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Abstract—We have been observing how infants between 3 and
21 months react when a vibrotactile stimulation (a buzzer) is
applied to different parts of their bodies. Responses included in
particular movement of the stimulated body part and successful
reaching for and removal of the buzzer. Overall, there is a
pronounced developmental progression from general to specific
movement patterns, especially in the first year. In this article
we review the series of studies we conducted and then focus
on possible mechanisms that might explain what we observed.
One possible mechanism might rely on the brain extracting
“sensorimotor contingencies’ linking motor actions and resulting
sensory consequences. This account posits that infants are driven
by intrinsic motivation that guides exploratory motor activity, at
first generating random motor babbling with self-touch occurring
spontaneously. Later goal-oriented motor behavior occurs, with
self-touch as a possible effective tool to induce informative
contingencies. We connect this sensorimotor view with a second
possible account that appeals to the neuroscientific concepts of
cortical maps and coordinate transformations. In this second
account, the improvement of reaching precision is mediated by
refinement of neuronal maps in primary sensory and motor
cortices—the homunculi—as well as in frontal and parietal corti-
cal regions dedicated to sensorimotor processing. We complement
this theoretical account with modeling on a humanoid robot
with artificial skin where we implemented reaching for tactile
stimuli as well as learning the “somatosensory homunculi”’. We
suggest that this account can be extended to reflect the driving
role of sensorimotor contingencies in human development. In
our conclusion we consider possible extensions of our current
experiments which take account of predictions derived from both
these kinds of models.

I. INTRODUCTION

The presence of various “body maps” in the brain has
fascinated scientists and the general public alike, spurred by
the account of Head and Holmes [1] and the discovery of
somatotopic representations (the “homunculi”) in the primary
motor and somatosensory cortices [2]. The attention devoted
to the representations of the body in the brain has also led
to numerous attempts to describe or define them, and has
given rise to proposals of a variety of concepts including
superficial and postural schema [1], body schema, body image,
corporeal schema, etc. Yet, these concepts are umbrella notions
for a range of observed phenomena rather than the result of

identification of specific mechanisms, and it has been criticized
that this area of research is in a somewhat “chaotic state
of affairs” [3], with limited convergence to a common view
[4]. Here, we will focus on body representations that mediate
implicit knowledge related to the body, its parts, and their
posture relevant in the context of sensorimotor coordination.

It seems clear that body representations in the adult brain are
a result of a complex interplay between genetic predispositions
and both pre- and postnatal development. Work in recent
years has focused on establishing the developmental trajectory
of their underlying multisensory processes. This development
starts in the fetus before birth (e.g., [5]; [6] for an embodied
computational model), and then continues for many years
(e.g., [7]-[9]). In this process, spontaneous movement and
self-touch (which may also involve “grasping” the body) may
play a key part. Infants frequently touch their bodies, with a
rostro-caudal progression as they grow older—with head and
trunk contacts more frequent in the beginning. As infants age,
contacts become more caudal including hips, then legs, and
eventually the feet [10]. The redundant information induced by
these configurations in the motor-proprioceptive-tactile-visual
manifold may facilitate learning about the body in space.
Furthermore, as self-touch configurations are unique—with
tactile stimulation on two different body parts and only in spe-
cific joint configurations—they might constitute a “contingent
stimulus” associated with a reward or neuromodulation that
bootstraps learning (e.g., [11]). As this knowledge develops,
infants gain the ability to reach directly to targets on the body.

In the present article, we first report results from a series
of completed as well as ongoing studies in which we observe
infants’ behavioral responses, including reaching and grasping,
to stimulation with buzzers on different body parts (Section
I). The results from these studies then provide constraints
for a sensorimotor account of our observations (Section III),
followed by a (brief) integration with evidence from the
neurosciences (Section 1V). Then we present our modeling
endeavor on a humanoid robot with artificial sensitive skin
(V) and close with a discussion (Section VI).
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Fig. 1.  An illustration of buzzer locations in each study reported here.
Red dots indicate the cross sectional foot and hand locations study (Paris).
Violet dots indicate the longitudinal pilot study. Green dots indicate the cross-
sectional face and arms study (Tulane, New Orleans).

