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Abstract

The aim of the research presented in this paper was to show how the
developmental perspective for developing humanoid robots could be
extended to the pre—grasp orientation of the wrist, based on evidence
from development in infants and on the Goodale and Milner hypothesis
about dorsal-stream information processing for reaching and pre—grasp
orienting in the brain of adults. The model that has been developed
features a learning mechanism that associates low—level visual infor-
mation on the retinal orientation of objects with motor—-commands for
orienting the wrist, using a posturing task for the hand to learn this
association. The model starts with a simple reflex and noisy motor—
command generation. Through proprioceptic feedback on the success
of the posturing task it gradually builds a more precise mapping of the
different motor—commands associated with visually observed orienta-
tions of the objects. The model shows, as can be observed in infants,
that the orientation behavior of the hand only starts to develop when
reaching is precise enough and thus provides proprioceptic feedback on
the success of the posturing task for the hand.
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Chapter 1

Introduction

This thesis presents the research that has led to an extension of the
developmental architecture of Babybot with a model for the learning of
pre—grasp orientation of the hand.

Babybot is a humanoid robot being developed by LIRA-lab at the
university of Genoa. At the LIRA-lab the emphasis in the research
lies on implementing architectures of information processing in robotic
systems that are based on physiological, neurological and psychological
evidence in primates and humans. This approach is often referred to as
Biologically inspired or Humanoid robotics. What sets the approach of
the LIRA-lab apart is a developmental perspective, which is also the

basis for the research that is presented in this thesis.

1.1 Research goals

In a current project at LIRA-lab called Mirror an architecture that

shows a real-time implementation of mirror learning !, is being de-

IMirror neurons are neurons that show activity in primates during grasping
actions on specific objects, not only during execution of the grasp by the primate,
but also when the primate observes a similar grasping movement being executed by

another person.



veloped. In the current architecture of the Babybot a developmental
architecture of reaching behavior has been implemented. This reach-
ing architecture basically uses three degrees of freedom in the arm of
the robot, which makes pointing—like behavior possible. As part of the
Mirror project an end-effector in the form of a functionally human—
like hand will have to be added to the existing architecture of Babybot.
Since there is no end—effector present in the Babybot at the moment,
some knowledge will have to be developed on the control-architecture
for pre—grasp orientation of the end—effector, controlling additional de-
grees of freedom in the arm, on top of the degrees of freedom that are
already being used for the reaching.

This thesis presents the research on the control-architecture for pre-
grasp—orientation, controlling an extra degree of freedom, with a future
end—effector and provides an implementation of the learning mechanism
involved. Furthermore an experiment will be used to demonstrate the
workings of this architecture. For the development of this control archi-
tecture the same constraints in the sense of developmental perspective
and biological inspiration, as have been used for the previous work on
Babybot, will be used.

1.2 Approach

In the pursuit of the research goals, an overview of the developmental
approach will be given. This overview will provide constraints on the
type of model that can be developed. After the developmental robotics
has been positioned, an explanation of the current architecture of Baby-
bot will be given to illustrate the basic principles of the developmental
approach in an existing system. Having introduced the Babybot an
analysis of the pre—grasp orientation behavior in children will be pre-
sented. Since the information processing for the pre-grasp orientation
behavior has visual and motor components, the next step will be to

examine closer the information processing for the visual and motor—
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system. Finally the insights gathered will be analysed and combined

into a working model that can be implemented on Babybot.

1.3 Relevance

The research goals that have been laid down in the previous section fit
in a trend in the field of Artificial Intelligence (AI) away from trying to
find algorithms that mimic human problem solving capabilities, toward
a different paradigm. This different paradigm tries to understand how
certain cognitive capacities of humans are built—up, and are learned. In
this view the interaction with the environment is essential for the ca-
pacities of a system to develop. The environment presents a rich source
of sensory signals, and the fact that interaction with the world changes
things in the world drives the learning. Because of the closer attention
that is being paid to how human capacities are built up and learned,
the research is becoming more and more interdisciplinary. Increasingly
research from neurology, psychology and physiology are being used as
inspiration for architectures of artificial systems.

The research that is presented here fits in this approach. It brings
together evidence from developmental psychology, physiology and neu-
rology in a robotic system that in itself forms a theory of how the human
information processing works during the early stages of development of

sensory—motor coordination.

1.4 About this manuscript

In the section on the approach, the basis of the structure of this manuscript
has already been laid—out. In chapter 2 the paradigm of developmental
robotics will be discussed in detail. Chapter 3 gives an overview of the
developmental architecture as it is implemented in Babybot, followed by
an analysis of the pre—grasp orientation in infants in chapter 4. Chap-

ter 5 discusses how the visual and motor system are functioning in the
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brain. In chapter 6 the insights from the previous chapters will be
combined into a system for learning pre—grasp orientation. This thesis
concludes with some experimental results on the learning in chapter 7

and the general conclusion of this thesis in chapter 8.
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Chapter 2

Developmental Robotics

2.1 Introduction

Development is a term that is not unambiguous if used in relation to
robotic systems. If we take a look at the development of infants it is
clear that a robotic system is not capable of the same kind of devel-
opment in terms of physically growing. A robotic system starts with a
given set of hardware that is fixed in size and number of components
over time. In spite of these differences there are also commonalities.
One of these commonalities is the term development that can be viewed
as change over time in a system. Apart from the physical changes, in-
fants change in terms of control over their motor—system and the growth
of more sophisticated cognitive capabilities. The growth of control over
the motor—system is related to the physical growth of the body, but
the basic components of the physical makeup do not change over time.
The similarity in terms of the changing control over the motor—system
and the onset of cognitive abilities leaves the opportunity to model the
changes that take place in infants in a robotic system. As an approach
to building robots, developmental robotics tries, through careful exam-
ination of developmental processes in infants, to identify a set of initial

behaviors, and the developmental rules that operate on these initial
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behaviors in order to create a robotic system that can autonomously
develop toward complex human-like behaviors.

In this chapter the developmental robotics approach and its histor-
ical backgrounds will be described. It starts with an overview of how
robotics has evolved in the field of Artificial Intelligence (AI) toward
the developmental perspective, followed by a more detailed explanation
of what this approach entails in terms of system development and how
some basic changes in behavior during the development of infants are

related to each other and facilitate the development of other behaviors.

2.2 Background

In the introduction to this chapter, the research paradigm of develop-
mental robotics has been outlined. This paradigm though has been a
relatively recent addition to the field of Artificial Intelligence (AI). The
classical AT approach has been one of building complete mathematical
models of the world, and having robotic—agents operate in these worlds.
Brooks [9] describes in a 1997 article a move away from model-based
approaches in the field of Al

The first step in moving away from model-based approaches has
been toward a behavior-based perspective. This first step has been
partially motivated by a change in perspective on what intelligence ac-
tually is. Where model-based approaches view intelligence mainly as
a function that takes an input and produces an output internal to an
agent, the behavior-based approach emphasizes the dynamical interac-
tion of an agent that is situated in the real world with its environment
as a measure of the intelligence of that agent. Another aspect that
closely relates to this point is concerned with what is actually designed
into the system. In the model-based approach behaviors are emer-
gent from the design of a planner and the goals that this planner uses,
operating in the model. In the behavior-based approaches however,

behavioral responses are designed into the system, which leads to the
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observation of dynamically—selected goals and emergent behavior by the
outside observer.

