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Preface

The work described in this book is founded on the premise that (a) cognition
is the process by which an autonomous self-governing agent acts effectively in
the world in which it is embedded, that (b) the dual purpose of cognition is to
increase the agent’s repertoire of effective actions and its power to anticipate
the need for and outcome of future actions, and that (c) development plays
an essential role in the realization of these cognitive capabilities.

Cognitive agents act in their world, typically with incomplete, uncertain,
and time-varying sensory data. The chief purpose of cognition is to enable the
selection of actions that are appropriate to the circumstances. However, the
latencies inherent in the neural processing of sense data are often too great to
allow effective action. Consequently, a cognitive agent must anticipate future
events so that it can prepare the actions it may need to take. Furthermore,
the world in which the agent is embedded is unconstrained so that it is not
possible to predict all the circumstances it will experience and, hence, it is not
possible to encapsulate a priori all the knowledge required to deal successfully
with them. A cognitive agent then must not only be able to anticipate but
it must also be able to learn and adapt, progressively increasing its space of
possible actions as well as the time horizon of its prospective capabilities. In
other words, a cognitive agent must develop.

There are many implications of this stance. First, there must be some start-
ing point for development — some phylogeny — both in terms of the initial
capabilities and in terms of the mechanisms which support the developmental
process. Second, there must be a developmental path — an ontogeny — which
the agent follows in its attempts to develop an increased degree of prospection
and a larger space of action. This involves several stages, from coordination
of eye-gaze, head attitude, and hand placement when reaching, through to
more complex exploratory use of action. This is typically achieved by dexter-
ous manipulation of the environment to learn the affordances of objects in
the context of one’s own developing capabilities. Third, since cognitive agents
rarely operate in isolation and since the world with which they interact typi-
cally includes other cognitive agents, there is the question of how a cognitive
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agent can share with other agents the knowledge it has learned. Since what
an agent knows is based on its history of experiences in the world, the mean-
ing of any shared knowledge depends on a common mode of experiencing the
world. In turn, this implies that the shared knowledge is predicated upon
the agents having a common morphology and, in the case of human-robot
interaction, a common humanoid form.

The roadmap set out in this book targets specifically the development
of cognitive capabilities in humanoid robots. It identifies the necessary and
hopefully sufficient conditions that must exist to allow this development.
It has been created by bringing together insights from four areas: enactive
cognitive science, developmental psychology, neurophysiology, and cognitive
modelling. Thus, the roadmap builds upon what is known about the develop-
ment of natural cognitive systems and what is known about computational
modelling of artificial cognitive agents. In doing so, it identifies the essential
principles of a system that can develop cognitive capabilities and it shows how
these principles have been applied to the state-of-the-art humanoid robot: the
iCub.

The book is organized as follows. Chapter 1 presents a conceptual frame-
work that forms the foundation of the book. It identifies the broad stance
taken on cognitive systems — emergent embodied systems that develop cogni-
tive skills as a result of their action in the world — and it draws out explicitly
the consequences of adopting this stance. Chapter 2 begins by discussing the
importance of action as the organizing principle in cognitive behaviour, a
theme that will recur repeatedly throughout the book. It then addresses the
phylogeny of human infants and, in particular, it considers the innate capa-
bilities of pre-natal infants and how these develop before and just after birth.
Chapter 3 then details how these capabilities develop in the first couple of
years of life, focussing on the interdependence of perception and action. In do-
ing so, it develops the second recurrent theme of the book: the central role of
prospective capabilities in cognition. Chapter 4 explores the neurophysiology
of perception and action, delving more deeply into the way that the interde-
pendency of perception and action is manifested in the primate brain. While
Chapters 2 – 4 provide the biological inspiration for the design of an entity
that can develop cognitive capabilities, Chapter 5 surveys recent attempts at
building artificial cognitive systems, focussing on cognitive architectures as
the basis for development. Chapter 6 then presents a complete roadmap that
uses the phylogeny and ontogeny of natural systems as well as insights gained
from computational models and cognitive architectures to define the innate
capabilities with which the humanoid robot must be equipped so that it is
capable of ontogenetic development. The roadmap includes a series of sce-
narios that can be used to drive the robot’s developmental progress. Chapter
7 provides an overview of the iCub humanoid robot and it describes the use
of the the roadmap in the realization of the iCub’s own cognitive architec-
ture. Chapter 8 concludes by setting out an agenda for future research and
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addressing the most pressing issues that will advance our understanding of
cognitive systems, artificial and natural.

Dublin, Uppsala, and Ferrara David Vernon
August 2010 Claes von Hofsten

Luciano Fadiga
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Chapter 1

A Conceptual Framework for Developmental
Cognitive Systems

1.1 Introduction

This book addresses the central role played by development in cognition. We are in-

terested in particular in applying our knowledge of development in natural cognitive

systems, i.e. human infants, to the problem of creating artificial cognitive systems in

the guise of humanoid robots. Thus, our subject matter is cognition, development,

and humanoid robotics. These three threads are woven together to form a roadmap

that when followed will enable the instantiation and development of an artificial

cognitive system. However, to begin with, we must be clear what we mean by the

term cognition so that, in turn, we can explain the pivotal role of development and

the central relevance of humanoid embodiment.

In the following, we present a conceptual framework that identifies and explains

the broad stance we take on cognitive systems — emergent embodied systems that

develop cognitive skills as a result of their action in the world — and that draws out

explicitly the theoretical and practical consequences of adopting this stance.1

We begin by considering the operational characteristics of a cognitive system,

focussing on the purpose of cognition rather than debating the relative merits of

competing paradigms of cognition. Of course, such a debate is important because

it allows us to understand the pre-conditions for cognition so, once we have estab-

lished the role cognition plays and see why it is important, we move on to elaborate

on these pre-conditions. In particular, we introduce the underlying framework of

enaction which we adopt as the basis for the research described in this book.

By working through the implications of the enactive approach to cognition, the

central role of development in cognition becomes clear, as do several other key

issues such as the crucial role played by action, the inter-dependence of percep-

tion and action, and the consequent constructivist nature of the cognitive system’s

knowledge.

1 This chapter is based directly on a study of enaction as a framework for development in

cognitive robotics [385]. The original paper contains additional technical details relating

to enactive systems which are not strictly required here. Readers who are interested in

delving more deeply into enaction are encouraged to refer to the original.
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2 1 A Conceptual Framework for Developmental Cognitive Systems

The framework of enaction provides the foundation for subsequent chapters

which deal with the phylogeny and the ontogeny of natural cognitive systems —

their initial capabilities and subsequent development — and the application of what

we learn from these to the realization of an artificial cognitive system in the form of

a humanoid robot.

1.2 Cognition

Cognitive systems anticipate, assimilate, and adapt. In doing so, they learn and de-

velop [387]. Cognitive systems anticipate future events when selecting actions, they

subsequently learn from what actually happens when they do act, and thereby they

modify subsequent expectations and, in the process, they change how the world

is perceived and what actions are possible. Cognitive systems do all of this au-

tonomously. The adaptive, anticipatory, autonomous viewpoint reflects the position

of Freeman and Núñez who, in their book Reclaiming Cognition [105], assert the

primacy of action, intention, and emotion in cognition. In the past, however, cog-

nition was viewed in a very different light as a symbol-processing module of mind

concerned with rational planning and reasoning. Today, however, this is changing

and even proponents of these early approaches now see a much tighter relationship

between perception, action, and cognition (e.g. see [7, 214]).

So, if cognitive systems anticipate, assimilate, and adapt, if they develop and

learn, the first question to ask is why do they do this? The subsequent question is

how do they do it? The remainder of this section is devoted to the first question and

the rest of the book addresses the latter.

The view of cognition taken in this book is that cognition is the process whereby

an autonomous self-governing system acts effectively in the world in which it is

embedded [237]. However, in natural systems, the latencies inherent in the neu-

ral processing of sense data are too great to allow effective action. This is one of

the primary reasons a cognitive agent must anticipate future events: so that it can

prepare the actions it may need to take. In addition, there are also limitations im-

posed by the environment and the cognitive system’s body. To perform an action,

one needs to have the relevant body part in a certain place at a certain time. In a

dynamic environment that is constantly changing and with a body that takes time to

move, this requires preparation and prediction. Furthermore, the world in which the

agent is embedded is unconstrained and the sensory data which is available to the

cognitive system is not only ‘out-of-date’ but it is also uncertain and incomplete.

Consequently, it is not possible to encapsulate a priori all the knowledge required

to deal successfully with the circumstances it will experience so that it must also

be able to adapt, progressively increasing its space of possible actions as well as

the time horizon of its prospective capabilities. It must do this, not as a reaction

to external stimuli but as a self-generated process of proactive understanding. This

process is what we mean by development. In summary, and as noted in the Preface,

the position being set out in this book is that (a) cognition is the process by which

an autonomous self-governing agent acts effectively in the world in which it is em-

bedded, that (b) the dual purpose of cognition is to increase the agent’s repertoire
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1.6 Summary

We conclude the chapter with a summary of the principal requirements for the de-

velopment of cognitive capabilities that are implied by the adoption of the enactive

system stance on cognition.

A cognitive system must support two complementary processes: structural de-

termination and development. Structural determination acts to maintain the au-

tonomous operational identity of the system through a process of self-organizing

perception and action provided by the system phylogeny. The phylogeny also pro-

vides the mechanisms for development through a process of self-modification which

functions to extend the system’s repertoire of possible actions and expand its antic-

ipatory time-horizon.

The phylogeny must be capable of allowing the system to act on the world and

to perceive the effects of these actions. The phylogeny must have a rich array of

sensorimotor couplings and it must have a nervous system that modifies itself to

facilitate the construction of an open-ended space of action-perception mappings

built initially on the basis of sensorimotor associations or contingencies.

The phylogeny must allow the system to generate knowledge by learning affor-

dances: to interpret a perception of something in its world as affording the oppor-

tunity for the system to act on it in a specific way with a specific outcome (in the

sense of changing the state of the world).