II. BUZZERS ON INFANTS’ BODY AND FACE

In two cross-sectional and one longitudinal study, we ana-
lyzed how 3 to 21 month old infants respond when a vibrating
buzzer is attached to different parts of their bodies. We
expected that differentiated movement patterns as a function
of stimulus location would emerge only after about 4 months
of age (c.f. [12]) and that well before infants are able to
retrieve the buzzer [13], they would produce other behavioral
responses that indicate knowledge of where their body was
being stimulated.

A. Participants and Method

In total we observed 122 infants of ages ranging from 3 to
21 months. The infants were supine, seated in an infant seat,
or on the caregiver’s lap. We attached a vibrating target to
locations on the face and body using double-sided tape [13],
a single location at a time and we left it there until either
the infant had removed it or approximately 35 seconds had
elapsed. The set of locations we used is shown in Fig. 1. From
the video recordings we coded the infants’ motor responses,
in particular their overall limb activity and any (attempted
or successful) reaches towards the buzzer. More details are
available elsewhere [13], [14].

B. Which limb is it? Increased movement of specific body parts

Our first cross-sectional study (Paris) involved 43 infants
aged 3-6 months, where the buzzer locations were confined
to the four limbs while the infants were in a fixed supine
position in an infant seat. Very few infants were able to
actually reach and grasp the buzzer, and their reactions mainly
consisted of moving the limbs — see Fig. 2. We found that
at 3 months, infants did not seem to differentiate stimulation
on their different limbs, since independently of which limb
was stimulated they responded to the buzzer stimulation in
the same way, namely by increasing movements of the whole
body. Interestingly, at 4 months, there was a global decrease
in limb activity, and we did not find significant differences in
limb activity across stimulation conditions. This may perhaps
be explained by the fact that at this age, with the onset of
reaching, the motor system is being reorganized and refined
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Fig. 2. Mean percentage of activity of the limb stimulated with a buzzer
as compared to the three non-stimulated limbs and whole body activity at
baseline (averaged activity of the four limbs) across age groups. In case of
hand stimulations, ‘Opposite end limb’ refers to the feet and in case of foot
stimulations it refers to the hands. Within each age group, significant differ-
ences between means are marked with an asterisk (xp < 0.05; % xp < 0.01),
as calculated with pairwise comparisons following the Generalized Estimating
Equations (GEE) procedure.

(e.g., [15]). From 5 months, infants demonstrated specific
movement patterns associated with the stimulated hand or foot
(moving the stimulated limb significantly more than the non-
stimulated ones or touching the stimulated limb).

C. Reaching for buzzers

To study reaching towards and grasping the buzzer, we first
conducted a pilot study with one child that was followed
longitudinally at home from age 4 to 18 months and with
a rich set of buzzer locations including the trunk and legs.
In this study, posture was not fixed but alternated between
sessions (mostly supine or infant car seat — collapsed in the
Figure). Fig. 3 summarizes the results for our infant (up to
12 months). Each data point is the result for a single trial:
“Contact” or “No Contact”. We found that first successful
manual buzzer contact was at the upper lip location — at 4.5
months. For the body locations, the abdomen, knee, and foot,
success appeared between 5 and 6 months, with an apparent
proximal-to-distal trend (the thigh location not following this
pattern). Success for other locations on the face (forehead and
below ears) appeared at around 7 months. Success for locations
on the upper limb started with the hand after 6 months, and
elbow locations only after 8 months.