Even though the behavior-based approaches have been important
in the move away from model-based robotics, the applications of these
ideas have largely been in the field of mobile-robot navigation. In
mobile-robot navigation according to Brooks [9] the advances have
been limited to rather simple systems in terms of degrees of freedom
(DOF) that have to be controlled and the number of behaviors that are
displayed at any one time. A typical robot navigation task has often
two DOF (one per wheel) to control and a behavioral repertoire that
is limited to obstacle avoidance and path—planning. A humanoid robot
however, places different demands on the number of DOF that have to
be simultaneously controlled and also the number of behaviors that are
part of the behavioral repertoire of the system. For example a basic
humanoid head with stereo—vision already has four DOF to control.
The different behaviors employed by a head range from maintaining
a zero—disparity common fixation point for the stereo—eyes, saccading
toward moving objects, smooth tracking and coordinating eye, head
and body motions to follow objects. In order to handle this increase
in complexity of the control-problems the behavior-based approach in
itself is not sufficient [9].

In order to build complete, integrated complex systems that can
utilize a multitude of behaviors to survive, interact and adapt in the
real world, a different methodology that allows for scaling of simple
behaviors into complex adaptive behaviors is needed. An extension of
the behavior—based biological perspective can provide this methodol-
ogy. Human development is about scaling behavior from simple initial
behaviors in infants into complex adaptive behaviors in adult humans.
Taking human development as a departure point can provide insights
in the set of simple behaviors that is being used in infancy, and the de-
velopmental strategies that exploit these simple behaviors to gradually

grow and aggregate into complex ones.
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2.3 Modeling Complex Systems

As mentioned in the previous section, human development is about
scaling. The advantages though, of trying to define a set of initial be-
haviors and a set of developmental strategies that exploit these simple
behavior to gradually develop more complex adaptive behaviors, needs
some more explanation. Scassellati [1] gives a breakdown of these ad-
vantages. Development, according to this breakdown gives a structured
decomposition of complex tasks, facilitates learning and allows for grad-
ual increase in task complexity.

Dividing up a complex task in manageable component tasks greatly
influences the difficulty of implementing such tasks. Unlike other ap-
proaches, where the problems are divided up according to sensory
modalities or sub—parts of complex tasks, the developmental approach
can suggest a decomposition that is meaningful and effective, as this
decomposition is already present in a system that uses it effectively for
its development, namely human infants.

Facilitation of learning is another advantage that looking at devel-
opment can yield in designing complex interactive systems. One of
the big problems in robotics is the so called degree of freedom problem.
This problem, simply put, states that the problem space that has to be
explored in order to generate enough examples for learning increases ex-
ponentially with each added DOF. To illustrate this problem a typical
robotic arm provides a nice example. For a robotic arm to function, six
DOF suffice; two DOF in the shoulder, one in the elbow, one radioul-
nar and two in the wrist. Let’s number these DOF or joints ¢; to gs in
the same order. If we have say 100 motor positions for each joint, the
configuration—space would already be g1 *q2*. . .xgg = 107. The number
of 100 positions has been chosen arbitrarily, and can easily be one order
of magnitude bigger, which enlarges the configuration-space to close to
one billion possible combinations that would need to be visited to build
a complete map for arm-reaching. From this observation it follows that

the time needed to explore this configuration space is impractical. The
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development of infants suggests a different approach. Infants do not
use all their DOF directly from the start of development, instead some
DOF are coupled. Another mechanism reducing the problem—space are
reflexes that already give a basic direction for the learning to take, and
avoid a complete enumeration of the configuration—space in order to
learn a behavior.

As mentioned before, development is about scaling simple behaviors
into more complex ones. In development this scaling is an incremen-
tal process in which earlier simple-behaviors develop knowledge that
can be recruited by a more complex behavior to simplify the learning
process. Another developmental phenomenon is that simpler learned
behaviors serve as building blocks for more complex behaviors. By em-
ploying this incremental approach of using and re—using simple behav-
iors the learning problems are minimized at each stage of development.

The advantages of using development in infants as described here is
that it gives some practical constraints and design guidelines that can
be used in robotics research. Before we can put these insights to work
we need some further exploration of the actual development in children
in order to formulate practical constraints that we can use for design

purposes.

2.4 Development in infants

If we take a look at the development of infants, we can see that in the
early stages of development the control over behavior is quite limited.
There are even though some goal—directed behaviors already present
from the very beginning. Infants seem to exploit their limited capabil-
ities to learn from the environment, and as certain behaviors mature,
these provide new and richer input to other behaviors that the infant
is trying to master. These limitations in the motor—control of infants

seem to have several different reasons.

e They have limited postural control of the trunk, head and arms.
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Appropriate head and trunk righting reactions only begin to emerge

two to three months after birth.

e They have limited knowledge about the physical makeup of their

bodies.

e They have only a limited movement repertoire consisting of an
array of infant reflexes (i.e. grasping and sucking) and basal
intra—and inter-limb synergies (coupled flexor, extensor activity,

coactivation).

e They have limited visual capabilities. During the first postnatal
month, the visual system provides the infant with functionally

useful but unrefined vision at about 5% of adult levels.

e They have not established a finite neural control-structure. Most
cortico—spinal projections are not differentiated. There might
be different processes at work in the finalization of the neural
control-structure, either growing— or pruning-based, which are

known to occur postnatal.

If we look at these limitations from a learning point of view, they
may actually be seen as an advantage for the system. From the dis-
cussion of development in complex systems in the previous section it
became clear that each DOF makes an exponential contribution to the
theoretical configuration—space that a system has to work with. With
control having only global targets in terms of motor—actions, the num-
ber of DOF that can be controlled by an infant is dramatically reduced.
The sensory immaturity can be viewed from the same perspective as
reducing the input—-space on the system, making mappings between
sensory— and motor—events more simple. As these simple mappings
improve during the development, they provide progressively richer in-
put for other processes that can be exploited in turn, adding degrees

of freedom to the system.
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In-spite of the limitations of neonates mentioned, there is evidence
that there is a set of coordinated motor—primitives already present in
infants at birth. For example Von Hofsten [5] showed that when in-
fants were adequately supported, they show evidence of initiating in
movement towards attractive moving objects presented in their visual
space as young as one week of age. Besides the point that this ob-
servation makes about the presence of basic goal directed visuo—motor
capabilities, it also demonstrates that control over posture is needed
for reaching behavior to be able to develop.

The behaviors that are already present consist of reflexes and intra—
and inter—limb synergies. Examples of these are the palmar-reflex for
the hand and the asymmetric tonic neck reflex (ATNR). These behav-
iors stem from a sub—cortical level, and will disappear in the course
of development as cortical control over behaviors takes over. These
reflexes though seem to serve an important function in the develop-
ment of infants. As we have seen in the previous section, there is a big
control-problem in terms of the size of the total configuration—space
if we take all the DOF of the system together and try to learn them
all at once. By coupling DOF in the early stages of development, the
control problem is greatly reduced in terms of the total configuration—
space that has to be explored. Reflexes play an important role in this,
but seem to also serve another purpose. Metta [37] notices that these
reflexes serve as a bias for the system as to what is actually going to
be learned at the cortical level. The reflexes serve as a way of starting
interaction with the world, and from that interaction learning follows.

The role of visual information in the development has been an issue
of debate, but seems to serve mainly as a trigger of motor actions in
the early stages of development, since the acuity of the infants vision is
rather course at only 5% of the adult level. In research on infants of 6 to
25 weeks of age Alt and Trevarthen [] showed by placing a screen over
the arm of the infants in reaching that none of them relied on visual

information of the limb to before or during the reaching for an object.
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A similar result has been presented by McCarthy et al. [35] in a study
involving infants reaching for glowing objects in the dark. There is
evidence though that vision of the limbs is very important in discovering
what the infants own arm is, and how it reacts to motor-commands.
Once a certain measure of knowledge about its own physical makeup
has been learned, the visual information on the arm appears not to be
used anymore in reaching.