The phylogeny must have some facility for internal simulation to accelerate the

scaffolding of early sensorimotor knowledge and to facilitate prediction of future

events, the reconstruction of observed events, and the imagination of possible new

events. The phylogeny must facilitate the grounding of the simulation in action to

establish its worth and thus either discard the experience or use it to enhance the

system’s repertoire of actions and its anticipatory capability.

Finally, the phylogeny must embody social and exploratory motives to drive de-

velopment. These motives must enable the discovery of novelty and regularities in

the world and the potential of the sytem’s own actions.





Chapter 2

Pre-natal Development and Core Abilities

In this chapter, we consider the phylogeny of human infants and, in particular, we

look at the innate capabilities of pre-natal infants and how these develop before and

just after birth. We begin by looking at the role of action in cognitive behaviour,

noting that anticipatory goal-directed actions, initiated by the infant in response to

internal motivations, are the key to development. This is consistent with what we

said in the previous chapter regarding co-development being a self-generated pro-

cess. We then proceed to consider the phylogeny of a neonate and the development

that occurs prior to birth. We refer to this as pre-structuring and it occurs in several

guises: in the morphology of the body, in the motor system, and in the perceptual

system. The resultant capabilities that exist at birth are subject to accelerated de-

velopment early on. These form functional systems to sustain life and to explore

and adapt to the infant’s new environment. We then address the core abilities in

more detail, looking at core knowledge with respect to capabilities concerning the

perception of objects, numeric quantities, space, and people. This brings us to the

issue of core social and explorative motives that are responsible for driving devel-

opment. We conclude this chapter with a summary of the key points that enable the

development of cognitive capabilities, the subject matter of the next chapter.

2.1 Action as the Organizing Principle in Cognitive Behaviour

Converging evidence from many different fields of research, including psychology

and neuroscience, suggests that the movements of biological organisms are orga-

nized as actions and not reactions. While reactions are elicited by earlier events,

actions are initiated by a motivated subject, defined by goals, and guided by prospec-

tive information.

Actions are initiated by a motivated subject. The motives may be internally pro-

duced or externally inspired but without them there will be no actions. Earlier events

and stimuli in the surrounding may provide information and motives for actions, but

they do not just elicit the movements like reflexes do, not even in the newborn in-

fant. Converging evidence shows that most neonatal behaviours are prospective and

D. Vernon et al.: A Roadmap for Cogn. Develop. in Humanoid Robots, COSMOS 11, pp. 13–28.
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14 2 Pre-natal Development and Core Abilities

flexible goal-directed actions. This is not surprising. Sophisticated pre-structuring

of actions at birth is the rule rather than the exception in biological organisms.

Actions are organized by goals and not by the trajectories they form. A reach,

for instance, can be executed in an infinite number of ways. It is still defined as the

same action, however, if the goal remains the same. When performing movements

or observing someone else performing them, subjects fixate goals and sub-goals

of the movements [183]. However, this is only done if an action is implied: when

showing the same movements without the context of an agent, subjects fixate the

moving object instead of the goal [97]. Thus, the goal state is already represented

when actions are planned [185]. Evidence from neuroscience shows that the brain

represents movements in terms of actions even at the level of neural processes. A

specific set of neurons, ‘mirror neurons’, is activated when perceiving as well as

when performing an action [312]. These neurons are specific to the goal of actions

and not to the mechanics of executing them [378].

Actions are guided by prospective information, as opposed to instantaneous feed-

back data. This is because adaptive behaviour has to deal with the fact that events

precede the feedback signals about them. In biological systems, the delays in the

control pathways may be substantial. The total delays for visuo-motor control, for

instance, are at least 200-250 ms. Relying on feedback is therefore non-adaptive.

The only way to overcome this problem is to anticipate what is going to happen

next and use that information to control one’s behaviour. Most events in the outside

world do not wait for us to act. Interacting with them require us to move to specific

places at specific times while being prepared to do specific things. This entails fore-

seeing the ongoing stream of events in the world as well as the unfolding of our own

actions.

Predictive control is possible because events in the world are governed by rules

and regularities. The most general ones are the laws of nature. Inertia and gravity for

instance apply to all mechanical motions and determine how they will evolve. Other

rules are more task specific, like those that enable us to drive a car or ride a bike.

Finally, there are socially determined rules that we have agreed upon to facilitate

social behaviour and to enable us to communicate and exchange information with

each other. Information for predictive control of behaviour is available through both

perception and cognition. Perception provides us with direct information about what

is going to happen next. Our knowledge of the rules and regularities of events enable

us to go beyond perception and predict what is going to happen over longer periods

of time. Together the sensory-based and the knowledge-based modes of prospective

control supplement each other in making smooth and skilful actions possible. The

ultimate function of cognition is to guide actions. In adult humans, the cognitive

processes involved may sometimes appear rather remotely and indirectly related to

action, but it is important to point out that expressions of language are actions in

their own right. In young children, the connection between action and cognition is

much more direct. In the prelingual child, cognition can only be expressed through

movements of the child.

Perception and action are mutually dependent. Together they form adaptive

systems. No action, however prescribed, can be implemented in the absence of



24 2 Pre-natal Development and Core Abilities

They both function from birth and provide the driving force for action throughout

life.

The social motive puts the subject in a broader context of other humans that pro-

vide comfort, security, and satisfaction. From these others, the subject can learn new

skills, find out new things about the world, and exchange information through com-

munication. The social motive is so important that it has even been suggested that

without it a person will stop developing altogether. The social motive is expressed

from birth in the tendency to fixate social stimuli, imitate basic gestures, and engage

in social interaction.

There are at least two exploratory motives. The first one has to do with finding out

about the surrounding world. New and interesting objects (regularities) and events

attract infants’ visual attention, but after a few exposures they are not attracted any

more. This fact has given rise to a much used paradigm for the investigation of

infant perception, the habituation method. An object or event is presented repeatedly

to subjects. When they have decreased their looking below a certain criterion, a

new object or event is shown. If the infants discover the change, they will become

interested in looking at the display again.

The second exploratory motive has to do with finding out about one’s own ac-

tion capabilities. For example, before infants master reaching, they spend hours and

hours trying to get the hand to an object in spite of the fact that they will fail, at

least to begin with. For the same reason, children abandon established patterns of

behaviour in favour of new ones. For instance, infants stubbornly try to walk at an

age when they can locomote much more efficiently by crawling. In these exam-

ples there is no external reward. It is as if the infants knew that sometime in the

future they would be much better off if they could master the new activities. The

direct motives are, of course, different. It seems that expanding one’s action capa-

bilities is extremely rewarding in itself. When new possibilities open up as a result

of, for example, the establishment of new neuronal pathways, improved perception,

or biomechanical changes, children are eager to explore them. At the same time,

they are eager to explore what the objects and events in their surrounding afford in

terms of their new modes of action [116]. The pleasure of moving makes the child

less focused on what is to be achieved and more on its movement possibilities. It

makes the child try many different procedures and introduces necessary variability

into the learning process.

2.4 Summary

We conclude with a summary of the issues addressed in this chapter. We will draw

on these later in the book when we seek to identify the appropriate phylogeny for a

humanoid robot, specifically a phylogeny that can support subsequent development.

2.4.1 Actions

Movements are organized as actions. The infant initiates actions as a consequence

of motives, either internally-generated or externally-triggered. Actions are not
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reactions: actions are goal-directed and are guided by prospection. The goal state

is already represented when the action is planned. For example, infants fixate the

goals and sub-goals when observing actions, but if the context of a movement is

removed, the fixation reverts to the motion itself rather than remaining on the antici-

pated outcome of the action, i.e., the goal. Similarly, the activation of mirror neurons

is specific to the goal of an action and not to the movements carried out to achieve

the goal. Prospective control is based both on sensory-based immediate perception

and knowledge-based cognition. Prospection is possible because of the lawfulness

of the world: the regularities of natural objects and the rules of social behaviour. The

ultimate function of cognition is to guide actions.

2.4.2 Prenatal Development

The potential of an organism depends on the balance between phylogeny and sub-

sequent development. Development depends on the presence of built-in innate abil-

ities provided by phylogeny. These innate abilities present themselves through mor-

phological pre-structuring, pre-structuring of the motor system, pre-structuring of

the pereceptual system, sensory-motor couplings, and innate or core perceptual and

cognitive abilities.

2.4.2.1 Morphological Pre-structuring

Body parts are part of a perception-action system that also includes special-purpose

perceptual and neural mechanisms. Together they solve specific action problems.

Consequently, changes in morphology involve matching changes in the perceptual

system to improve the extraction of information for controlling specific actions. In

lower vertebrates, action systems are relatively independent. A frog’s perception-

action system for catching flies is distinct from its perception-action system for

negotiating obstacles. In higher vertebrates, movements and perceptual capabilites

are more versatile and are recruited or re-used by skills other than the ones in which

they evolved. The same facility for re-use also applies to subsequent ontogeny.

2.4.2.2 Pre-structuring the Motor System

Early in ontogenesis, movements are constrained to reduce the number of degrees

of freedom and thereby simplify the control task. This is achieved by synergies

between motor systems that both facilitate and constrain the control problem. For

example, a neonate simultaneously extends its arm and fingers when reaching and,

consequently, it can’t grasp; the ability to grasp with the arm extended is devel-

oped later. The stepping frequency of a neonate is related to the characteristics of

an the optic flow pattern observed by the neonate, another example of synergy in

perception-action coupling. The key point is that there exist pre-structured sensory-

motor couplings at birth, both in terms of perception-dependent movement and

movement-dependent perception.
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2.4.2.3 Pre-structuring the Perceptual System

Object perception — the ability to divide up the visual field into object-defining

entitities — is present at birth. Early structuring of vision is accomplished prena-

tally in a two-stage process. First, axons orginating at the retinal level migrate to the

lateral geniculate nucleus and superior colliculus. As they do so, the retinal topog-

raphy is roughly preserved but not to the extent that it facilitates the extraction of

useful information. Second, this mapping is refined by competitive and reinforce-

ment interactions whereby movements of the arms in front of the eyes in the womb

may facilitate the establishment of sensory-motor contingencies. After birth, visual

acuity improves significantly, from 2-3% of adult acuity at birth. This resolution,

however, is sufficient for an infant to see its hands and see the gross features of a

person’s face.

