an appropriate response (manual
retrieval). Figure 3a shows the network performance (aver-
aged across 10 randomized replications) on both the manual
retrieval and visual pursuit tasks when presented with an
unoccluded desired object. The reliability of a module is
computed as (1 - sum-of-squared-errors across outputs) aver-
aged over the output units and patterns involved in the event.
In this case, the network learns very quickly to track and to

Unoccluded Desired Objects Occluded Desired Objects

Occluded Undesired Objects
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identify the desired object and to produce an appropriate
retrieval response.

When the object is occluded the network’s behavior is
very different (Figure 3b). Tracking and retrieval
responses are initially equally poor. The internal represen-
tations are not adequately mature to support any reliable
response. At about 5000 epochs they begin to diverge. The
reliability of the predictive visual pursuit develops faster
than that of the integrated manual retrieval response.
Around 20,000 epochs there is a consistent difference
between the network performance in the two different
modes. The accuracy differential on the two tasks then dis-
appears with further training.

Note that the manual retrieval response which is
required for a desired object has exactly the same mode of
representation as that for predictive visual pursuit. Moreo-
ver, both sets of output units receive exactly the same
information from the hidden units about the spatio-tempo-
ral history of the object. The only way the functioning of
these two modules differs is that the module that drives
manual retrieval must integrate information coming from
the object recognition module. This indicates that the
developmental lag in the network arises from the added
task demands of integrating information.

An advantage of modeling is that we can test this
hypothesis directly thanks to a manipulation which would
not be possible with infants. If the developmental lag is
indeed due to the need for an integration of information,
then it should disappear when presented with a task that
does not require information integration. One possibility is
to observe the network’s behavior when presented with an
undesired object. Undesired objects do not require infor-
mation integration because it suffices to attend only to the
feature representation in order to elicit a proper response,
ie. not to retrieve the object. Once the object has been
identified as undesirable, then an inhibitory output can be
emitted which does not require any spatio-temporal infor-
mation. Figure 3¢ show the network’s performance when
presented with an undesired object. It learns more quickly
to inhibit attempts at retrieval than to track objects. The
feature recognition module learns to categorize the differ-
ent object types very quickly.
Hence, it is the need to attend to
and integrate information from
3 different sources that produces
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Figure 3: Network performance on predictive visual pursuit and manual retrieval to (a)
an unoccluded desired object, (b) an occluded desired object, and (c) an occluded unde-

sired object.
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work as a function of the veloc-
ity of the object image (fast
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the object is out of sight. This information is available
to drive a surprise responsc. Moreover, note that the
model predicts precocious behaviour in this domain
since the surprise response does not require the integra-
tion of computations from distinct representational
modules. Knowledge of object properties, such as size,
can be driven by computations from a single source.
We are currently implementing this extension of the
model.

In the future, the model offers further opportunities to
investigate the interactions between recognition, visual
tracking, and object permanence. Empirical studies have
suggested that when a different object reappears from behind
the screen, it is the novelty of the object that determines
whether infants interrupt their tracking (Goldberg, 1976) and
not the change itself. Similarly, this model would suggest
that a novel object would disrupt tracking, but only when the
change was to an undesired object or one with radically dif-
ferent features. We continue to investigate these interactions
both in the model and with infants.

In summary, we suppose that objects are represenied and
develop in a fragmentary fashion in the child’s cognitive sys-
tem. Different properties of the object (e.g. featural versus
spatial-temporal information) are processed in functionally
independent modules. The manner in which these properties
are brought together depend upon the task demands. The
level of object knowledge that the child demonstrates may
vary according o the requirements of the task itself.
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