The position put forward in this section holds that in the infant
there is a reduction of the total learning problem, by reduced precision
in the motor—control, coupling of DOF and by reflexes that provide
an initial direction for the learning. While these mechanisms greatly
reduce the total configuration—space and thus the number of states that
have to be explored to learn a meaningful mapping of this space, there
still is the need to explore. Metta [37] mentions that the immaturity
of the neural structure of the brain causes noise in the transmission of
motor—commands from the neural—controller to the muscles or motor—
plant. This noise may serve an important role in the exploration of
the configuration space for learning new positions in this space. By
making errors, caused by the noise, new positions in the configuration
space are visited and learned.

Taking a look at the development of goal-directed reaching in extra—
personal space illustrates the developments mentioned. One of the pre-
requisites for goal—directed reaching to take place is that the infant
needs an idea of where an object is with respect to its own body. This
information can be extracted from the orientation of the eyes and the
head. This proprioceptic information is not yet available at birth and
will have to be learned. Goal—directed arm movements are also present
quickly after birth [5], but the movements that are being executed
lack feedback on the success of the movements, as this is provided by
the position of the object and the position of the hand, based on the
proprioceptic information from the head. Movements executed in this

phase show a ballistic trajectory, that is reflexive in nature. Once the
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information on where a target is becomes available from propriocep-
tion of the head, the reaching improves dramatically, and the motion
gradually changes from ballistic coupled—joint reaches into multi—joint
reaches smooth reaching toward the target. As the reaching for the
target gets reliable, a new form of sensory feedback about the extra—
personal space becomes available, namely touching of object. It is this
contact with an object that will be used also in the orientation of the

wrist, which is the next step in the development of prehension.

2.5 Summary

In this chapter the developmental perspective has been introduced, and
a broad picture of the changes in the human infant from the neonatal
period up until the emergence of grasping has been presented. The
developmental path of prehension in infants gives some important con-
straints on the system that will be developed.

There appear to be important motor—primitives that help the infant
interact with and explore the world. These motor primitives provide a
starting point for improving and fine—tuning the motor—control and the
visual-motor mappings. The imprecision in the control that is apparent
in the neonatal period is not a disadvantage, instead an essential in
reducing the problem of what has to be learned. As control over the
motor system improves this in turn creates new possibilities for richer
and more detailed interaction with the surrounding world providing
a richer set of stimuli for learning, and gradually improving motor—
control as new aspects of the interaction with the environment become

learn-able.
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Chapter 3

A Developing Robot

3.1 Introduction

The experimental setup being used in the research is called Babybot
and is a non—mobile robot—platform that is mounted on a table on a
rotating base, called the torso of the system. On this torso an industrial
off-the—shelf six degree of freedom manipulator (Unimation Puma 260).
It is mounted in such a way that it resembles a human arm. On top of
this there is a five degree of freedom robot head with stereo camera’s
that have independent pan—axes, and a shared tilt axis. The head also
contains two microphones that function as ears, for integrating sound-
events. Figure 3.1 gives an overview of the system and its degrees of
freedom. The system is controlled from a setup of standard PCs with
Pentium II/III processors. One machine controls the arm and torso,
another contains the framegrabbers for the camera’s and does the visual
processing, a third one is used for controlling the head. The PCs are

connected through an ether-link connections.
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9s

Figure 3.1: Babybot and its degrees of freedom. All rotational axes are

numbered ¢! through ¢q12

3.2 Development in Babybot

Development in Babybot is not like the usual development as we see it
in biological creatures. Babybot being a mechanical structure, growth
is only possible in terms of the use of sensory information and control
over the motor apparatus. The initial system is characterized by a small
number of free parameters, which can easily be estimated on-line. The
concurrent controllers then learn on the basis of how the simpler loops
are behaving. State—space exploration is driven by additive noise, which
simulates defective command generation and muscle control.

The initial task of the control process is that of calibrating the closed
loop gains. Many biological systems also have to tune delays, but in
Babybot these delays were hard-coded into the system. From the very
beginning the system has certain reflexes and couplings of joints that
make it move in a goal directed way, even though the noise dominates
the actual movements. Once the movements have reached a reasonable
level of performance, the robot starts to use more degrees of freedom.

First the head comes into play. By the time this happens, the eyes

23



have already formed saccade maps that are relatively well formed, and
can be used to help coordination of the redundant eye-head degrees of
freedom.

At the same time that the system starts to explore how to use the
head and eyes together, the reaching also starts to take of, and a map of
the head—arm coordination starts to be built. Because reaching depends
on gazing, the initial progress of the reaching is slow. Only when the
gazing becomes effective, and thus the proprioceptic information of the
head reliable, can the reaching be learned more effectively. Learning
of the VOR is turned on all the time, and thus improves as more data
is gathered. Figure 3.2 gives a schematic view of the developmental
stages of the Babybot.

learning closed-loop gain

building eye maps

learning neck map

tuning the VOR

initial head-arm reflexes

building head-arm maps

time (t)

Figure 3.2: Schematic view of the developmental stages in Babybot.

3.3 Control of the Eyes and Head

After the initial vergence on a target has been learned, the control of
the eyes can be learned. The control schema for the eyes is presented
in figure 3.3. It features an open loop and a feed-forward loop. The
secondary loop consists of an inverse model. This inverse model is
activated whenever the retinal-error is bigger than a certain error, and

as a consequence initiates a saccade. The block that contains the word
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saccade in the figure, contains the threshold in terms of retinal error
that initiates the saccade. The goal of the network is to learn the
inverse model. The big advantage in terms of performance of this setup
is that control and training run in parallel, which is not only interesting
from the performance point of view, but also an important feature of

a developmentally plausible system.
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Cain sensor |
—»  Map :
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Figure 3.3: Information flow for learning eye—control. The term (g—z)

is the inverse Jacobian. The A term is a constant positive gain that
is tuned to make the loop stable. ¢ are motor commands in terms of

joint—angles. 7 are the motor—commands in terms of torques.

As figure 3.2 shows, the last behavior of the head that comes into
play is the coordination of the neck in the tracking of objects. For this
system there is also an inherent goal-directed nature. The goal of the
neck—control system is to try and get the two vergence angles of the
eyes the same. In terms of behavior this will mean that the neck will
be oriented in such a way that the head faces the target at more or less
a straight angle, giving a zero difference for the vergence angles of the
two eyes.

The association of vestibular signals related to head turns and visual

signals related to image motion, guide learning in biological systems.
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Figure 3.4: Information flow for learning neck—-movements. ¢;, g4 and
gs refer to the joint angles for the different degrees of freedom of the
head as shown in figure 3.1. 7 is again a command in terms of torque

as it is relayed to the head.

In Babybot the learning of this relation between vestibular signals and
the optic flow are learned in a neural network. The optic flow is also
the teaching signal for the network itself. Because the network tries to
minimize the optic flow, its success can be measured by the optic flow
that remains after a correction by the network as compared to the optic
flow that has been found before the compensation took place. This
delayed reaction when learning is indicated by the dotted delay-line in
figure 3.5. Metta [37] showed that this schema works in Babybot.

3.4 Control of Reaching

As figure 3.2 shows the reaching starts at the same time that the build-
ing of the eye—maps starts. As mentioned before, the reaching can only
learn effectively as the orientation of head and neck reach a reason-
able degree of accuracy in order to provide valuable feedback about the
position of objects in the extra—personal space of the robot.

