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Alexander Stoytchev
Mobile Robot Laboratory, Georgia Institute of Technology
Atlanta, Georgia 30332-0280 U.S.A.

e-mail: saho@cc.gatech.edu

The sense of body is probably one of the most
important senses and yet it is one of the least
well studied. It is a complex sense, which com-
bines information coming from proprioceptory,
somatosensory, and visual sensors to build a model
of the body called the body schema. It has been
shown that the brain keeps and constantly updates
such a model in order to register the location
of sensations on the body and to control body
movements  (Iriki et al., 1996, Iriki et al., 2001,
Berlucchi and Aglioti, 1997, Graziano et al., 2000,
Graziano et al., 2002, Berthoz, 2000).

The notion of body schema was first introduced
by Head and Holmes (1911). They studied nu-
merous clinical patients who experience disorders in
perceiving parts of their bodies often lacking sen-
sations or feeling sensations in the wrong place.
They define the body schema as a postural model
of the body and a model of the surface of the body
(Head and Holmes, 1911).

Perhaps the most interesting property of the body
schema is that it is not static but can be modified
and extended dynamically in very short periods of
time. Such extensions can be triggered by the use of
noncorporeal objects such as clothes, ornaments, and
tools (Tiemersma, 1989, Iriki et al., 1996). Thus,
the body schema is not tied to anatomical bound-
aries. Instead, the actual boundaries depend on the
intended use of the body parts and the external ob-
jects attached to the body.

It has been suggested that the pliability of the
body schema plays a role in the acquisition of tool
behaviors (Head and Holmes, 1911, Paillard, 1993).
Recent studies have shown that this is indeed the
case (Iriki et al., 1996, Berlucchi and Aglioti, 1997,
Berti and Frassinetti, 2000). Iriki et al. trained a
macaque monkey to retrieve distant objects using a
rake and recorded the brain activity of the monkey
before, during, and after tool use. They discovered a
large number of bimodal neurons, sensitive to visual
and tactile stimuli, that appear to code the schema
of the hand (Iriki et al., 1996). Before tool use the
receptive fields (RF) of these neurons were centered
around the hand. During tool use, however, the so-
matosensory RF stayed the same but the visual RF
was altered to include the entire length of the rake
or to cover the expanded accessible space.

This modification of the visual receptive field is
limited to the time of tool usage and is conditional
upon the intention to use the tool. When the monkey
stopped using the tool, or even continued to hold the
tool without using it, the visual RF contracted back
to normal (Iriki et al., 1996). In a follow-up study
the monkey was prevented from directly observing its
actions and instead was given feedback only through
a camera image projected on a video monitor. In
this case the visual RF of the bimodal neurons was
projected onto the video screen (Iriki et al., 2001).

This study demonstrates preliminary results for a
computational model of a robot body schema (RBS)
that has extensibility properties similar to its bi-
ological analog. The model is based on an exist-
ing model first described by Morasso and Sanguineti
(1995). This model is modified to include tactile sen-
sors which are used in the extension of the RBS.

In order to describe the RBS model the follow-
ing notation is introduced. Let p = [61,62,...,0um]
represent a joint angle vector and let g; =
[0i,8i,...,8%,] be a specific instance of this vector.
Let Lr = {Ly,, Ly,, ..., Lyy } be a set of labels refer-
ring to N locations on the body of the robot which
can be reliably detected with the robot’s sensors.
Each body location has an associated touch sensor
T;. Let v = [Upy, Upy, ..., Upy] be a vector which rep-
resents the coordinates of locations L,, through L,
in sensor space. Also, let 7; = [0¢ ,9%_,...,0¢ ] be
a specific instance of this vector.

The body schema model is built around the con-
cept of a body icon which is a pair of vectors (4i;, ;)
representing the motor and sensory components of
a specific joint configuration of the robot. A large
number of body icons, [(f;,7;),i =1,...,7], is used
to represent the robot body schema. It is believed
that the brain uses a similar representation encoded
as a cortical map (Morasso and Sanguineti, 1995,
Graziano et al., 2002).

The body icons are learned empirically from self-
observation data gathered during a motor bab-
bling phase. The learning algorithm described
by (Morasso and Sanguineti, 1995) guarantees that
each body icon has a neighborhood of similar body
icons. This similarity property can be exploited to
implement a gradient ascent strategy for moving the
robot from one configuration to another.
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Figure 1: a) The two joint robot manipulator used in the
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example. b) The same robot holding a stick.

The gradient ascent is carried out in a potential
field in which the location of the target has a maxi-
mum value and all other points are assigned values in
proportion to their distance from the target. The po-
tential field is imposed on the fi; components of the
body icons but is computed based on the #; compo-
nents and their distance to the goal in visual space.

The representation of the RBS in terms of body
icons allows extensions of the RBS similar to its bi-
ological analog. This is achieved by adding offset
vectors to the sensory components of the body icons
whose touch sensors are activated by an attached ob-
ject. In other words, if touch sensor T; is triggered
then @, = o + offset,,. The offset vectors shift
the centers of the visual receptive fields of the body
icons. These vectors can be computed as a function
of the existing body icons and the sensory features
of the attached object.

To illustrate these ideas comsider the example
shown in Figure 1. The robot is a two-dimensional
manipulator arm with two rigid limbs and a gripper.
Both joints can rotate 180 degrees (0 < 61,62 < 7).
The robot has two body locations, L,, and L,,, as-
sociated with its “elbow” and “wrist”. The sensory
vector v = {v,,, Vr, } is computed from a camera im-
age. The joint angle vector is given by u = {6:,6-}.

The RBS model described above was tested in sim-
ulation by placing an attractor object at different
places in the robot’s environment. Reaching behav-
iors toward the attractor were executed using the
potential field method. The same experiments were
repeated with the robot holding a stick. In the lat-
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Figure 2: The sensory components of the body icons of
the two joint manipulator: a) elbow; b) wrist.

ter case the potential field was calculated using the
extended body icons of the wrist (Figure 3). These
are computed as ¥, = 0¢ + &i|lvs, — vr,|| where
&€ = (vt —oi)/||0¢, — 0% || are unit vectors computed
using the positions of the two robot body locations
stored in all body icons.

In conclusion, there are several reasons why a
robot should have a robot body schema: 1) it provides
the robot with a sensory-motor model of its body
that can be used for control of robot movements; 2) it
makes explicit the distinction between sensory stim-
uli coming from the environment and sensory stimuli
coming from the robot which can potentially sim-
plify the process of behavioral specification; 3) it can
be learned automatically from self-observation; 4) it
can accommodate changes in the configuration of the
robot.

Figure 3: The sensory components of the extended body
icons. In this example only the wrist components are
extended by the stick.
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