Perceptions and actions are mutually dependent: perception is needed to plan for

and guide action, and action is needed to enable perception. Perception is always

characterized by exploratory activities. However, the mutual dependency of per-

ception and action is asymmetric: specific perceptual capabilities are required for

certain actions but specific actions are not required to produce specific perceptions.

Actions facilitate perception in a general way only: they provide opportunities for

perception and guide the perceptual system to where the information is. This has

an important consequence for development: the ability to extract information must

exist before actions can be organized.

2.4.2.4 Forming Functional Systems

Phylogeny is geared towards sustaining life at birth. The capabilities that exist at

birth are subject to accelerated development and growth early on to form and con-

solidate the functional systems needed to sustain life and to explore the infant’s new

environment and to adapt to it.

2.4.3 Core Abilities

2.4.3.1 Core Knowledge

Infants have pre-configured abilities to enable them to acquire knowledge and build

on this knowledge through the developmental process. This knowledge relates to

the perception of objects and their movements, the perception of geometric rela-

tionships between objects, the perception of numbers of objects, and the perception

of persons and their actions. These pre-configured abilities are organized as core

knowledge systems which are domain-specific (each system represents a small sub-

set of what can be perceived), task-specific (each system solves a limited number of

problems), and encapsulated (each system performs a cohesive function relatively

independently of other systems).

Regarding the perception of objects, infants divide up their optic array into re-

gions that exhibit certain characteristics. These characteristics are inner unity, a
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persistent outer boundary, cohesive and distinct motion, relatively constant size and

shape when in motion, and, when contact occurs with another object, a change in

the behaviour or motion of one or both of the objects. These characteristic regions

are perceived as objects. Objects are perceived to move on continuous and regular

paths which don’t change if the object moves out of view, e.g., due to occlusion.

When tracking an object through occlusion, an infant’s gaze stops at the point of

disappearance and then saccades to the point of expected reappearance just before

the object reappears. This behaviour emerges approximately at month three and is

mature by month four. However, infants are adaptive: if the expected behaviour of

the object does not materialize, other expectations of a reappearance take over, e.g.

expectation of reappearance at right angles to the original trajectory before being

occluded.

Regarding numbers, by between six to twelve months, infants can discriminate

between groups of one, two, and three objects but not higher numbers. This ability

is not modality specific: it is present with hearing as well as vision. Infants can also

add small numbers up to a limit of three; e.g. if you hide one object and then hide

another, the infant has an expectation that two objects will be revealed. Infants can

discriminate between groups of larger numbers of objects provided that the ratio of

the number of each group is large, e.g. a group of eight can be discriminated from a

group of sixteen, but not of twelve. In contrast, adults can successfully discriminate

between a group of seven and a group of eight.

Regarding space, navigation is based on representations that are dynamic (i.e.

not enduring or persistent), that are ego-centric rather than eco-centric, and that

use limited amounts of information about the environment. Navigation uses path

integration, navigating by moving from place to place, re-orienting as you go. Errors

in navigation are due to re-orientation errors rather than errors in the recollection

of landmarks. Re-orientation is effected by recognizing places or landmarks and

not by using a global representation of the environment. The view-dependence of

landmarks is important for re-orientation: it is the geometry of the landmark that

matters rather than the distinctive features.

Regarding people, infants are attracted to people and especially to their faces,

their sounds, movements, and features. Infants prefer biological motion rather than

non-biological mechanical motion. Infants can recognize people and expressions

and they can perceive the goal-directioned nature of actions. Infants have a greater

tendency to scan a schematic face with a correct spatial arrangment of facial features

rather than one where the facial features are placed randomly. Infants gaze longer

when the person looks directly at them. They perceive and communicate emotions

through facial gesture and they engage in turn-taking.

Core knowledge systems contribute to cognitive development in two ways. First,

core knowledge systems persist in older children as domain-specific, task-specific,

and encapsulated capabilities. Second, they act as building blocks for scaffolding

new cognitive abilities and more complex cognitive tasks are accomplished by re-

cruiting existing core knowledge systems in new ways.
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2.4.3.2 Core Motives

The two primary motives that drive actions are social and explorative. Without so-

cial interaction a person may stop developing altogether. The social motive exists

from birth and is manifested as a fixation on social stimuli (e.g. faces), imitation of

basic gestures, and engagement in social interaction (e.g. in turn-taking). The ex-

plorative motive is concerned with finding out about one’s own action capabilities.

This motive is so strong that infants persevere in actions despite continued failure,

e.g. reaching without success and abandoning a successful skill (e.g. crawling) in

order to learn a new one (e.g. walking). The chief motive is to expand the space of

actions.



Chapter 3

The Development of Cognitive Capabilities in
Infants

Although all our basic behaviours are deeply rooted in phylogeny, they would be

of little use if they did not develop. Core abilities are not fixed and rigid mecha-

nisms but are there to facilitate development and the flexible adaptation to many

different environments. Development is the result of a process with two foci, one

in the central nervous system and one in the subject’s dynamic interactions with

the environment. The brain undoubtedly has its own dynamics that makes neurons

proliferate, migrate and differentiate in certain ways and at certain times. However,

the emerging action capabilities are also crucially shaped by the subject’s interac-

tions with the environment. Without such interaction there would be no functional

brain. Perception, cognition and motivation develop at the interface between neural

processes and actions. They are a function of both these things and arise from the

dynamic interaction between the brain, the body and the outside world. A further

important developmental factor is the biomechanics of the body: perception, cog-

nition and motivation are all embodied and subject to biomechanical constraints.

Those constraints change dramatically with age, and both affect and are affected

by the developing brain and by the way actions are performed. The nervous system

develops in a most dramatic way over the first few months of postnatal life. During

this period, there is a massive synaptogenesis of the cerebral cortex and the cerebel-

lum [173, 174]. Once a critical mass of connections is established, a self-organizing

process begins that results in new forms of perception, action and cognition. The

emergence of new forms of action always relies on multiple developments [371].

The onset of functional reaching depends, for instance, on differentiated control of

the arm and hand, the emergence of improved postural control, precise perception

of depth through binocular disparity, perception of motion, control of smooth eye

tracking, the development of muscles strong enough to control reaching movements,

and a motivation to reach.

3.1 The Development of Perception

Two processes of perceptual development can be distinguished. The first one is a

spontaneous perceptual learning process that has to do with the detection of structure

D. Vernon et al.: A Roadmap for Cogn. Develop. in Humanoid Robots, COSMOS 11, pp. 29–63.
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in the sensory flow. As long as there is variability and change in the sensory flow,

the perceptual system will spontaneously learn to detect structure and differentiate

invariants in that flow that correspond to relatively stable and predictible properties

of the world. The second process is one of selecting information relevant for guiding

action. Infants must already have detected that structure in the sensory flow before it

can be selected to guide action. It could not be the reverse. In other words, perception

is not encapsulated in the actions to start with as Piaget suggested [288, 289]. It may

actually be the other way around.

3.2 Visual Development

The retina is rather immature at birth. The receptors are inefficient and only absorb

a small fraction of the light that reaches the eye. Consequently, the acuity is low,

only about a 40th to a 30th of the adult acuity. The discrimination of contrast is

deficient to a corresponding degree. The rods and cones are evenly spread over

the retina [20] and the cones are undeveloped. Therefore both acuity and contrast

sensitivity is bad. The poor visual acuity is primarly determined by the immaturity

of the receptors. This is shown in Fig. 3.1. Colour is poorly discriminated. These

conditions change dramatically after birth. First, the cones migrate towards the fovea

resulting in the massive concentration of cones in that part of the retina in adults.

The rods, however, do not change position. They remain evenly distributed over the

retina over development. The change in receptor distribution rules out the possibility

(a) (b)

Fig. 3.1 (a) Development of human foveal cones illustrated by light micrographs. Ages: (6)

5 days postpartum; (9), 72 years.; OS, outer segments (from [412]); (b) The distribution of

photocells on the fovea of an adult (top) and a newborn infant (bottom). The light sensitive

elements are depicted as a black spot at the center of each receptor depicted in white (from

[20]).
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Fig. 3.15 Hotspots of looks at a conversation between two people for a typically developed

3year-old child (to the left) and for an autistic child (to the right). The intensity of looking

goes from green to red where red is the most intense looking.

of age and this provides a new resource for communication. Pointing often starts

when objects are named, an example that language and planned directed actions are

connected [376].

While young children extremely attracted by other peoples faces and spend much

time looking at them, children with autism dont. Their attention is drawn to simpler

features that are salient, like high contrast or bright colour. Figure 3.15 shows a

typically developing child and a child with autism who looks at two people having

a conversation. While the typically developing child focuses on the mouths of the

talking people, the child with autism does this much less and devotes a fair amount

of time looking at the shadow in between.

3.4 Summary

We conclude with a short synthesis of the many issues addressed in this chapter. In

doing so, we will highlight the key points and, where relevant, provide the timeline

for development of certain abilities.

3.4.1 The Basis for Development

Development arises due to changes in the central nervous system as a result of dy-

namic interaction with the environment. Development is manifested by the emer-

gence of new forms of action and the acquisition of predictive control of these

actions. Mastery of action relies critically on prospection, i.e. the perception and

knowledge of upcoming events. Repetitive practice of new actions is not focused

on establishing fixed patterns of movement but on establishing the possibilities for

prospective control in the context of these actions.
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Development depends crucially on motivations which define the goals of actions.

The two most important motives that drive actions and development are social and

explorative. There are at least two exploratory motives, one involving the discovery

of novelty and regularities in the world and one involving the discovery of the poten-

tial of the infant’s own actions. Expanding one’s repertoire of actions is a powerful

motivation, overriding efficacy in achieving a goal (e.g. the development of bi-pedal

walking, and the retention of head motion in gaze even in circumstances when oc-

ular control would be more effective). Similarly, the discovery of what objects and

events afford in the context of new actions is also a strong motivation.