The reaching in Babybot uses a force—fiel approach, in which the
reaching is driven towards equilibrium points in the force—field. The

use of these force—fields makes compliant, safe for interaction with other
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Figure 3.6: Schematic view of the reaching in Babybot. EP indicates an

equilibriumpoint in the force—field, C is an activation vector, C(t) is an

extrapolation of the final activation value over a number of time—steps,

T is the torque of the joints

people, motion of the arm possible. At the moment the trajectories are

directed towards one point in the extra—personal space, and therefore

ballistic in their nature. As I write this thesis an model for the the

learning of more complicated trajectories, which are defined as a series

27



of equilibrium points is being developed.

3.5 Summary

In this chapter the architecture of Babybot has been introduced. Also
the control structure of the head—system has been discussed a bit more
in depth. At the same time the head system is developing also the
reaching starts. This reaching and its interplay with the head system
has been addressed only scarcely as we will touch on this subject more
in—depth later on.

Babybot shows that the developmental approach as it was intro-
duced in chapter 2 is feasible in a real online robotic system. Even
though the development of a robotic system is not directly comparable
in the sense of physical growth, it shows that the developmental con-
text can be adequately modeled into a robot, giving us the opportunity
to systematically explore and test hypotheses about how certain devel-
opmental processes take place in the infant. Another important point
Babybot shows is that in order to exhibit complex sensor—-motor be-
havior, central monolithic processing is not needed, and could even be
argued not wanted. It is the simultaneous development with different
behaviors mutually influencing each others possibilities for gathering
information from the environment that keep the system learn-able and
stable.
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Chapter 4

Pre-grasp Orientation in

Infants

4.1 Introduction

The act of grasping an object has been extensively studied in infants.
These studies range from the motor aspects of the reaching task for
coordinating a movement of the hand toward an object in space, aper-
ture of the fingers to accommodate for object—size, to the formation of
precision grip with the fingers in order to manipulate a small object.
Surprisingly there has been little attention for the orientation of the
hand, aimed at positioning the hand conveniently for grasping. In this
chapter a few of the articles about the pre-grasp orientation of the hand

in anticipation of grasping an object will be discussed.

4.2 Pre-grasp Orientation

The advantage of correct orientation of the hand along the longitudinal
axis of an object is easily noticed if one wants to grasp for example a

drinking bottle or a toy. There are three basic preconditions to pre-
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grasp orientation. The first is that there needs to be an idea of orien-
tation in the visual field, meaning that the infant needs to be able to
discriminate between between different orientations of an object in its
visual field. The second precondition is some measure of control over
the motor apparatus to be able to orient the hand in the first place. The
third precondition that is needed is some form of association between
the visual information and the motor part of the orientation. The four
questions that arise from these observations are: When are infants able
to discriminate between different orientations of visual objects? When
is the pre-grasp orientation beginning to develop in infants? Is vision of
the hand and limb needed for the pre—grasp orientation to take place?
And is the orientation part of the reach—for or the grasp—of an object

in terms of motor-behavior?

4.2.1 Onset of pre-grasp orientation

According to [32] Essock and Siqueland already established in a 1982
experiment that infants are able to discriminate between different ori-
entations of objects as early as two months of age. How precise this
discrimination is, is not exactly known. The experiment concentrated
on horizontal and vertical rods that were presented to the infants. As
to the onset of observed orientation there is some early longitudinal
research on pre—grasp orientation in infants by Von Hofsten [55] which
indicates that infants start to contact objects that they are reaching
for at the age of four months. In the beginning this contact is often
with the back of the hand, and grasping if any, is slow and awkward.
Also Corbetta et al. [13] point out that there are studies that report
scaling of responses based on visual properties of targets in infants as
early as four to five months of age. Von Hofsten [55], McCarthy [35]
and others place the stable orienting of the hand as a preparation for
grasping an object at about the age of eight to nine months. So in
terms of the onset of the pre-gasp orientation and the period in which

an important part of this behavior takes place there seems to be con-
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siderable agreement. The onset of pre—grasp orientation lies around
the fourth to fifth months of age, and a stable orientation respons for

objects emerges around the eighth to ninth month of development.

4.2.2 Is vision of the hand needed?

There has been some debate over the years as to the question whether
visual information of the hand and limb bare needed for learning to
orient the hand in the right orientation with respect to a perceived
object. In a recent study by McCarthy et al. [35] it was shown that
vision of the hand is not necessary for infants to coordinate a correct
orientation response of the hand for an oriented object. This conjecture
was tested by using glowing targets in a dark setting and having infants

reach for these glowing targets.

4.2.3 The control of pre-grasp orientation

McCarthy et al. [35] observed in one condition of their experiment
where they had infants grasp for a glowing object in the dark, but
stooped the glowing of the object in the last part of the trajectory,
that the basic ability to correctly pre—orient the hand according to
the orientation of the object was not impaired by the lack of visual
information of either the hand or the target. They interpret these
results in terms of the character of the representation that is being built
up for the control of the pre-grasp orientation. In the condition where
there is a lack of visual information the infants guide their actions based
on the motor representation of the previously perceived orientation of
the object. Interestingly they interpret these results in the light of the
theory of Milner and Goodale [38], which we will discuss in the next
chapter.

At the end of this chapter I would like to mention one final interest-
ing study that relates closely to the question of the nature of pre—grasp

orientation. In a statistical study of many aspects of infants motor—

31



behavior [50] it was found that there was little correlation between
the development of different aspects of the infants behavior, and when
there actually was a correlation, the proportion of variance explained
by the correlation was only 25%-30%. These findings suggest that the
development of different aspects of the behavior of children develop in
a rather independent way, or at least have independent brain functions
responsible for their control. These findings were also extended tot the

different kinds of grip that infants develop.

4.3 Summary

From the research it is clear that children as young as five months old
start in orienting their hands in anticipation of grasping a rod that
is oriented in the visual field of an infant. The behavior of pre—grasp
orientation develops over the course of four to five months, until it
becomes relatively stable at nine months of age. Anticipation of orien-
tation for objects that rotate during the grasping movement continues
to develop after this time.

The onset of the pre-grasp orientation behavior coincides with the
beginning of successful reaching. Another important finding from pre—
grasp orientation of infants is that this behavior does not appear to
be dependent on vision of the hand during the trajectory of the arm
toward the target, nor is vision of the hand necessary before the onset
of the orientation. It appears that the orientation of the hand takes
place in an open-loop fashion based on visual information of the object

as it appears on the retina before the orientation—act is initiated.
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Chapter 5

Visuo—Motor System

and the Brain

5.1 Introduction

Having explored the developmental aspects of sensory—motor coordina-
tion and the gradual buildup of functions as the infants brain develops,
we have left out the actual physiological aspects of the information
processing within the brain. In this chapter theoretical insights into
the makeup of the visual and motor—system will be discussed. Further-
more some evidence from brain—-damaged patients will be presented
that supports the position about the functional makeup of the visual—

motor system.

5.2 The visual brain

To establish the relative importance of vision as a sensory modality in
humans, we simply need to look at the percentage of the cortex that
is devoted to visual processing. Evolution has provided humans with

a patchwork of visual functions occupying about 50% of the cortex,
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mainly in the posterior areas [60]. In spite of this relative importance
in terms of size, vision is in essence one of the sensory modalities that
humans use to interact with their environment. A long-standing view
of vision has been that it is of a higher order in sensory terms and
produces complete and abstract models of the outside world, and that
through reasoning about these models interaction signals are produced
to initiate actions. Ungerleider and Mishkin [51] already proposed a
division of the visual system into two separate “streams”. The ventral
stream, or what stream, that is used for object recognition and the
dorsal stream, or where stream, that encodes the spatial location of
an object. Milner and Goodale [38] paint a different picture, based on
physiological research of the visual system in monkeys and data from
patients with brain damage. In their book The Visual Brain in Action
they propose that the dorsal and the ventral stream are better charac-
terized as what and how. In their view the visual processing proceeds
along two distinctly separate lines, vision for perception through the
ventral stream and vision for action through the dorsal stream.
Figure 5.2 gives a schematic of the ventral and the dorsal streams
as they were identified in the brain of macaques. As can be seen in the
picture, both streams originate in the primary visual area of the cortex
(V1), with the ventral stream projecting to the inferior temporal (IT)
cortex and the dorsal stream projecting to the posterior parietal (PP)
cortex [51]. The presence of these broad visual streams is not really de-
bated; they have been established as anatomical features present in the
brain, what is being debated is their function. As mentioned, Goodale
and Milner differ in their interpretation from the classic account of
Ungerleider and Mishkin. Goodale and Milner base their altered view
of the function of the two visual streams on data from patients with
lesions in their brain. In the case-reviews they present patients with
lesions in the wentral as well as the dorsal stream, and discuss the
behavioral deficits and residual capabilities that these patients have.