We also conducted a cross-sectional study on 78 children
aged 7 to 21 months to investigate reaching for the buzzer
(Tulane, New Orleans). This time we only used buzzer loca-
tions on the face and arms. The results are summarized in
Fig. 4. Similarly to the longitudinal pilot study, infants at 7
months could already reach to the mouth locations, but the
ears and forehead developed more gradually. For the buzzer
locations on the body (elbow, crook of elbow, forearm, palm,
top of hand), infants at 7 months could already contact the
hand buzzers, but the other buzzers emerged later. For the
palm buzzer, 50 percent of buzzer contacts were made with
the ipsilateral fingers, and 50 percent were made with the
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Fig. 3. Buzzer contact success (C=Contact, NC=No Contact) is shown for the
pilot infant across age. The color code is chosen to match with the locations in
Fig. 4 below, including filled markers for face locations. Each buzzer location
is collapsed across left and right buzzer placement (hence the possibility of
both C and NC for the same location and age).
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Fig. 4. The GEE predicted value of the average response is plotted over age
for each buzzer location. Predicted responses were obtained using generalized
estimation equations (GEE) testing the effects of Age, Buzzer Location, and
the Age x Buzzer Location interaction on buzzer contact success. A value of
0 on the y-axis indicates an average prediction of no buzzer contact, while 1
indicates an average prediction of buzzer contact. Color codes match Fig. 3
for common locations.

contralateral hand. Contralateral reaches for the palm buzzer
(and other locations that could be reached with either hand)
increased with age. For the back of hand, all buzzer contacts
were made with the contralateral hand, since ipsilateral con-
tacts were impossible.

D. Conclusion of experiments with infants

Overall, our infant experiment results suggest that: (i) at 3
and 4 months the infant does not respond to a buzzer on a
limb by moving that particular limb, but rather responds in an
undifferentiated way by moving its whole body; (ii) the limb-
specific movement and buzzer-oriented reaching responses

develop dramatically between 4 and 12 months. Certain lo-
cations are reached earlier than others, presumably because
they correspond to innate reflexes (around the mouth), because
they are easier to attain from the infant’s natural postures, or
because they do not move very much relative to the body.

III. A SENSORIMOTOR FRAMEWORK

In order to understand the empirical data, we set out some
theoretical suggestions. We divide our considerations into two
parts: first, how does the infant’s brain determine which body
part is stimulated (to then possibly be able to move that body
part)? Second, how does the infant’s brain implement reaching
to the buzzer with a hand or other effector?

A. Determining which body part is stimulated

Evidence from the neurosciences suggests that somatosen-
sory and motor ‘“homunculi”’—orderly neural maps that receive
peripheral somatosensory input and, in turn, project from
the cortex to the periphery—are present in the brain very
early. However the mere presence of such map-like neuronal
organization does not mean that the infant’s brain “knows”
where a stimulation is on its body, or how to move its arm
rather than, say, its foot: the brain must establish mechanisms
that link sensory and motor maps and allow the infant to make
movements appropriate for the somatosensory input.

The basis of such mechanisms would presumably rely
on the analysis of the statistical relationships of sensory
and motor information, a mechanism that has been called
“sensorimotor contingencies” [16]. The idea is that infant
exploratory behavior may be guided by intrinsically defined
rewards related to sensorimotor information (perhaps specifi-
cally related to tactile receptors [11] or “the joy of grasping”
[17]), as articulated by the “intrinsic motivation” or “adaptive
curiosity” frameworks [18]. During exploration, the infant’s
brain continually elicits actions and attempts to catalogue and
organize the resulting sensory effects so as to become familiar
with, and be able to predict, the resulting interactions it has
with the world.