The emergence of new forms of action always relies on multiple developments,

typically in perception and prospective motor control. In the development of percep-

tion, there are two processes: the detection of structure or regularity in the flow of

sensory data, and the selection of information which is relevant for guiding action.

3.4.2 Visual Processing

The visual system develops rapidly after birth. The acuity and contrast sensitivity of

the retina in a newborn infant is very poor, typically 2.5% – 3.5% of their eventual

sensitivity. Both develop very quickly and the acuity of an adult is achieved by

month 5. This development occurs through the migration of cones to the fovea;

rods don’t change position. This migration changes the structure of the retina and

it means that infants do not have innate sensitivity of certain retinal patterns which

must be learned after birth.

Several other visual functions are not available at birth. Colour perception func-

tions only after approximately four weeks. Motion perception exists at a sub-cortical

level but the interpretation and use of motion perception requires cortical processing

and does not exist at birth. For example, neonates cannot do smooth pursuit at birth

and only begin to improve at week 6, achieving adult performance at week 14. The

ability to discriminate between regions of different directions of motion also only

emerges at approximately week 8 and is mature by weeks 14-18.

Visual space perception depends of several cues all of which develop in the first

year and at different rates. These cues include binocular depth perception based

on vergence of the eyes and stereo disparity. Vergence develops from week 4 for

distances greater than 20 cm and by week 20 or perhaps earlier it can be used

for reaching actions. Sensitivity to stereo binocular disparity develops quickly from

week 8 on. Depth perception due to motion parallax caused by movements of the

infant’s head develops by approximately week 12. The ability to estimate the time

to contact of a looming object is not perceived by very young infants and is only

apparent from month 6 on. Infants younger than six months may know an object is

approaching but they are unable to tell when it is going to hit them. Other depth cues

such as perspective, size, interposition, and shading are not used to guide reaching

until months 6–7.
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Young infants primarily identify objects using binocular stereo disparity and rel-

ative motion. Objects are perceived as entities with well-defined outer boundaries

and inner uniformity. Relative motion dominates the perception of objects in very

young infants and is much more important than static features such as form and sim-

ilarity or uniformity of texture and colour. That is to say, Gestalt relations influence

infants far less than they do adults.

Infants divide the perceptual array into entitites that move together or move sep-

arately, that maintain size and shape during motion, and that tend to act on each

other only when they make contact. Entities that move together are perceived as a

single object, even if they comprise disconnected regions, so that different parts of a

partially-occluded object are perceived as a single object, provided there is relative

movement between the object and the occluder due either to independent object mo-

tion or motion parallax. This is true irrespective of the similarity of the disconnected

regions. Entities that move relative to one another are perceived as separate objects.

The alignment of the disconnected regions does have an impact, with the perception

of a single object being stronger if there is good alignment. Colour contributes to the

identification of an object only by the end of year 1. The combination of visual and

tactile exploration of an object in infants of approx. 11 months increases the ability

to distinguish objects based on colour.

The following shows the timeline for the onset of development of visual

processing.

Month

0 Visual acuity

1 Colour processing

1 Ocular convergence for objects beyond 20 cm

2 Depth perception from binocular stereo disparity

2 Object discrimination based on motion information

3 Smooth pursuit

3 Depth perception from motion parallax

3 Ability to perceive binocular depth

5 Ocular convergence for reaching

6 Depth perception of looming objects

6–7 Depth perception based on perspective, size,

interposition, shading

12 Object discrimination based on colour

3.4.3 Posture

Establishing and maintaining a stable orientation with respect to the environment is

a pre-requisite for purposeful movements, i.e. actions. Gravity provides a frame

of reference and is sensed using the vestibular system (in particular, using the

otoliths in the ear). Vision, and visual flow in particular, is crucial for maintain-

ing balance and controlling body posture prospectively. It is important to maintain
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balance prospectively because reflexive posture adjustment interrupts actions. For

the same reason, the effect of the movement of the limbs on balance is also adjusted

prospectively.

The first signs of being able to control posture begins at week 12 as the infants

stabilizes head pose while lifting the head when prone. By weeks 24–28, the infant

can stabilize head posture when sitting, compensating for sway in the trunk. By

week 36, the infant is making anticipatory adjustments of head and trunk posture

when reaching.

The development of locomotion provides several instances of the interdepen-

dency of perception and action. For example, infants who can walk show a

preference for looking at other infants walking whereas infants who crawl show

a preference for looking at other infants crawling. These examples suggest that a

mirror-neuron function is involved.

The following shows the timeline for the onset of development of posture control.

Month

3 Head stabilization when lying prone and lifting the head

6 Head stabilization when sitting

9 Anticipatory adjustment of posture when reaching

3.4.4 Gaze

Crucial for the establishment and maintenance of social interaction, the development

of gaze control is one of the earliest skills to appear in a neonate. Gaze involves both

head and eye movements and is guided by visual, vestibular, and proprioceptive in-

formation. To develop prospective gaze control, the infant must master two skills:

high-speed saccadic movements to areas of interest with subsequent gaze stabiliza-

tions, and smooth pursuit eye movements.

Controlling saccadic movements is a basic aspect of cognitive development.

Shifting gaze is preceded by a covert attentional shift: a disengaging of attention

on a current point of interest, engagement on a new point of interest, followed by

an overt shift in gaze. The saccadic system develops ahead of the smooth pursuit

system. It is functional at birth and develops rapidly in the first six months. Visual

attention in infants is primarily guided by the attractiveness of objects and the pre-

dictability of events. The systematic scanning of the environment only appears at

pre-school age at which point a child can solve the problem of detecting the differ-

ence between two pictures.

Smooth pursuit is more complicated that saccadic movement as it requires antic-

ipation of imminent motion of the object of interest. Smooth pursuit is also needed

when the infant is moving with respect to the object of interest and here the stabi-

lization needs to anticipate body movements. Newborn infants have only a limited

ability to track moving objects smoothly but they improve rapidly from around week

6 and attain adult level by week 14. When tracking a moving object, the smooth
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pursuit system must anticipate motion. One predictive process extrapolates just-

observed motion, i.e. instantaneous motion. Such extrapolation depends on the reg-

ularity of motion due to, e.g., inertia. Both head and eye movements are involved

in tracking, with the eyes leading the head and the head often lagging the target by

0.3 sec. (for a 5-month-old infant). The head tracking may actually interfere with

the eye-tracking at this age but infants persist because they are internally-motivated

to do so (and because, like the transition from crawling to walking, the combined

head-eye tracking eventually develops into a much more flexible skill).

Head movements also occur for reasons other than gaze stabilization. Since the

visual system, compensating for retinal slip, works best with slow changes in the

optical field less than 0.6 Hz, it is the vestibular system, operating best at frequencies

greater than 1 Hz, that is used to stabilize gaze and compensate for head movement.

The following shows the timeline for the onset of development of gaze control in

the neonate.

Month

0 Vestibular gaze stabilization to compensate for head movement

0 Saccadic eye movements, ability to engage and disengage attention

0 Limited smooth pursuit ability

0 Attentional processes are present: gaze directed toward attractive objects

and novel appearance or events

3–4 Infants achieve adult level of smooth pursuit

3.4.5 Reaching and Grasping

Visual control of the arm is present at birth. Infants can move their fingers but can-

not control them to grasp or manipulate objects. Arm and finger motions are bound

together in extension and flexion synergies, i.e., the arm and fingers extend and flex

together. This synergy changes dramatically at approximately week 8 and the cou-

pling is broken. Now the infant has a tendency to fist the hand when extending the

arm. This is followed after a few weeks with open-handed reaching, but only when

the arm is visually guided to an object with the hand closing when it is close to the

object. Reaching for a stationary object appears between weeks 12 and 18. Catch-

ing moving objects appears at approximately week 18, i.e. the age at which an infant

masters reaching for stationary objects. Significantly, the point towards which the

infant reaches is the eventual position of the moving object, not the initial observed

position. Again, we see the presence of prospection in an infant’s actions. Early

reaching movements are characterized by several segments or units, each compris-

ing an acceleration and a deceleration phase. The number of units reduces with

development to the point where infants of a few months of age making movements

comprising two segments: a reaching movement to bring the hand close to the target

and a subsequent grasping movement. The development of reaching abilities shows

increasing use of prospective control. Six-month-old infants do not plan reaching



62 3 The Development of Cognitive Capabilities in Infants

actions when the target object is temporarily occluded; instead they wait until the

object re-appears. Nine-month-old infants reach for moving objects but inhibit the

reaching action when a barrier blocks their path. Eleven-month-old infants are able

to catch an object as it reappears from behind an occluder, exhibiting significant

anticipatory control.

Infants also use prospection when preparing the grasping action. They adjust the

orientation of the hand to the orientation of the object they are reaching for. In partic-

ular, the hand orientation is adjusted to align with the future anticipated orientation

of the target object. Between 9 and 13 months, infants also adjust the extent of the

hand opening to match the size of the object to be grasped; infants do not exhibit

this behaviour at five months old. All infants begin to close the grasp before the

object is encountered, again showing the operation of prospection in actions. The

exact behaviour differs with age. Infants up to 9 months old first move the hand

close to the object and then begin the grasping action. Thirteen-month-olds begin

the grasp during the approach and significantly before the hand touches the objects.

Eventually, the infant displays an integrated reach and grasp action.

When grasping first emerges, infants may use one as well as both hands. The first

grasps are power grasps which engage the whole hand. At month 4, infants adjust

grasp configurations as a function of the object properties. However, in doing so,

they use both haptic and visual information to adjust the grip. By month 8, most

infants are able to do this using only visual information. From months 5 to 9, infants

increasingly use differentiated grip positions involving the thumb, index finger, and

long middle finger. From months 9 to 10, infants develop independent finger control

in grasping allowing them to grip very small objects in a precision grasp. When

adjusting the grasp to the orientation of an elongated object, the precision of the

adjustment increases with age but a residual error of approx. 10◦ – 15◦ remains

which must be accommodated after contact. Again, grasping is prospective with

infants adjusting for the final orientation of the object.

The following shows the timeline for the onset of the development of reaching

and grasping.