Based in this evidence they conclude that the dorsal stream is action
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Figure 5.1: Major routes of visual input in the brain. This figure shows
the dorsal and the ventral pathways, together with some of the sub—

cortical connections that reach into the dorsal-area.

oriented, while the ventral stream is perceptual in character. One of
the most important cases that Milner and Goodale describe is that of
patient DF.

DF is a patient that has been diagnosed with visual agnosia. In
short patients diagnosed with visual form agnosia, exhibit an inability
to perceive objects, even more remarkably in DF there is little or no
deficit in the action oriented aspects of object recognition. When pre-
sented with prototypical shapes, for example a red apple, and asked to
give a verbal report of these objects, DF is incapable of telling what
kind of object is being presented. The same is true if asked to draw the
same object. It appears that DF is able to discriminate some objects
on the basis of their color and sometimes texture, but their form or
size is not being used as a cue. If on the contrary DF was asked not

for a perceptual judgment of an object, but to just grasp the object
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presented in space, her ability to make the right grip aperture of the
hand, orient the hand in the right way to match the orientation of the
object and position where she needs to reach to in order to grab the
object are all used successfully. DF appears to have all the informa-
tion necessary to grab an object in space, while at the same time being
unable to use perceptual information of that same object.

In an attempt to further explore the capabilities of DF, Milner de-
signed an experiment that could systematically test the abilities for
using orientation information about objects in DF. The design of the
experiment was based on a round board, with a rectangle slot. The
board could be rotated by the experimenter in all possible orientations.

Figure 6.7 gives a schematic of the task that was used.

Perceptual .'. i

Orentation |~ =
Matching | -
. / Y
/ / \
Visuamotor | [ |
“Posting’ \ |
DF Contral

Figure 5.2: Milners experiment to test the perceptual and visuo-motor
capabilities of DF

In the experiment Milner asked DF two different questions. The first
question was for DF to orient a rectangular board she was holding in
the same orientation as the orientation of the slot. This is a perceptual
question since it involves judging the orientation of the slot and then
matching the orientation of the hand to that of the slot. The second
question posed to DF by Milner was to insert the board into the slot.

This question being an ’action’ question directed at coordinating a
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motor action to insert the board into the slot. Figure 6.7 also shows
the results of this experiment for DF as well as for a control. The results
clearly show that DF had near-normal performance on the visuo—motor
coordination task, while showing almost random performance on the

perceptual task [38].

5.3 Alternative views

The view of two separate visual streams has not been shared by ev-
eryone. Most of the criticism is not about interaction with the outside
world as one of the driving forces in the development of the visual sys-
tem, nor about the pragmatic role of visual processing in the dorsal
stream for visual-motor coupling, but directed at the sharp division
between perception and action.

In a review of the book of Milner and Goodale, Gallese [17] notes
that there are several experimental observations that contradict a strict
separation between perception and action. One of the results he men-
tions are the Mirror neurons which have been found in monkeys. These
neurons appear to be involved in a process which is viewed as highly
perceptual in nature. The mirror neurons are not only activated in
goal—directed grasping for an object, but also when observing a similar
goal—directed grasp in another individual. According to the author this
result indicates that this matching mechanism uses the same coded ac-
tions in two ways at the same time: at the output side to act, on the
input side to to analyse visual percept. One can debate the perceptual
nature of such neurons, but at the least it would seem to indicate is
that perception and action may be more intimately related than might
be concluded from clinical data of brain-damaged patients.

Gallese also mentions two other points questioning the sharp divi-
sion of perception and action. He mentions research by Craighero et
al. that shows that visual presentation of a bar in a specific orientation

before an object has to be grasped significantly improves the response

37



time for the grasping action. A last finding that shows a more intimate
interaction between action and perception than Milner and Goodale
propose comes from Sperati and Stucchi who showed that subjects use
an internal simulation of their hand to judge whether a hand that is

being observed screwing is screwing or unscrewing.

5.4 Summary

There has been a lot of criticism of the position of Milner and Goodale,
but even among those being critical about the sharp distinction be-
tween perception and action there is a common praise for the fact that
Milner and Goodale have placed bottom—up vision—to—motor binding
in the center of attention again. Previous accounts of the visual system
are sometimes called the couch—potato model of vision, whereby obser-
vation of visual scenes would be enough to construct a visual model of
the outside world. With their position about a dorsal stream dedicated
to visuo—motor transformations and a ventral stream representing se-
mantic or cognitive aspects of objects, Milner and Goodale emphasize
the importance of interaction with the outside—world as the basis of
the visual system.

Where does the position of Milner and Goodale help us in the sub-
ject at hand? In our search for a model of pre-grasp orientation, the
views of Milner and Goodale contribute in two areas to the formula-
tion of the constraints of our intended system. In the first place the
emphasis on the direct coupling of visual sensory—information to motor
commands provides a useful mechanism for the design of our system.
The second constraint is derived from the first point and holds that we
do not need high order understanding of visual scenes in order to be able
to coordinate a motor—action toward a target. Since basic egocentric
information about objects such as size, orientation and retinal-form are
communicated through the dorsal stream and directly combined into

motor—actions.
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Chapter 6

Pre-grasp Orientation in
Babybot

6.1 Introduction

In the previous chapters, the backgrounds of developmental robotics,
development of pre—grasp orientation in infants and information pro-
cessing in adult humans have been laid out. In order to create a model
of pre—grasp orientation we will have to bring the information from
these topics together and merge them into a working system that per-
forms pre-grasp orientation for Babybot.

As described in the introduction, the goal of this thesis is to add a
system to the developmental architecture of the Babybot that is able
to perform a pre—grasp orientation to orient the end—effector of the
Babybot to match the orientation of a stimulus presented in the visual—
field. For this behavior to be added to Babybot, the following aspects

are needed:

e orientation task that can be learned

e target identification
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e visual orientation of the target

reaching for a target

orienting for a target

e learning mechanism

6.2 Task

The explanation of the pre—grasp orientation in infants in chapter 4
has shown that the orientation of objects is being learned in the extra-
personal space of the infant. This learning builds on the ability of the
infant to reach and touch the object, as a result of which the learn-
ing gathers in speed as the reaching becomes precise enough to conse-
quently reach for the object. For the orientation of the end—effector to
be learned, an association between visual orientation of an object and
the corresponding motor commands that will direct the end-effector
of the robot toward the object in the right orientation will have to be
established. Even though there is no advanced grasping in the early
stages of development, the palmary grasp reflex, combined with the
sensory feedback of the hands touching an object give the infant a
good measure whenever the hand was in the right orientation.

In the current configuration of Babybot there is no end—effector
present that has any DOF, or sensors fitted. The end—effector that
is being used is a rigid aluminum fitting with a crossection of about
four centimeters and a width of about one centimeter. This limits the
possibilities for the tasks that can be used for the learning of the orien-
tation of the end—effector. The important aspects of the task that are
learned though can be modeled with this system.