The existence of anatomically pre-wired maps in the brain,
which approximately preserve the topology of the body, may
be a starting point that facilitates the creation of coordinated
movement and the organization of the related sensorimo-
tor contingencies. Overall however, the task of extracting
sensorimotor contingencies will be a difficult task because
of the vast number of sensory inputs, motor outputs, and
their statistical dependencies. We therefore expect this process
of lining up sensory and motor information through their
statistical properties to be long and gradual. In particular, we
imagine that the correlations that will emerge most easily will
be those that are most systematic. Thus, perhaps the simplest
relationships to extract are those that link motor actions
to immediately resulting proprioceptive changes: Whenever
a muscle is innervated, accompanying muscle spindles will
systematically tend to fire. Relations between motor output and
tactile input will be almost as systematic. If the infant happens
to move its hand, then not only proprioceptive sensors, but



also the skin on the hand will deform, possibly brush against
clothes or an object, and skin receptors on the hand will
systematically signal a change; if the infant happens to move
its foot, there will be systematic changes in the somatosensory
foot region (we use somatosensory to denote proprioceptive
and tactile afferents together).

Our sketch is simplistic in many ways. For instance, we
currently ignore the question about the origin and nature
of the initial movements. It is often assumed that infants
initially move randomly (“‘motor babbling”), but more detailed
accounts have been put forward of how behavior may emerge
from basic neural properties [6] and changes in the role of
transmitters and neuronal communication [19]. On the sensory
side, we must consider that body surface areas that cannot be
moved directly, like the back and abdomen, will also receive
tactile stimulation through movements of the limbs: if the baby
is lying on its back and pushes on a leg, stimulation on its back
will change as the leg push causes the body to roll over.

Finally, our current sketch, as well as the tactile-motor
experiments we have reported, ignore all social aspects of
child development. Social interactions not only lead to nu-
merous other-induced sensory experiences, but also embed
these experiences in complex, reciprocal interaction cascades
that are critical for the development of action concepts and
language. Such factors, in addition to the basic sensorimotor
processes we address in the current project, are most likely
also important determinants of body representations.

Knowledge of sensorimotor contingencies does, further-
more, not per se explain which motor commands must be
issued to attain a specific motor goal. Contingencies are devel-
oped as the sensory effects of ongoing movements, whereas
a motor plan requires establishing the reverse contingencies,
namely the motor commands necessary to obtain the related
sensory signals. In psychology, ideomotor theory formalizes
this approach and posits that motor actions are derived from
the intended resulting sensory consequences [20]. In the cur-
rent context, motor commands could be learned if the infant’s
intrinsic motivation mechanism includes the goal of increasing
and refining its knowledge of particular sensorimotor correla-
tions: this would cause the infant, given a sensory stimulation,
to use motor babbling and later, systematic exploration, to
discover the particular motor actions that give rise to that
particular sensation. In this way it would learn, over time,
which actions to undertake in order to obtain any particular
sensation.

What would be the behavioural manifestation of the pro-
gressive learning of sensorimotor contingencies? If we as-
sume that somatosensory and motor maps are, at first, only
crudely organized, and that the learnt contingencies are ini-
tially unspecific, stimulation of a body location would not
be expected to elicit movements of the baby specific to that
location. On the contrary, we would expect fairly global—
random or exploratory—motor responses of the whole body.
But as knowledge of the contingencies improves in precision,
the infant would progressively explore actions that more
specifically modulate the sensation at a particular stimulated

location. This is clearest in the case of stimulation of a limb:
prior spontaneous movement of the limb might often produce
tactile stimulation on that limb through rubbing of clothes or
contact with an object. At a later time, when stimulated in
a similar way on the limb, the infant’s brain might try to
explore how it could replicate or modulate that stimulation
by moving the limb that was previously stimulated. To find
the appropriate action, the infant would move the whole body,
and then progressively narrow down its exploration until it
finds the limb movement that most effectively modulates that
stimulation.

We hypothesize that sensorimotor experience and extraction
of contingencies are driving factors that guide the formation
and refinement of unisensory and multisensory maps that relate
body and environment. Presumably, these “body models” are
strongly related to space in parietal regions, whereas the
primary sensory and motor regions reflect statistics that are
predominantly related to the physical body. Accordingly, we
interpret the higher-level functions currently assigned to these
areas, such as multisensory integration, memory, and executive
control, as subfunctions related to the handling of the statistical
properties of the organism’s environment.