Month

0 Visual control of arm but no control of fingers for grasping

0 Arm and finger motions governed by global extension/flexion synergies

2 Hand is fisted when extending the arm

3 Open hand when reaching, but only when visually guided

hand closing when close to object

4–5 Reaching and grasping as a function of object properties

9 Adjustment of hand size when reaching

hand closes when in vicinity of object

9–10 Differentiated finger grasping, e.g. pincer grasp

13 Grasping starts when reaching: i.e. one integrated reach-grasp act
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3.4.6 Manipulation

Even when only one hand is used for grasping object, two hands are most often used

to manipulate it, typically to inspect it from several viewpoints. When manipulating

objects, the infant has to imagine the goal state of the manipulation and the strategy

by which the goal state can be achieved. For tasks such as inserting an object into

a matching aperture, the infant does not develop this ability until at least month

22. Again, prospection and internal simulation to imagine a goal status and perform

mental rotations of a manipulated object are required. A pure feedback strategy does

not work for this task.

3.4.7 Social Abilities

Newborn infants understand basic emotions communicated by facial gestures and

they imitate these gestures from birth when engaging in face-to-face interactions.

Newborns can perceive the direction of attention of others and by month 10 – 12

they can reliably follow gaze. Social interaction relies primarily on vision, touch,

and proprioception using the mouth, face, hands, and eyes. Since the infant is in-

teracting with other cognitive agents rather then physical objects obeying physical

laws, infants must learn the conventions of social interaction, intention, and emotion

in order to engage the necessary prospective skills required for effective action. In-

tention and emotions are conveyed by elaborate and specific movements, gestures,

and sounds and neonates are very attracted to the sounds, movements, and features

of the human face.





Chapter 4

What Neurophysiology Teaches Us About
Perception and Action

We now shift from developmental psychology to neurophysiology to focus on the

relationship between perception and action. In particular, we are interested in dis-

covering what we can learn about the way a primate brain handles the perception of

space, the perception of objects upon which the primate can act, structured interac-

tion, and selective visual attention. In doing so, we will be concerned in particular

with teasing out the dependency of perception on actions, both actual and potential.

What we learn from this exercise results from a shift in our understanding of the

way different parts of the brain interoperate. This shift represents a move away from

a prevalent view of a complete separation of function among the dorsal and ventral

streams in the brain, the former supposedly dealing exclusively with issues of loca-

tion and space, the latter supposedly dealing exclusively with issues of identity and

meaning. Instead, what emerges is a picture in which the dorsal stream plays a very

active role in the recognition of actions and in object discrimination due to their

affordances. We will also see that perceptions are directly facilitated by the current

state of the premotor cortex.

4.1 The Premotor Cortex of Primates Encodes Actions and Not

Movements

In its neurophysiological sense, the term “action” defines a movement made in or-

der to achieve a goal. The goal, therefore, is the fundamental property of the action.

There are actions aiming to reach and manipulate objects, actions aimed towards

oneself, and communicative actions. The traditional approach to the cortical motor

system has always focused on the study of movement and not on that of action. This

is mainly because the electrical stimulation of the primary motor cortex, the more

excitable one, evokes movements. Consequently, Frisch and Hitzig at the end of the

nineteenth century and, subsequently, Ferrier, interpreted the results of the electrical

stimulation of the motor cortex of the dog and monkey as proof of the existence of

a map of movements in the cortex. Furthermore, around the middle of the twentieth

century, Penfield in humans [284] and Woolsey in macaques [406], using surface
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electrical stimulation studies during neurosurgical operations on humans and exper-

iments on monkeys respectively, defined high-resolution somatotopic motor maps.

Even today, no neuroscience text is complete without showing these two homunculi

with enormous hands and mouths, one standing on its head on the prerolandic cortex

(the larger, MI) and the other lying on the mesial frontal cortex (the smaller, SMA).

Despite the fact that these maps can be didactically useful to demonstrate basic

and essential concepts, such as that of somatotopic arrangement (adjacent points

of the body are represented in adjacent points of the cortex) and anisotropy (the

extension of the cortical motor representation of a body part is proportional to the

complexity of the movements represented therein and not to the physical dimension

of the body part), Penfield’s homunculus and Woolsey’s figurine consolidated the

pervasive dogma of clinical neurophysiology according to which movements are

represented in the cortex. Moreover, according to this view, the motor system com-

prises just two areas: the primary motor area (MI) and the supplementary motor area

(MII or SMA).

Neuroanatomical evidence was used to support this functional representation of

the motor cortex. In fact, the frontal motor cortex has an agranular and fairly ho-

mogenous cytoarchitectonic structure, with no dramatic differences between sec-

tors. For this reason, in 1909, basing his conclusions on the distribution of pyramidal

cells, the famous German neuroanatomist, Korbinian Brodmann [48], suggested that

the motor cortex of primates was formed by two areas (area 4 and area 6) which, in

their extension, almost totally comprised Penfield’s and Wolsey’s cartoons. In spite

of early criticism of the inadequacy of this division by some of Brodmann’s col-

leagues (including the Vogt partners in 1919 [388]), the existence of one motor area

(area 4, considered as the main origin of corticospinal projections) and one premo-

tor area (area 6, considered as responsible for the preparation of movements) was

accepted by neurophysiologists as a good representation of current knowledge.

The vast initial consensus for this anatomical and functional reference framework

can be explained by the fact that it gave a simple explanation to a complex problem:

the motor system was seen as a map of movements (a sort of look-up table), con-

nected at the output to the spinal cord servomechanism and at the input to the so-

called “associative areas”, responsible for integrating the various pieces of sensorial

information (visual, auditory, tactile, etc.) with those inside the system (intentional-

ity, motivation, memory) to generate motor programs. In the last two decades, this

unitary vision has been challenged by a number of experimental observations:

1. Neuroanatomical studies, in particular those concerning the cortical cytoarchi-

tecture (the study of the arrangement of the various cell types within the layers

forming the cortex), histochemistry (the study of the cellular biochemical prop-

erties differentiating the various areas of the cortex) and neurochemistry (the

study of the neurotransmitter and neuromodulator receptors on the cell mem-

brane of the neurons), indicate that the agranular/disgranular cortex of the frontal

lobes (this definition refers to the cellular distribution in the fourth cortical layer,

generally not well represented in motor areas) is formed by a constellation of

separate areas, of which the primary motor cortex (MI or Brodmann’s area 4)

occupies just the rearmost part, being almost entirely buried inside the central
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4.6 Structured Interactions

Paul Broca established that the Inferior Frontal Gyrus (IFG) is critically important

for the perception of speech. Subsequently, it has been shown that Broca’s area is

also involved in speech production [82, 83], especially syntactically-complex and/or

ambiguous material [94]. Recent research results indicate that Broca’s area is not

limited to speech production and comprehension but that it may also play a part

in the observation and execution of action, and in music execution and listening.

What is significant about these three areas — speech, action, and music — is that

all involve complex hierarchical dependencies between constituent elements: words,

movements, and sounds, respectively. Significantly, there is little or no activation in

Broca’s area when subjects observe meaningless gestures: it is the observation of

actions as goal-directed motivated intentional sequences of motor acts that triggers

activation [131]. It has been argued that Broca’s area represents the syntactic rules

of these actions, rather a than simple basic motor program to execute the constituent

movements [131] and that, in general, Broca’s area might be the centre of a brain

network that can encode hierarchical structures regardless of their use in action, lan-

guage, or music [84]. That is, Broca’s area might realize a supramodal or polymodal

sensorimotor representation of hierarchical syntactic structures: the brain appears to

provide an innate cortical circuit that is capable of developing to learn complex

hierarchical representations of regularities that are then deployed to produce and

perceive complex structured interactions [90]. Again, it is important to emphasize

that Broca’s area is associated with intentional events and not just simple sequences

of physical states: what is crucial is the hierarchical complexity of the pattern and

the motivated goal-orientation of the event. This suggest process of inference of the

underlying intentionality echoing strongly the anticipatory nature of cognition.

4.7 Summary

The classic flow-diagram describing how sensory information is serially processed,

and eventually transformed into movements by the brain, has become more and

more implausible because of neuroanatomical and neurophysiological evidence. In

particular:

1. Cytoarchitectonical, histochemical and neurochemical studies indicate that the

motor cortex is indeed formed by a constellation of distinct areas, each one bidi-

rectionally connected with a specific area of the parietal lobe.

2. The neurophysiological study of these parieto-frontal connections suggests that

they might play a crucial role in effector-specific sensorimotor transformations.

3. Several motor neurons discharge also during sensory stimulation.

Accordingly, visual stimulation modulates the activity in LIP-FEF neurons, objects

entering the peripersonal space activate F4-VIP neurons, graspable objects and

actions of other individuals visually activate ‘canonical’ and ‘mirror’ visuomotor
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neurons belonging to the F5-AIP-PFG fronto-parietal circuit. This association

stimulus-response, present at single neuron level, might provide the goal to the

movement, thus transforming the latter into an action and, perhaps more interest-

ingly, it might provide the basis for an attentional system which modulates, by pre-

dictive mechanisms, our understanding of the environment surrounding us.

4.7.1 Grasping

The ventral premotor cortex receives strong visual inputs from the inferior parietal

lobule. These inputs subserve a series visuomotor transformations for reaching (area

F4) and grasping (area F5). Area F5 is located in the rostral part of the ventral pre-

motor cortex where intracortical microstimulation reveals extensively overlapping

representations of hand and mouth actions. Single neuron studies have shown that

most F5 neurons code for specific actions, rather than the single movements that

form them. It has been therefore proposed that, in area F5, a vocabulary of goals

more than a set of individual movements, is stored. This goal-directed encoding, typ-

ical of area F5, is demonstrated by the discriminative behavior of F5 neurons when

an action, motorically similar to the one effective in triggering neuron response, is

executed in a different context. The motor responses of the F5 neurons vary in their

degree of abstraction, from the general encoding of an action goal (e.g., grasping,

holding) to more specific responses related to particular aspects of the same goal

(e.g., precision grip, whole hand grasping). Finally, there are neurons responding to

different phases of these actions (e.g., during opening or closing the fingers while

executing a specific grasping). Several F5 neurons, in addition to their motor proper-

ties, respond also to visual stimuli. According to their visual responses, two classes

of visuomotor neurons can be distinguished within area F5: canonical neurons and

mirror neurons [313]. The canonical neurons are mainly found in that portion of area

F5 which is the main target of parietal projections coming from area AIP. These neu-

rons respond to visual presentation of three-dimensional objects. About one quarter

of F5 neurons show object-related visual responses, which are, in the majority of

cases, selective for objects of certain size, shape and orientation and congruent with

the motor specificity of these neurons. They are thought to take part in a sensori-

motor transformation process dedicated to the selection of the goal-directed action

which most properly fits to the particular physical characteristics of the object to be

grasped.