Since the important aspects are orientation of the object and feed-
back through proprioception, we can use the experiment that Milner
and Goodale used to test their patient DF. As discussed in chapter 5
they used a box with a slot that could be rotated by the experimenter
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in an orientation that would have to be matched by the subject. What
makes this task suitable for the learning of the orientation in Babybot
is the fact that when an orientation action has successfully been per-
formed, the end—effector will be inside the slot, thus giving the oppor-
tunity to use proprioceptic information of the wrist to give a measure
of success for the orientation of the end—effector. If the orientation ac-
tion was successively, the wrist cannot be rotated further, if it was not
successful, the end—effector will not be inside the slot, and can thus be

freely rotated in a different orientation.

Figure 6.1: The task that Babybot will learn

6.3 Vision

For the visual system we have seen in chapter 5 that in adults there is
evidence that only course low-level information from the visual system
is being used. Goodale and Milner place this information that is being
used for reaching and orienting for manipulating objects in the dorsal

stream. In view of this observation combined with the task that will be
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used as discussed in the previous section, the visual information that is
necessary can be directly extracted from the retinal image without the
need for higher order visual processing of the scene in which the object
is presented to the robot.

Having established the task that will be used for learning the pre—
grasp orientation, and the character of the visual information that we
can use for the learning of the task, we can now focus on the visual
processing. As mentioned in the introduction to this chapter, the target
will have to be identified, after which the orientation of the target
will have to be established. Figure 6.2 shows a block diagram of the
processing steps that are needed, with a raw image from the camera

going into the system and an angle of an object coming out.

Visual Processing

logpolar image orientation

Figure 6.2: Visual processing steps

In this section the object identification will be discussed first, after
which a measure for the orientation of the identified object will be
introduced. Since the visual system of Babybot is based on log—polar

images, an explanation of this representation is given first.

6.3.1 Object identification

The identification of objects in Babybot is based on motion and color—
segmentation. Infants display a increased attention for brightly colored
objects that are moving in their central vision [|. Babybot has a target
identification procedure that parallels this same source of attention.
This procedure basically takes the moving pixels in the visual field,
and tries to start a color-segmentation based on these moving pix-

els. This approach differs from standard approaches based on color—
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segmentation in that it takes into account that new objects with dif-
ferent colors can be presented in the visual field, and that it adapts to

the different colors based on motion.

Saturation
Saturation

Hue Hue

Histogram of the background Histogram of the moving region

Figure 6.3: Log-polar flower

The color segmentation is based on HSV color space instead of RGB
color space, because HSV gives a more efficient way of handling color
information. The HS information of the HSV space give us the infor-
mation about which color a pixel is, while the V gives us a measure of
its value or luminance. The luminance information is not critical for
judging a color and will therefore not be used for color-segmentation.

In order to detect what might be an object, motion detection is
applied to the initial images. From the pixels that are moving, a his-
togram of the HS space is constructed. The assumption is that the

dominant color in the histogram of the moving pixels represents the ac-
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tual object—color, so the dominant object—color should be on or around
the maximum of the histogram. A second histogram of the background
is then constructed. If the object histogram and the background his-
togram differ enough the color segmentation itself is started. The color
segmentation is done simply by checking if a pixel matches the color of
the object—histogram. If no pixels of the color that is being segmented
have been found for a certain period of time, the process of establishing
a color for color—-segmentation starts again, thus giving the robot the

possibility to shift attention between objects of different colors.

6.3.2 Log-polar images

In the Babybot log-polar images are used as the basis of the visual
system. Log-polar images resemble the physical makeup of the retina
in their space—variant density of photo—receptors. Just as in the retina,
there is a high density of photo-receptors in the center (or fovea) of
the image, and a progressively lower density (on a log scale) toward the
periphery. Figure 6.4 shows a Cartesian image and its transformation to
the log-polar or cortical domain. The cortical domain is called this way
because of its resemblance to the surface that the visual information
of the retina maps to in the cortex. The third image is the log-polar
image in a Cartesian representation.

Mathematically the transformation between a Cartesian and the
cortical domain can be expressed as the transformation between a polar
plane (the retinal plane) and a Cartesian plane (the log-polar or cortical

plane):

(6.1)

44



Figure 6.4: Cartesian flower and logpolar flower

(p,0) > (17,%)

Figure 6.5: Mapping an image to the cortical domain

In this equation pg is the radius of the innermost circle, 1/q is the
minimum angular resolution of the log-polar layout, and (p, ©) are the
polar coordinates. K; is a linear scaling parameter, which has been
added to the original equation in order to fit the mapping into a fixed

size squared image.

6.3.3 Rotation in Log-polar

Because the properties of cortical or log—polar images, a rotation in the
Cartesian domain is a translation in the cortical domain. This prop-
erty can be used to establish the orientation of an object. If we have a
template of a certain object in memory the orientation of that object

can be established using the cross correlation of the object with the
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template from memory. The point of the highest cross correlation indi-
cates the phase—shift that is necessary to make the two images overlap
exactly. Though in theory this approach works perfectly, in practice it
has some drawbacks. The most important drawback is that the trans-
lation in the log-polar domain is only valid for objects that are precisely
foveated. Another problem is that the template that is being used has
a big influence on how the orientation is being judged. If an object
is rotated in the horizontal plane with respect to the template, the
matching result changes considerably. A last drawback is the rigidity
of using templates for establishing the orientation. A slight change in
the form of the object has a big influence of the orientation measure.
An alternative approach is to use the so called moment of inertia of
the color-segmented (and thus binary) images. 2D images have several
moments. Let’s first look at these moments in Cartesian domain, before

Oth

translating the results to the log—polar domain. The 0*® moment defines

the area of a region, for a continuous image this would give:

A= [ [ s@.vsdy

(6.2)

in which f(z,y) is a function that evaluates if a pixel is part of the
object or not (the function returns 0 for pixels that are not part of the
object or area and 1 for pixels that are). The 1% moment, defines the

center of mass or centroid which is denoted by (Z,§) and is defined by:

[ [zf(z,y)dzdy
[ J f(z,y)dzdy

g = [ Juf(z,y)dedy
[ [ f(z,y)dzdy

Kl
Il
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To establish the orientation of an object, the azis of minimum in-
ertia is used. This is the axis of least 2"% moment. For this we want to
find the line through the centroid with an angle 6 with respect to the

x-axis for which the integral

= //((:1: — 7)sin0 — (y — ) cos 0) f (z, y)dwdy

(6.4)

is a minimum. Expanding this equation we get

I =asin?6 — bsinfcosh + ccos? 6

(6.5)

where the terms a,b and c¢ are defined by

a= [ [@- 025w vdsdy

v=2 [ [@-2) -9 y)dody
c= [ [w=02vsdy

(6.6)

differentiating this expression with respect to # and equating it to

0 renders:

tan 26 = b
a
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which is only valid for b # 0 and a # c¢. This last equation can be
rewritten to give us the final result for the orientation, which is also
defined for b =0 and a = ¢:

sin 26 = i—b
b2 + (a — ¢)?
b + (a—¢)?

(6.8)

From these last two equation, the positive solution maximizes I,
and the negative solution minimizes 1.

Since the result given is only for Cartesian space we will have to
translate this result to the log—polar domain. As we have seen in section
6.3.2 the log-polar image is defined by the coordinates (,£). To use
the points in the log-polar image to calculate the axis of least inertia
we will have to translate these points to the Cartesian domain.

The general case for translating coordinates (z,y) to the new co-
ordinates (u,v) in a double integral we use the Jacobian determinant.