B. Reaching for a tactile stimulus

Our proposal may provide an account for how a baby
responds to touch on a limb, first by moving its whole body,
and later by moving the appropriate limb. In this section, we
apply this idea to our infant tactile stimulation experiments to
attempt an explanation of the infant’s hand reaches.

In the first stages of development, correlations between
somatosensory and motor maps will allow the infant to move
a limb that has been stimulated with a buzzer. More rarely
however, and therefore learned presumably somewhat later in
development, the infant will detect correlations deriving from
(unintended) self-touch, that is, one of its hands touches some
other body part, such as the trunk, the knee, the face, or the
other hand. Neurons that are specifically related to self-touch
have been reported in area 5 of the monkey parietal cortex
[21].

Equipped with the intrinsic motivation to further explore
such correlations, the infant will learn that, when stimulated
say on the abdomen, it can recreate such stimulation by a
certain motor command, namely moving one hand to that
location. This then provides a mechanism by which the infant
will eventually be able to reach towards a buzzer that is
attached to that location.

However, such a mechanism will presumably provide move-
ment trajectories only for previously used initial arm postures.
We would expect that, at least at first, accurate reaching
would only occur starting from these previously occurring arm
postures. Furthermore, this simple explanation cannot explain
how the infant might additionally account for the posture of
the target limb. Body parts such as the leg, foot, or other hand
can move in space relative to the trunk. Thus, information
about the posture of the target limb must be factored into the
movement.



It may be, as suggested by Graziano et al. [22] for monkeys,
that such “factoring in” of a third, postural variable has been
innately pre-wired for some behaviors in the form of “complex
sensorimotor primitives”. This would account for an infant’s
ability to reach to its mouth from any arm posture, and
perhaps even independently of the head and mouth position.
However, it is also conceivable that such movement patterns
are learned in the womb, a place in which movement is
strongly restricted, thus favoring certain particular contingency
experiences. During development, these behaviors will be
tuned as motor abilities unfold and the body changes shape.
The tuning will be gradual and it will be based on learning of
third-order correlations involving proprioception and/or vision,
in addition to tactile and motor information.

The proposed mechanisms differ from the “classical” per-
spective based on vector geometry and transformation of
spatial information between different reference frames [23].
Robotic simulations to be presented in Section V-C will help
flesh them out.

IV. INTEGRATING SENSORIMOTOR AND NEUROSCIENTIFIC
ACCOUNTS

Over the last 30 years, neuroscientific research has es-
tablished that many neurons in parietal and premotor cor-
tex produce firing patterns that reflect spatial information in
many different reference frames, integrating information from
all sensory modalities. The prevalent view of sensorimotor
processing in these regions is that this integration requires
transformation between the reference frames inherent to the
different senses, such as a 3D-like reference frame in vi-
sion and a skin-based reference frame in touch [23]. Infant
development, then, would involve establishing and refining
unisensory spatial maps and the transformations between them
to allow sensory integration and their use for motor output.
For instance, the infant must learn how tactile information
on the foot must be combined with postural information of
the leg to learn a transformation, or “mapping”, from skin
to 3D space. Having derived the 3D location of a touch by
appropriate spatial transformation, an eye or hand movement
can then be planned towards the spatial location of the tactile
stimulus on the foot.

It is becoming increasingly obvious that these presumed
transformation and integration processes optimise the use of
information so as to be statistically optimal with respect
to the reliability of each integrated signal (e.g. [24], [25]).
In this view, development involves deriving the statistical
properties of the body’s sensory systems. For instance, the
infant must learn that proprioceptive information of the leg is
comparatively unreliable and learn to use vision to refine the
estimate of limb position.