4.7.2 Spatial Perception

Conventional thinking has it that visual information is processed for object

recognition in the ventral stream and for spatial location (to be used in motor con-

trol) in the dorsal stream [379], and that the posterior parietal cortex acts as a unique
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site for space perception. However, recent evidence suggests that, on the contrary,

space perception is not the result of a single circuit and in fact derives from the joint

activity of several fronto-parietal circuits, each of which encodes the spatial location

and transforms it into a potential action in a distinct and motor-specific manner

[316, 314]. In other words, the brain encodes space not in a single unified manner —

there is no general purpose space map — but in many different ways, each of which

is specifically concerned with a particular motor goal. Different motor effectors need

different sensory input: derived in different ways and differently encoded in ways

that are particular to the different effectors. Conscious space perception emerges

from these different pre-existing spatial maps.

As an example of these distinct space perception / movement mechanisms, con-

sider the Lateral Intraparietal (LIP) area and the Brodmann Area 8 Frontal Eye

Fields (FEF). The LIP-FEF circuit contains mainly visual neurons, motor neurons,

and visuo-motor neurons. While the receptive fields of both the visual and motor

neurons (for saccade movements) are effectively registered, in that they are both

defined in a retinocentric frame of reference, the location of a stimulus in a cranio-

centric frame of reference can still be inferred because the intensity of discharge of

the visual neurons is modulated by the position of the eye in its orbit (and, hence,

modulated by the saccade motor neural activity). That is, the FEF neurons encode

stimulus position in a retinotopic frame of reference and the LIP neurons encode

the eye direction; together the LIP-FEF circuit yields a perceptuo-motor encoding

of space in a craniocentric frame of reference. Similarly, movement-related neurons

and sensorimotor neurons in the VIP-F4 circuit are activated by head movements,

face movements, or arm movements while sensory and sensorimotor neurons re-

spond to tactile or to tactile and visual stimuli but the visual RFs of these neurons

are anchored to the tactile ones regardless of eye position. That is, the VIP-F4 circuit

yields a perceptuo-motor encoding of space in a peripersonal frame of reference.

4.7.3 Perception-Action Dependency

Not only is spatial information derived and encoded in action-specific mechanisms,

there is also evidence that the distinction between perception for action control and

perception for semantic understanding is not valid. On the contrary, it appears that

the motor system is very much involved in the semantic understanding of percepts

with procedural motor knowledge and internal action simulation being used to dis-

criminate between percepts. For example, there is the recent discovery of the so-

called mirror neurons in the ventral premotor cortex that discharge both when, for

instance, a grasping action is performed and when the same action is observed be-

ing performed by others [109]. In addition, the act of imagining (or visualizing) a

grasping action [78, 122] or discriminating between hand shapes [281] also involves

the dorsal stream and the premotor and inferior parietal areas.
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4.7.4 Structured Interactions

Broca’s area is arguably the centre of a brain network that can encode hierarchi-

cal supramodal or polymodal sensorimotor representations of hierarchical syntactic

structures [84]. Thus, the brain appears to provide an innate cortical circuit that is

capable of developing to learn complex hierarchical representations of regularities

that are then deployed to produce and perceive complex structured interactions [90].

These interactions are intentional events and not just simple sequences of physical

states so that these representations are used to encode and infer the underlying in-

tentionality, thereby manifesting the anticipatory nature of cognition.

4.7.5 Selective Attention

Selective attention is not a unitary system as is often thought but rather it is a pro-

cess that derives from the several cortical circuits and subcortical centres that are

involved in the transformation of spatial information into actions. This premotor

theory of attention holds that attention derives from the mechanisms that generate

action. The preparation of a motor program in readiness to act in some spatial re-

gions predisposes the perceptual system to process stimuli coming from that region.

For example, spatial attention is dependent on oculomotor programming: when

the eye is positioned close to the limit of its rotation, and therefore cannot saccade

in any further in one direction, visual attention in that direction is attenuated [71].

Similarly, if something is within reach, attention to it is enhanced; if not, attention

is diminished.

The premotor theory of attention applies not only to spatial attention but also to

selective attention in which some objects rather than others are more apparent. For

example, the preparation of a grasping action predisposes attention to objects that

match the grasp configuration [70]. As we have seen several times before, a subject’s

actions conditions its perceptions.
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Computational Models of Cognition

Having looked at the development of cognitive abilities from the perspective of

psychology and neuroscience, we now shift our sights to recent attempts at building

artificial cognitive systems. In the following, we will focus on cognitive architec-

tures rather than on specific cognitive systems. We do this because cognitive ar-

chitectures are normally taken as the point of departure for the construction of a

cognitive system and they encapsulate the various assumptions we make when de-

signing a cognitive system. Consequently, there are many different types of cogni-

tive architecture. To provide a framework for our survey of cognitive architectures,

we must first address these assumptions and we will do this by beginning our dis-

cussion with an overview of the different paradigms of cognition. We have already

discussed one approach to cognition in Chap. 1 — enaction — and we will take

the opportunity here to position enaction within the overall scheme of cognition

paradigms. With the differences between the different paradigms of cognition es-

tablished, we can then move on to discuss the importance of cognitive architectures

and survey the cognitive architecture literature, classifying each architecture accord-

ing to its paradigm and highlighting the extent to which each architecture addresses

the different characteristics of cognition. We will make this survey as complete as

possible1 but we will emphasize those architectures that are intended to be used with

physical robots and those that provide some developmental capability. On the basis

of this review of cognitive architectures — both general characteristics and specific

instances — we will conclude with a summary of the essential and desirable fea-

tures that a cognitive architecture should exhibit if it is to be capable of forming the

basis of a system that can autonomously develop cognitive abilities.

5.1 The Three Paradigms of Cognition

Broadly speaking, there are three distinct approaches to cognition: the cognitivist

approach, the emergent systems approach, and hybrid approaches [63, 382, 387]

(see Fig. 5.1).

1 The survey of cognitive architectures is an updated and extended version of a survey that

appeared in [387].
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Fig. 5.1 The cognitivist, emergent, and hybrid paradigms of cognition

Cognitivist approaches correspond to the classical view that cognition is a form

of symbolic computation [298]. Emergent systems approaches view cognition as

a form of self-organization [195, 370]. Emergent systems embrace connectionist

systems, dynamical systems, and enactive systems. Hybrid approaches attempt to

blend something from each of the connectionist and emergent paradigms. Although

cognitivist and emergent approaches are often contrasted purely on the basis of sym-

bolic computation, the differences are much deeper [387, 384]. We can contrast the

cognitivist and emergent paradigms on fourteen distinct characteristics:2

1. computational operation,

2. representational framework,

3. semantic grounding,

4. temporal constraints,

5. inter-agent epistemology,

6. embodiment,

7. perception,

8. action,

9. anticipation,

10. adaptation,

11. motivation,

12. autonomy,

13. cognition,

14. philosophical foundation.

Let us look briefly at each of these in turn (see Table 5.1 for a synopsis of the key

issues).

Computational Operation

Cognitivist systems use rule-based manipulation of symbol tokens, typically but

not necessarily in a sequential manner.

2 These fourteen characteristics are based on the twelve proposed by [387] and augmented

here by adding two more: the role of cognition and the underlying philosophy. The subse-

quent discussion is also an extended adaptation of the commentary in [387].
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different ways, and differently encoded in ways that are particular to different ef-

fectors. On the other hand, the SASE cognitive architecture incorporates explicit

self-modification by monitoring and altering its own state, specifically to generate

models and predict the outcome of actions. In essence, this is a sophisticated pro-

cess of homeostasis, or self-regulation, which preserves the autonomy of the system

while allowing it to operate effectively in its environment. The Cognitive-Affective

cognitive architecture schema adopts a similar approach, but extends it by proposing

a spectrum of homeostasis. Different levels of cognitive function and behavioural

complexity are brought about by different levels of emotion, ranging from reflexes,

through drives, to emotions and feelings, each of which is linked to a homeostatic

autonomy-preserving self-maintenance process, ranging from basic metabolic pro-

cesses, through reactive sensorimotor activity, associative learning and prediction,

to interoception and internal simulation of behaviour prior to action.

The hybrid cognitive architectures fall somewhere in between the cognitivist

and emergent cognitive architectures in the extent to which they address the

seven characteristics. LIDA [17, 103, 104, 106, 299] (see Sect. A.3.5) CLARION

[362, 363, 364] (see Sect. A.3.6) and PACO-PLUS [201] (see Sect. A.3.7) are the

only hybrid cognitive architectures that address adaptation in the developmental

sense. LIDA addresses anticipation and adaptation by deploying transient and con-

solidated episodic memories of past experiences and procedural memory of asso-

ciated actions and outcomes. Adaptation occurs when sensory-derived perceptions

re-combine with associated recalled episodic memories and are either incorporated

into the episodic memory as a new experience or are used to reinforce existing expe-

riences. Selected episodic memories are used to recall associated actions and likely

outcomes from the procedural memory for subsequent execution. Both anticipation

and adaptation are effected in CLARION by observing the outcome of a selected

action and updating bottom-level reinforcement learning in a connectionist repre-

sentation and a top-level rule-based update in a symbolic representation. In addition,

rule-based actions are either generalized or refined, depending on the outcome. In a

similar way, the PACO-PLUS cognitive architecture also learns from observations.