Suppose that the new coordinates v and v are defined by the relations
x = x(u,v)

y =1y(u,v)
(6.9)

where there is a one-to-one correspondence between (z, y) and (u, v).
Then a double integral in coordinates (x, y) can be expressed in the new

coordinates by:

[ [ 1@ wasas = [ [ ftstu0)ptw 01| 522
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(6.10)

in which

(6.11)

is the Jacobian of the translation between the different coordinate
systems. As we have seen in the previous section, the log—polar coor-

dinates are given by:

n = @, - arctan (Q)
T

e—In, YZ XY
Po
(6.12)

which gives us for the transformation of the Cartesian to the log—

polar domain in equation 6.2:

[ [ 1@ wasan= [ [ siaten,eenl| 520
)

(6.13
with
d(z,y) 1 5 o
= —psa
ame) ¢
(6.14)
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This result forms the basis of the transformation that we will use.
For the purpose of transforming the formula of the minimum 2"¢ mo-
ment, or the least-axis-of-inertia, we need a definition of how to trans-
late individual points from log—polar to the Cartesian domain. Derived

from equation 6.12 this gives us for a point (z,):

x = poa’ cos U
q

e M
Yy = poa® sin —
q

(6.15)

Now that we have the Jacobian for the double integrals and the
transformation of the individual points from log—polar to Cartesian,
we can substitute these results in equation 6.2 which gives us the 0"

moment or the area of the object in log—polar:

1
— poa*tdndé ‘

a= [ [0 -

(6.16)

The centroid can be obtained by substituting equations 6.14 and
6.15 in equation 6.3:

_ poat cos - f(n,€) | - pgatdndé
v= A

~ poafsin - f(n, ) |- ppatdndé
y ==

(6.17)

using this result in the transformation of the various sub-parts of

final equations 6.6 gives us:
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2
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(6.18)

Which can be used in conjunction with equation 6.8 to calculate

the orientation of an object in the log—polar of cortical domain.

6.3.4 Stereo orientation

Now that the algorithm for the visual processing has been established,
a further step will have to be taken in order to integrate the informa-
tion from the two eyes from the stereo—head. Because both the eyes
have a slightly different angle with respect to the object that they are
looking at, as expressed in the vergence of the eyes, the best results
for the global orientation of an object in the visual field is obtained by
summing the results from both the eyes. Because there is a disconti-
nuity at +90° provisions to handle this discontinuity will have to be
made, or otherwise the summed orientation near the discontinuity can
be zero. Figure 6.6 gives an overview of the processing steps in the
visual subsystem.

As can be seen in the figure, after the summation of the separate
eyes, a moving average filter of five points has been added to get more

stable orientation result.

6.4 Controlling the arm

The reaching part of the behavior is already implemented. For the

reaching a force—field approach is used, which guides the arm toward
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Figure 6.6: Information flow in the visual subsystem

a given equilibrium point in the force—field. For the arm to be guided
toward a point in the extra—personal space of the robot, only three
of the six DOF of the robot—arm are used. The orientation will be
adding an extra DOF to the arm that is being learned. In order to
get the orientation working the wrist also has to be positioned well
for the end—effector to be able to be inserted into the slot. As was
mentioned before in this chapter, the current setup for the arm has no
touch—sensors, which makes the learning of the azimuth of the wrist,
that is needed to insert the wrist into the slot difficult, since there is
no feedback on the success of the azimuth of the wrist. For this reason,
an inverse kinematic model of the azimuth of the wrist, based on the
angles of the arm in the equilibrium—point and the orientation of the
head, will be used. Jeannerod [] showed that the angle of the wrist
has a direct relation to the position of the object. The hand is kept at
an angle with respect to the body that is roughly equal to the angle of
the object with respect to the body.

The proprioceptive information of the head gives us the information
about the location of an object that is being reached for, and therefore
the final angle of joints g4 and ¢5 of the arm. For the wrist to be
oriented correctly though, also the final angles of the joints ¢; to g3 at

the end—point of the reaching trajectory have to be taken into account.
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If gheqd gives us the angle of the object with respect to the torso, then

the final angle of joint ¢5 can be calculated by:

g5 = —(@2 + 43) + Qhead

(6.19)

Figure ?7 gives a schematic view of how the angle of an object with
respect to the torso can be deduced from the proprioceptive information
of the head.

P gaze point

)

Head
rotation axis

Figure 6.7: Technical layout of the head

The actual rotation of the hand is controlled by joint gg of the arm,

the control of which will be discussed in the next section.

6.5 Learning the mapping

For the orienting behavior to be learned we have looked in the previous
section for a measure of success to give a reinforcement signal to the
learning process. There are more aspects to the learning though. In
other parts of Babybot we saw initial goal-directed reflexes, which grew
as more feedback for the learning process became available because of

other behaviors that became more accurate. The same principle can be
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applied for the orienting behavior. There exist reflexes toward orient-
ing, but as reaching becomes more accurate, more and more feedback
about the success of the reaching is generated, which in turn drives the
learning.

As has been shown in chapter 5 the dorsal stream description of
Milner and Goodale gives the possibility of directly coupling visual in-
formation with motor commands. In our case this gives us the oppor-
tunity to use visual information about the orientation of an object in
visual space to the orientation commands given to the arm/wrist. This
coupling can best be learned in a simple neural network. For other sys-
tems in the Babybot Nearest Neighbor Look-up Tables (LT) have been
used, which can learn an arbitrary mapping between an n dimensional
input—space and a m dimensional output—space. For a description see
[37]. These LT’s behave in the same way as neural networks, but are
faster when learning, which is an important factor in a real-time system
like Babybot, and have the added advantage that the numbers that are
learned have a direct meaning, which makes inspection of the learning
easier.

For learning to take place, there has to be exploitation of what has
been learned, and exploration to discover new positions in the con-
figuration space. The exploitation is based on what is being learned,
because the LT’s can learn online, based on what is being experienced,
and therefore don’t need a separate training phase, that would stand
in the way of exploitation. The other aspect to the learning is the
exploration of the configuration—space. As we have seen in chapter 4
the neural structure of infants has not yet fully matured, causing im-
precise communication between the neural controller and the plant, or
the muscles. In the intended system, noise will function as substitute
for the impress ccommunication between neural controller and plant.
Adding noise to the motor commands that have been retrieved from
the LT, gives random exploration of points around what already has

been learned.
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Given the mailbox task, with the error between the motor—-command
given and the final-position of the hand as a measure of success, and
the learning of a direct association between visual orientation and the

motor—commands given, the learning procedure looks as follows:

1. calculate orientation for the object in view

2. query the orientation map with the visual-orientation for a motor—

command.

3. query the arm-reaching map for a reaching command based on
the position of the head

4. add the orientation command to the reaching motor-command of

the arm
5. execute the motor—command for the complete arm

6. test for success, learn association if successful

6.6 The complete system

Figure 6.8 gives an overview of the information—flow of the intended
system. As can be seen in the figure, the wrist consists of two parts, the
part that controls the azimuth of the wrist and the part that controls
the pre—grasp orientation. The box that controls the azimuth takes
its inputs from the head and from the output of the reaching—map,
while the orientation—map that is being learned takes its input from the
visual subsystem as discussed in section ??, with the visual orientation
of the object in the visual field given by 8,p;ect, and gives an output to
the motor—plant in terms of a motor command for the gg of the arm.
The result of the motor-command is evaluated and gives a measure of

success or the orientation, driving the learning.
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6.7 Summary

In this chapter we have seen how the different theoretical insights about
development in general and the development of pre-grasp orientation es-
pecially together with the theory of Milner and Goodale about the prag-
matic character of visual information processing in the dorsal stream
have been combined into a single model.