Several computational mechanisms that achieve transforma-
tion and optimal integration for some specific sensorimotor
functions, such as integration of two senses, have been put for-
ward. Current proposals involve different levels of abstraction,
such as explaining behavior with Bayesian statistical principles
and explaining neuronal firing in neural networks. Although

they do not yet give a coherent view of the general mechanisms
the brain may be using (see [23], [25]), such accounts are
promising.

The sensorimotor contingency framework we have laid
out above relies even more strongly on the idea that the
brain derives statistical properties—those that link body and
environment. Here, integrating sensory information, transform-
ing between reference frames, and taking account of signal
reliability, are by-products of the brain’s main purpose of
relating body and world for the purpose of action. In this view,
the infant must learn that a concurrent touch on the left hand
and the nose, combined with specific postural information of
the arm, entails that the hand has touched the nose, and that
this sensory information must be reproduced to relieve an itch
on the nose at a later time.

These considerations represent interesting ideas for robot
development: they suggest that both the modular structure of
cortical regions and the characteristics of neuronal firing may
be emergent properties of an overarching processing principle.

V. REMAPPING AND SELF-TOUCH IN ROBOTS

The body, with its geometry and sensorimotor capacities,
is of course constitutive in the construction of body represen-
tations. Thus, simulated agents or, better, robots, constitute
the best tools for such a modeling endeavor. For human
body representations, humanoid robots are the platform of
choice. Robot “body schemas” often have quite different
characteristics (fixed, centralized, explicit, amodal) than what
we expect from their biological counterpart, but there has
been work on robot body models learning (self-calibration)
as well as modeling the biological body representations and
their development using robots (see [26], [27] for surveys).
The majority of this work is more in line with the “classical”
account of body representations (with explicit frame of refer-
ence transformations and perception separated from action),
which lends itself more easily to robotic implementations.
However, there are notable exceptions: in particular the work
of Kuniyoshi and colleagues (e.g., [6]) dealing with fetal
development.

A. The iCub humanoid robot with whole-body artificial skin

The morphology of the iCub humanoid robot (Fig. 5B,
[28]) is modeled after a 4-year old child: it has a similar
kinematic configuration and sensory repertoire to humans (on
some level of abstraction). Importantly, it has been recently
equipped with a whole-body artificial skin comprising around
3000 pressure-sensitive tactile elements (taxels) (Fig. 7 A).
Thus, it is now possible to model body representation acqui-
sition through tactile-proprioceptive-visual-motor correlations
on this platform. The parallel of a baby removing a buzzer
and the robot performing self-touch on the torso is in Fig. 5.

B. Reaching for a tactile stimulus using inverse kinematics

In Roncone et al. (2014) [29], we implemented reaching for
a tactile stimulus by modifying classical robotic solutions and
developing a new inverse kinematics formulation to deal with



Fig. 5.  Self-touch on torso. (A) Removal of buzzer from abdominal area
in 5-month old infant. (B) iCub touching its trunk with index finger. (C)
Tactile stimulation corresponding to “double touch” event—torso and right
index finger. (D) View from iCub’s left camera—contact location out of sight.
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Fig. 6. Model of tactile spatial localization. Adapted from [30].

the fact that the target is on the body rather than fixed in space
(cf. video: https://www.youtube.com/watch?v=pfse424t5mQ).
This work serves as a baseline here: the behavior is instantiated
in the robot, thus the whole loop from tactile stimulation to
motor action is in place. Our next steps consist of replacing
the engineered modules with those that are inspired by infant
development (behaviorally and neurally).

C. Remapping decomposed into modules

Longo et al. [30] propose that spatial localization of touch
may be obtained by combining (1) tactile localization on
skin and (2) spatial localization of body / position sense (i.e.
where in space the particular body part is). These components
(high-level percepts) draw on tactile and proprioceptive (and
possibly motor) inputs and three modules or representations:
superficial schema, postural schema, and a model of body
size and shape — as illustrated in Fig. 6. This approach
provides an easier starting point for robotic modeling than
the sensorimotor approach. We have set out to implement this
modular framework in the robot, which will be detailed in the
next sections.