In particular, PACO-PLUS autonomously learns co-joint object-action affordances

by exploration, selecting an action and observing the effects of these actions on the

objects in the robots environment.

5.3 Summary

We conclude the chapter with a summary of the principal requirements for the

design of a cognitive architecture which adheres to the emergent paradigm of cog-

nition and, in particular, to the enactive systems approach. Such a cognitive archi-

tecture must be capable of supporting the development of cognitive capabilities, as

well as adequately addressing the seven characteristics of embodiment, perception,

action, anticipation, adaptation, motivation, and autonomy discussed in the previ-

ous sections. These requirements derive from a consideration of both the generally-

desirable characteristics of cognitive architectures discussed in Sect. 5.2.3 and the

features of specific cognitive architectures surveyed in Sect. 5.2.4.
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A cognitive architecture should have the following characteristics.

1. A minimal set of innate behaviours for exploration and survival (i.e. preserva-

tion of autonomy) [203, 206, 204].

2. A value system — a set of task non-specific motivations — that guides or gov-

erns development [203, 206, 204].

3. An attentional mechanism [217].

4. Learning from experience the motor skills associated with actions [217].

5. A spectrum of self-regulating autonomy-preserving homeostatic processes

(ranging from basic metabolic processes, through associative learning and pre-

diction, to interoception and internal simulation) associated with different lev-

els of emotion (ranging from reflexes, through drives, to emotions and feelings)

resulting in different levels of cognitive function and behavioural complexity

[264, 415] (Cognitive-Affective) and [394, 395, 393] (SASE).

6. Anticipation and planning based on internal simulation of interaction with the

environment [335, 336, 337, 338] (Global Workspace).

7. Action selection modulated by affective motivation mechanisms [335, 336, 337,

338] (Global Workspace).

8. Separate and limited representations of the world and the task at hand in each

component / sub-system [170, 171] (Cerebus)

9. Transient and consolidated (generalized) episodic memories of past experiences

[17, 103, 104, 106, 299] (LIDA).

10. Procedural memory of actions and outcomes associated with episodic memories

[17, 103, 104, 106, 299] (LIDA).

11. Learning based on comparison of expected and observed outcomes of selected

actions, resulting in either generalization or refinement of the associated action

[362, 363, 364] (CLARION).

12. Learning co-joint object-action affordances by exploration [201] (PACO-

PLUS).

13. Hierarchically-structured representations for the acquisition, decomposition,

and execution of action-sequnce skills [60, 213, 214, 215, 216](ICARUS).

14. Concurrent operation of the components / sub-systems of the cognitive architec-

ture so that the resultant behaviour emerges as a sequence of states arising from

their interaction as they compete and co-operate [335, 336, 337, 338] (Global

Workspace).

In the next chapter, we turn our attention to integrating these requirements with those

derived from our study of psychology and neurophysiology in previous chapters.





Chapter 6

A Research Roadmap

In Chapter 1 we discussed the principles of developmental cognitive systems in

general, and of enactive systems in particular. Chapters 2, 3, and 4 identified the

constraints arising from the developmental psychology and neurophysiology of

neonates, while Chap. 5 revealed a number of insights derived from several compu-

tational models of cognition. Now we weave all of these constraints, requirements,

and insights together to produce a comprehensive list of functional, organizational,

and developmental guidelines for an artificial system that is capable of developing

cognitive abilities. These guidelines provide the basis for the design of an enactive

cognitive architecture and its practical deployment. In other words, they define a

roadmap for the development of cognitive abilities in a humanoid robot, a roadmap

which embraces both phylogeny and ontogeny. In the next chapter, we describe

the current status of a project to implement these guidelines in a cognitive archi-

tecture for the iCub humanoid robot. This cognitive architecture, together with the

physical robot, provides the platform for the development of cognitive abilities. The

developmental process — or ontogenesis — must proceed in a structured manner.

Consequently, we will draw heavily on the material in Chap. 3 on the development

of human infants to inform this structure and present a roadmap for ontogenesis.

Thus, our roadmap has two sides: the phylogenetic side, informed by enaction, de-

velopmental psychology, neurophysiology, and computational modelling, and the

ontogenetic side, informed by developmental psychology (see Fig. 6.1). We begin

by addressing the phylogeny of the system in Sect. 6.1 and then turn to its ontogeny

in Sect. 6.2.

Before proceeding, a note on research roadmaps is in order. Arguably, the term

roadmap has become somewhat debased in recent years due to it frequently being

used to define over-ambitious research agenda. Nonetheless, a properly-constituted

research roadmap has an important role to play in advancing challenging new

disciplines, such as artificial cognitive systems. As Sloman has pointed out, under-

standing the requirements of cognitive systems research is in itself a major research

activity and a research roadmap provides a way of expressing an agreed specification

of what the problems are and it helps research planning by identifying milestones

D. Vernon et al.: A Roadmap for Cogn. Develop. in Humanoid Robots, COSMOS 11, pp. 101–119.
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Fig. 6.1 Four influences contributing to the phylogentic and ontogenetic principles of devel-

opmental cognitive systems

and routes through them [348]. One of Sloman’s main points is that “even peo-

ple who disagree on mechanisms, architectures, representations, etc. may be able

to agree on requirements”. He argues for the collection of many possible scenarios

based on observation of “feats of humans (e.g. young children, playing, exploring,

communicating, solving problems) and other animals (e.g. nest-building birds, tool

makers and users, berry-pickers and hunters)”. These scenarios should be described

in detail and then analysed in depth to produce requirements which, together with

the scenarios, should be ordered by difficulty and by dependence. Sloman conjec-

tures that

“the most general capabilities of humans, which are those provided by evolution, and

which support all others, develop during the first few years of infancy and childhood.

We need to understand those in order to understand and replicate the more ‘sophisti-

cated’ and specialised adults that develop out of them. Attempting to model the adult

competences directly will often produce highly specialised, unextendable, and proba-

bly very fragile systems – because they lack the child’s general ability to accommodate,

adjust, and creatively re-combine old competences” [348].

While not following the exact methodology for creating a research roadmap advo-

cated by Sloman, the roadmap described in this book nonetheless adheres strongly

to this philosophy, basing the requirements encapsulated in the guidelines and sce-

narios below on cognitive development in human infants.



Chapter 7

The iCub Cognitive Architecture

In this chapter, we examine how the roadmap guidelines set out in Chap. 6 have

influenced the design of a cognitive architecture for the iCub1 humanoid robot. We

begin with a overview of the iCub and we discuss briefly the iCub mechatronics

and software infrastructure.2 We then describe the iCub cognitive architecture, fo-

cussing the selection of a minimal set of phylogenetic capabilities derived from

the seven groups of roadmap guidelines. Since the iCub cognitive architecture is a

work-in-progress, it represents only a partial implementation of the roadmap guide-

lines. Consequently, we close the chapter by examining the exact extent to which

each guideline has been followed. The next chapter, which concludes the book, ad-

dresses some of the research challenges posed by a complete implementation of the

roadmap guidelines.

7.1 The iCub Humanoid Robot

The iCub is an open-systems 53 degree-of-freedom humanoid robot [249, 330].

It is approximately the same size as a three or four year-old child (see Fig. 7.1)

and it can crawl on all fours and sit up. Its hands allow dexterous manipulation

and its head and eyes are fully articulated. It has visual, vestibular, auditory, and

haptic sensory capabilities. The iCub was designed specifically as an open-systems

research platform for the embodied cognitive systems community. It was conceived

with the aim of fostering collaboration among researchers and lowering the barrier

to entry into what for many would otherwise be a prohibitively expensive field of

research. The iCub is licensed under the GNU General Public Licence (GPL)3 so

1 iCub stands for Integrated Cognitive Universal Body and was motivated by the ‘I’ in Asi-

mov’s I, Robot and ‘cub’ from Mowgli the man-cub in Kipling’s Jungle Book.
2 Sect. 7.1 is based directly on a description of the iCub in [249].
3 The iCub software and hardware are licensed under the GNU General Public Licence

(GPL) and GNU Free Documentation Licence (FDL), respectively.

D. Vernon et al.: A Roadmap for Cogn. Develop. in Humanoid Robots, COSMOS 11, pp. 121–153.
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Fig. 7.1 The iCub humanoid robot: an open-systems platform for research in cognitive

development

that researchers can use it and customize it freely. To date, twenty iCubs have been

delivered to several research labs in Europe and to one in the U.S.A.4

7.1.1 The iCub Mechatronics

The iCub is approximately 1m tall and weighs 22kg. From kinematic and dynamic

analysis of required motion, the total number of degrees of freedom (DOF) for the

upper body was set to 38 (7 for each arm, 9 for each hand, and 6 for the head). For

each hand, eight DOF out of a total of nine are allocated to the first three fingers,

allowing considerable dexterity (see Fig. 7.2). The remaining two fingers provide

additional support for grasping. Joint angles are sensed using a custom-designed

Hall-effect magnet pair. In addition, tactile sensors are under development [228].

The overall size of the palm has been restricted to 50mm in length; it is 34mm wide

at the wrist and 60mm at the fingers. The hand is only 25mm thick. The hands are

tendon driven, with most of the motors located in the forearm. Simulations indicated

that for crawling, sitting and squatting a 5 DOF leg is adequate. However, it was de-

cided to incorporate an additional DOF at the ankle to support standing and walking.

Therefore each leg has 6 DOF: 3 DOF at the hip, 1 DOF at the knee, and 2 DOF at

the ankle (flexion/extension and abduction/adduction). The foot twist rotation is not

implemented. Crawling simulation analysis also showed that a 2 DOF waist/torso is

adequate. However, to support manipulation, a 3 DOF waist has been incorporated.

4 Current information on the iCub project is available at www.icub.org.
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Fig. 7.2 The iCub hand has three independent fingers (including the thumb) while the fourth

and fifth fingers are used for additional stability and support and have one DOF overall

This provides increased range and flexibility of motion for the upper body resulting

in a larger workspace for manipulation (e.g. when sitting). The neck has a total of

3 DOF and provides full head movement. The eyes have further 3 DOF to support

both tracking and vergence behaviours.