From the development of pre-grasp orientation in infants we have
seen that the visual capacity to distinguish between objects in different
orientations is already available before the onset of the actual grasping
actions. The motor system in infants was already biased for orienting,
or at least for using recruiting the muscles used for orienting the hand
during the development of reaching. From the general framework of the
development we have seen that the learning of the pre-grasp orientation
only takes off properly after the onset of more reliable grasping actions,
facilitating a richer environment to learn from for the pre-grasp orien-
tation. This point fits well in the view of simultaneous development
of several relatively independent subsystems that have a bias through
reflexes or motor—synergies for certain kinds of behavior, mutually in-
fluencing each others development by the new interaction possibilities

that become available as the system grows.
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Chapter 7

Experiments

7.1 Introduction

To test if Babybot system was successfull in learning, the execution of
the task that has been discussed in the previous chapter was evaluated.

From these experimental sessions, data was gathered and evaluated.

7.2 Procedure

The procedure to test the performance of the system was straightfor-
ward. In total five training sessions were performed and after each
training session the performance of the system was evaluated.
Because of limitations in the precision of the existing reaching archi-
tecture that was used, the position of the mailbox has not been changed
during the trials. The reaching—map as it exists is not sufficient to suc-
cessfully reach in places other than the direct front of the robot. The
mailbox was also placed under a small angle with respect to the torso

to make the reaching into the slit easier.
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7.3 Results

Figure 7.1 shows the orientation-map that has been learnt after 160
trials. The datapoints in the figure are the actual points that have
been learnt. The line is a least mean squares fit to the data, taking
into account the variance of the individual data—points. As can be seen
in the figure, not all the data—points in the table fall exactly on the
fitted line. This is mainly the result of the fact that the end—effector
doesn’t fit exactly into the slot. This leaves room for slightly different
orientations of the end—effector within the same visual angle. Another
factor in this variability is that the reaching does not always have the

same end—position on the slot for the same orientation.

Session 3 (190 trials, 17 points based on 33 successes)
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Figure 7.1: Orientation-map after session 3

Figure 7.2 shows the final orientation map that has been learnt
after 351 trials. The point near the 30° of visual angle that had a
very big variance in session 3, as can be seen in figure 7.1, has now

a much smaller variance, and shows a closer correspondence tot the
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motor—orientation.
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Figure 7.2: Orientation-map after session 5

When looking at the ditribution of the points in figure 7.2 around
the regression line, it looks like the function that is being learnt is
actually not linear one. Considering the experimental setup that is
being used, this observation gains more credibility. Since the mailbox
was placed on an angle with respect to the torso, the observed ori-
entation of the slot is not exactly the same as the orientation that is
needed for the wrist. When investigating this assumption further, a
third order polynomial function has been fitted to the results of session
3. Figure 7.3 shows the same data—set that was used in figure 7.1, but
now with a third order polynomial function fitted. Unfortunately this
same result does not apply to the orientation—mapping after the fifth
session as shown in figure 7.2. The reason behind this might be that
there are too many points being learnt with respect to the precision of

motor—orienation and visual-orienatation, as a result of which weaker
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generalisation is being achieved than might be possible. Better results

may be obtained by lowering the resolution of the lookup—table.

Session 3 (190 trials, 17 points basad on 33 successas)
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Figure 7.3: Rational function fitted to the orientation-map of the third

session

After all of the five learning sessions, the success of the learning has
been tested. Figure 7.4 shows the results of this learning. Since there
were five separate learning sessions, a curve has been fitted that shows
the interpolation over the average error of the five sessions. As can be
seen in the figure, the system is improvong its performance over time,
tending towards even better performance if there are more learning
trials added.

7.4 Summary

The results from the experiments show that babybot is learning the

mapping from visual orientation on motor-commands. The gradual
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Figure 7.4: Learning results for the five sessions

diminishing of the error after 351 learning trials shows that as learning
progressses, the success-rate for the mapping improves. The inspection
of the orientation mappings from session three and session five show
some evidence that the resolution of the orientation—map has been set
too high, which warrants further investigation. Overall these results
are encouraging and show that the approach that has been chosen to

model the pre—grasp orientation is the right one.
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Chapter 8

Conclusion

Where do we stand now at the conclusion of this thesis? In the past
chapters a description has been given how a developmental perspec-
tive can help in developing complex robotic systems. A description of
one such a developmental architecture namely Babybot has been given,
followed by a presentation of how infants learn and develop pre-grasp
orientation. As a point of adult level reference for the way in which
sensory—motor systems are implemented and functioning we have taken
a look at the theory of Milner and Goodale with respect to the buildup
of the visual system, and the way in which this relates to the motor
system. These chapters come together in a model of the development
of pre—grasp orientation in a developmental system like the Babybot.
The data from chapter 7 shows that the system for pre—grasp ori-
entation that has been developed functions as intended and is learning
and improving over time as intended. The fact that the system is func-
tioning properly provides evidence that the hypothesis of Milner and
Goodale on the character of the visual system of the human brain. In
our model we have shown that using only pragmatic visual informa-
tion from the dorsal stream for a direct ‘bottom—up’ coupling to the
motor system works very well, for artificial development at least. Im-

portant questions concerning the division of especially the perceptual
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side of the Milner and Goodale theory remain. In view of the im-
portant role the visuo—motor coupling plays in the development of an
infant an interaction between the vision—for—action of the dorsal and
the vision—for—perception of the ventral stream seems likely.

As this thesis has shown that the developmental approach is usable
to extend the architecture of Babybot to pre—grasp orientation, it has
only been on the fringe of the work that has to be done yet to add
a working end—effector in the form of the hand. The model has been
shown to be working, but there is room for improvement, especially in
terms of the generalization of the model. As we have seen in chapter
7 the reaching does not have an accuracy at the moment that makes
manipulation of objects and pre—orientation for objects easy. In part
this is an effect of the type of task that has been chosen for the robot
to learn. As was explained in chapter 6 the choice for this type of task
resulted from the type of end—effector that was available at the time
and the sensory information that could be gathered. As a result of these
constraints the task that has been used, uses a slot in a mailbox for
the posturing of the hand. This type of target had as an advantage
that proprioceptic information could be used to drive the learning,
but there are also important drawbacks to this type of target. The
first important drawback is that for the robot to successfully insert
the end-effector into the target, there is a far greater strain on the
precision of the reaching than there would be if a positive object, for
example a rod would be used. With this last object-type even sweeping
motions, from many different angles in the neighborhood, could result
in a contact with the object, where in the mailboz task there is only
one final-trajectory that can be used to make a successful reach into
the target possible.

The choice for a different kind of task, using positive objects instead
of a slot also has further implications for the system. As the discussion
in chapter 6 already pointed out, a measure of the success of a pre—

grasp orientation action is needed in order for the system to be able to
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learn. Removing the constraints of the mailbox, introduces the renewed
need for sensory feedback from the end-effector to be able to evaluate
if an action was successful. Combining sensory feedback with a kind
of palmary-reflex, grabbing a touched object as soon as contact has
been made, would add developmental plausibility to the system, and
would probably add more generality to the approach because of the
improved exploitation of the existing reaching abilities. One final point
concerning the type of task that is used for the learning concerns the
learning of the azimuth of the other degrees of freedom in the wrist.
Changing the task to pre—orienting for positive objects would put less
strain on what has to be learned for these DOF in the early stages, as
a simple fixation of these DOF with respect to the arms suffices in the
case of a rod that has to be pre—oriented.

In sum, the research in this thesis has been a first step in the learning
of pre—grasp orientation and the manipulation of objects, and gives an
encouraging result for the model that has been chosen. Furthermore,
some clear recommendations about the direction of future research have

come from this thesis.
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