1) Tactile homunculus (superficial schema): One compo-
nent or “representation” that seems necessary is the “tactile
homunculus” or superficial schema. In Hoffmann et al. [31],
we have obtained this homuncular representation for one half
of the upper body of the iCub humanoid: Local stimulations
of the skin surface were fed into a self-organizing map
algorithm (SOM) that was additionally constrained such that
the sequence of body parts on the output sheet mimicked that
from the cortex (area 3b) — see Fig. 7B. This representation
now provides a building block that we can deploy in further
modeling.

Fig. 7. iCub skin and tactile homunculus. (A) Photograph of the iCub robot
with artificial skin exposed on the right half of the upper body (1154 taxels
in total). (B) Representation of tactile inputs learned using a Self-Organizing
Map — a 24 X 7 neuronal sheet. (C) Schematics with skin patches unfolded and
colored to mark the correspondence with (B). Arrows illustrate the relationship
in orientation between the skin parts and the learned map. From [31].

2) Proprioceptive homunculus (postural schema): In Hoft-
mann and Bednarova [32], we strived to provide a com-
putational model of the representation of proprioception in
the brain and its development. We used a simulator of the
iCub humanoid robot and had it randomly move its arm
in front of the face and follow the arm with gaze, thus
“babbling” in Cartesian space, inspired by analogous behavior
in infants (“hand regard”). Unlike for the “superficial schema”,
attempting to obtain a robot “postural schema” revealed a
number of gaps in our knowledge.

As elaborated in [32] in more detail and with additional
references, first, the principal proprioceptors are constituted
by muscle spindles, which deliver information about muscle
length and speed. In primates, this information is relayed to
the primary somatosensory cortex and eventually the posterior
parietal cortex, where integrated information about body pos-
ture (postural schema) is presumably available. However, it is
not clear what variable neurons in the ascending pathway and
in the cortex are actually encoding. To an engineer, joint angles
would seem the most useful variables. However, the lengths
of individual muscles have nonlinear relationships with the
angles at joints and it is not clear where this transformation
would occur. Second, Kim et al. (2015) [33] identified different
types of proprioceptive neurons in SI, namely neurons that fire
proportionally to joint angle (single or multi-digit) and those
that directly register posture. The SOM algorithm seems to
naturally support the latter type only though, learning to pick
up the most frequent postures (or “postural synergies”). In
summary, the nature of encoding of posture as well as the
development of the postural schema remains unclear.

3) Spatial localization of touch — a neural model proposal:
Finally, we present our work in progress—a proposal for
a neurorobotic implementation of the scheme proposed in
[30] (Section V-C and Fig. 6) — see Fig. 8. Tactile afferents
are simply the pressure values read off the individual taxels
stimulated on the robot skin. Proprioceptive afferents consist
of joint angles of all the degrees of freedom (joints) relevant
for the task. The primary representations draw on the output of
previous sections. The activations in the superficial schema—
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which is a distorted map of the skin surface—provide tactile
localization on the skin. The key challenge is to determine the
form that the “model of body size and shape” will take. As an
initial hypothesis, we can consider this model as knowledge
embedded in (synaptic) weights in the connections from the
postural schema to the “position of body parts in external FoR”
(FoR = Frame of Reference) neural population. First guesses
as to what the information encoded may be are guided by
the forward kinematics mapping in the robot (segment lengths
and joint orientations in 3D). The “position of body parts in
external FoR” hypothetical neural population thus corresponds
to the spatial localization of body. Combining the inputs from
the “superficial schema” and the “position of body parts in
external FoR” populations finally gives rise to remapping of
the tactile stimulus into external coordinates (it seems that
knowledge about the position/offset of skin parts with respect
to some joints/landmarks will also be needed).

To wrap up the section on robotic modeling, our work so
far has a bias toward “classical”, modular, divide-and-conquer
solutions, as is often symptomatic of robotic and artificial
intelligence approaches to cognition. In the future, we will
strive to obtain the “modules” and the use of specific frames
of reference in an emergent fashion—as proposed at the end
of section IV. The primary homuncular-like representations
obtained for the robot may then still constitute useful building
blocks, but their connections and interactions should emerge
in a more holistic sensorimotor setting. The (intrinsic) motiva-
tional component that may drive the exploration and facilitate
learning constitutes one of our next foci.

VI. Di1scuUsSION, CONCLUSION, FUTURE WORK

The empirical data, conceptual framework, and robotic
modeling described above are at present too disparate to allow
a proper connection between them. The sensorimotor approach
is not sufficiently developed to make precise predictions about
the course of infants’ responses to buzzers. Models using the
humanoid robot are currently mostly couched in the classical
framework in which “spatial remapping” to reach for the body

occurs through an explicit chain of frame of reference trans-
formations, rather than implicitly as presumably happens in
the infant’s brain. We are however planning work more in line
with the sensorimotor account. Meanwhile our collaboration
has generated new hypotheses, insights, and predictions that
will be investigated further in existing data or tested in future
experiments. Some of the points that have come to light are
as follows.

There undoubtedly exist some (more or less complex) pre-
wired primitive movement “reflexes” [22], that may help
bootstrap the baby’s acquisition of body knowledge. It will be
interesting to check whether such reflexes already incorporate
the equivalent of coordinate transformations, allowing, for
example, a reach to the mouth to occur independently of
the arm’s starting position, and independently of the rest of
the baby’s posture. Primitive reflexes, and more generally the
first reaching movements, may also be limited by the fact
that connections between brain hemispheres develop later than
connections within hemispheres. We are planning in future to
confront this idea with the empirical data.

Another factor that may prioritize development of certain
particular reaching capacities might be the baby’s habitual
resting posture, favouring natural frequent contact of the hands
with certain body parts, and thereby learning of reaching to
those parts. In particular, in our longitudinal pilot study with
a single baby we observed that between 5 and 7 months
of age, the infant’s arms initially rested around the waist,
but later, as the legs started bending, the hands would more
often spontaneously contact the knees and then the feet—
these habitual resting locations were then correlated with
the progression of buzzer removal success. This is to be
documented more accurately on a larger sample.

Presumably, but this remains to be confirmed in further anal-
ysis of the empirical data, reaching that necessitates remapping
of spatial coordinates (for example to the other hand or to
the legs) appears later than reaching to body parts that are
more or less fixed with respect to the body (the abdomen, the
face region — although this moves to some extent). Also, we
expect that a reach learned starting from an initial arm posture
will not be possible from a different arm posture. Evaluating
these claims will be a way of distinguishing sensorimotor type
models from the more classical models in which reaching
is realized in a sequential fashion composed of stimulus
localization, remapping into an external reference frame, and
computation of a reaching trajectory to that location—whereby
these transformations would have to automatically incorporate
current body posture. Another point is the implication of
vision. We have not yet included vision in our analyses—since
it seems that at first infants are not using visual feedback.
However clearly at the later stages of development visual
tracking must be included, and we will modify the models
that we postulate to accommodate the results.

Finally, we have been focusing on reaching with the upper
limbs in order to understand how body maps develop. It should
be noted, however, that the lower limbs are effectors as well
and can be used to localize targets on the body, especially those



that are situated on the opposite leg. Our informal observations
suggest that young infants spend a considerable amount of
time rubbing their feet together as well as rubbing one foot
along the opposite leg. Infants also spend time bringing their
feet to their hands (or vice versa) and in some instances
bringing the foot to the face. Understanding how a fully
integrated map of the body develops will also require viewing
the feet and legs as effectors that are incorporated into an
overall sensorimotor representation of the body.

In conclusion, our converging program of infant and robotic
approaches has provided a starting point for further work on
modelling how the infant reaches its body.
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