From the sensory point of view, the iCub is equipped with digital cameras, gy-

roscopes and accelerometers, microphones, and force/torque sensors. A distributed

sensorized skin is under development using capacitive sensor technology. Each joint

is instrumented with positional sensors, in most cases using absolute position en-

coders. A set of DSP-based control cards, custom-designed to fit the iCub, takes care

of the low-level control loop in real-time. The DSPs communicate with each other

via a CAN bus. Four CAN bus lines connect the various segments of the robot. All

sensory and motor-state information is transferred to an embedded Pentium-based

PC104 computer which acts as a hub and handles synchronization and reformatting

of the various data streams. This hub then communicates over a Gbit ethernet cable

with an off-board computer system which takes responsibility for the iCub’s high-

level behavioural control (see Fig. 7.3). Because the iCub has so many joints to be

configured and such a wealth of sensor data to be processed, the iCub software has

be configured to run in parallel on a distributed system of computers to achieve real-

time control. This in turn creates a need for a suite of interface and communications

libraries — the iCub middleware — that runs on this distributed system, effectively

hiding the device-specific details of motor controllers and sensors and facilitating

inter-process and inter-processor communication. We discuss the iCub middleware

in the next section.
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Fig. 7.3 The layers of the iCub architecture: the cognitive architecture and software architec-

ture run on multiple computers located remotely from the iCub robot. The PC104 hub and the

DSPs are located on the iCub. Communication between these two sub-systems is effected by

a 1Gbit ethernet connection. The power supply is also located remotely from the iCub. Both

power and communications are delivered by an umbilical cord.

7.1.2 The iCub Middleware

The iCub software is developed on top of YARP [96], a set of libraries that sup-

ports modularity by abstracting two common difficulties in robotics: algorithmic

modularity and hardware interfacing. The YARP libraries assume that a real-time

layer is in charge of the low-level control of the robot and instead they take care of

defining a soft real-time communication layer and hardware interface that is suited

for cluster computation. YARP also takes care of providing independence from the

operating system and the development environment. The main tools in this respect

are ACE [172] and CMake. The former is an OS-independent communication li-

brary that hides the problems of interprocess communication across different oper-

ating systems. CMake is a cross-platform make-like description language and tool

to generate appropriate platform specific project files.

YARP abstractions are defined in terms of protocols. The main YARP protocol

addresses inter-process communication issues. The abstraction is implemented by

the port C++ class. Ports follow the observer pattern by decoupling producers and

consumers. They can deliver messages of any size across a network using a num-

ber of underlying protocols (including shared memory when possible). In doing so,

ports decouple as much as possible (as function of a certain number of user-defined

parameters) the behavior of the two sides of the communication channels. Ports can

be commanded at run time to connect and disconnect.
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The second abstraction of YARP concerns hardware devices. The YARP ap-

proach is to define interfaces for classes of devices which wrap native code APIs

(often provided by the hardware manufacturers). Changes in hardware will most

likely require only a change in the API calls (and linking against the appropriate

library). This easily encapsulates hardware dependencies but leaves dependencies

in the source code. The latter can be removed by providing a “factory” for creating

objects at run time (on demand). The combination of the port and device abstrac-

tions leads to remotable device drivers which can be accessed across a network: e.g.

a grabber can send images to a multitude of listeners for parallel processing.

Overall, YARP’s philosophy is to be lightweight and to facilitate the use of exist-

ing approaches and libraries. This naturally excludes hard real-time issues that have

to be necessarily addressed elsewhere, typically at the operating system level.

Higher-level behaviour-oriented application sofware typically comprises several

coarse-grained YARP processes. This means that to run iCub applications, you sim-

ply need to invoke each process and instantiate the communication between them.

The YARP philosophy is to decouple the process functionality from the specification

of the inter-process connections. This encourages modular software with reusable

processes that can be used in a variety of configurations which are not dependent on

the functionality of the process or embedded code.

7.2 The iCub Cognitive Architecture

The design and realization of any cognitive architecture is a long-term project. The

iCub cognitive architecture is no different. Inevitably, the realization happens in

stages. In what follows, we describe a cognitive architecture which follows a signif-

icant subset of the roadmap guidelines to a greater or lesser extent. The goal of this

preliminary cognitive architecture is to integrate some of the phylogenetic capabili-

ties identified in Chap. 6 in a way that is meaningful for both neurophysiology and

developmental psychology. In other words, the current goal is to build a minimal but

faithful functioning system as a proof of principle. Sect. 7.3 discusses the degree to

which each guideline has been followed and Chap. 8 considers the challenges posed

by a complete implementation of the roadmap guidelines.

On the basis of the main conclusions drawn in Sect. 6.1.5, we decided to focus

on several key capabilities. Gaze control, reaching, and locomotion constitute the

initial simple goal-directed actions. Episodic and procedural memories are included

to effect a simplified version of internal simulation in order to provide capabilities

for prediction and reconstruction, as well as generative model construction boot-

strapped by learned affordances.

In addition, motivations encapsulated in the system’s affective state are made

explicit so that they address curiosity and experimentation, both explorative mo-

tives, triggered by exogenous and endogenous factors, respectively. This distinction

between the exogenous and the endogenous is reflected by the need to include an

attention system to incorporate both factors.
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Fig. 7.4 The iCub cognitive architecture

A simple process of homeostatic self-regulation governed by the affective state

provides elementary action selection. Finally, all the various components of the cog-

nitive architecture operate concurrently so that a sequence of states representing

cognitive behaviour emerges from the interaction of many separate parallel pro-

cesses rather than being dictated by some state-machine as in the case of most

cognitive architectures. This preliminary cognitive architecture comprises thirteen

components, as follows (refer also to Fig. 7.4).

1. Exogenous Salience

2. Endogenous Salience

3. Egosphere

4. Attention Selection

5. Episodic Memory

6. Procedural Memory

7. Affective State

8. Action Selection

9. Gaze Control
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10. Vergence

11. Reach & Grasp

12. Locomotion

13. iCub Interface

Together, the Exogenous Salience, Endogenous Salience, Egosphere, and Atten-

tion Selection components comprise the iCub’s perception system. Similarly, Gaze

Control, Vergence, Reach & Grasp, Locomotion comprise the iCub’s actions sys-

tem. The Episodic Memory and the Procedural Memory together provide the iCub’s

principle mechanism for anticipation and adaptation. The Affective State compo-

nent effects the iCub motivations which together with the Action Selection com-

ponent provide a very simple homeostatic process which regulates the autonomous

behaviour of the iCub. The iCub Interface component completes the architecture

and reflect the embodiment of the iCub from an architecture point of view. Thus, we

can map each cognitive architecture component to one of the seven headings under

which we grouped the roadmap guidelines in the previous chapter. For that reason,

we will structure the discussion of each component in the same way, under these

seven headings, both in terms of the description of the operation of each compo-

nent and, at the end of the chapter, in terms of the extent to which they fulfil the

requirements of the roadmap guidelines.

We now address the specification of each component and the implementation of

the cognitive architecture as an interconnected set of YARP software modules.5

7.2.1 Embodiment: The iCub Interface

The iCub robot is realized as an embodied agent by its physical components: links,

joints, actuators, and a variety of sensors providing proprioceptive and exteroceptive

information about the iCub body and its local environment. Actuation is effected

through a variety of brushless motors, DC motors, and servo-motors. Sensory data

includes joint position, velocity, and torque, streamed video images from the left

and right eye cameras, audio from the left and right ear microphones, and 3-D head

attitude and acceleration from the inertial sensor. In addition, tactile images from

the iCub’s finger-tips, arms, and body are also available.

Access to the motor control and sensor interface is provided through a standard

iCub component denoted the iCub Interface in the cognitive architecture (see Fig.

7.4). This module is instantiated as an YARP software moduleiCubInterface2.

In general, it provides an abstract view of the iCub’s motors and sensors, facilitating

control and data acquision through YARP ports. The names of the ports instantiated

by iCub Interface adhere to a standard format that names a specific iCub robot and

divides the robot into six parts. These parts are the head, torso, right_leg,

left_leg, right_arm, and left_arm. For each part, there are three ports:

5 Throughout the following, when we speak of some element of the cognitive architecture,

we will refer to it as a component of the architecture and when we speak of its software

instantiation, we will refer to it as a YARP software module (or set of modules).
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1. /robotname/part/rpc:i

2. /robotname/part/command:i

3. /robotname/part/state:o

where robotname is the name of the robot (e.g. icub), and part is the logical

group of joints referred to by the port. The rpc:i port provides a textual command

interface to all of the devices defined in the part. The command:i port receives a

stream of vectors which contains velocity commands. In general this is useful for

closed loop, servoing control. The state:o port streams out a vector containing

the motor encoder positions for all joints.

Table 7.1 Mapping between joint and joint numbers

Body Part Joint Description Joint Number

Head Neck pitch 0

Neck roll 1

Neck yaw 2

Eyes tilt 3

Eyes version 4

Eyes vergence 5

Left/Right Arm Shoulder pitch 0

Shoulder roll 1

Shoulder yaw 2

Elbow 3

Wrist prosupination 4

Wrist pitch 5

Wrist yaw 6

Hand finger adduction/abduction 7

Thumb opposition 8

Thumb proximal flexion/extension 9

Thumb distal flexion 10

Index proximal flexion/extension 11

Index distal flexion 12

Middle proximal flexion/extension 13

Middle distal flexion 14

Ring and little finger flexion 15

Torso Torso yaw 0

Torso roll 1

Torso pitch 2

Left/Right Leg Hip pitch 0

Hip roll 1

Hip yaw 2

Knee 3

Ankle pitch 4

Ankle roll 5
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In each iCub part, the joints are numbered to give a natural open kinematic chain,

with the base reference frame on the torso. The most proximal joint is denoted joint

0 and the most distal joint is denoted Nmax. The key reference point on the body is

the base of the neck. The joint numbers are used when controlling joint motors or

acquiring joint sensor data. For example, the head part has 6 joints which determine

the head attitude and eye gaze. Joint numbers 0, 1, 2, 3, 4, and 5 correspond to the

neck pitch, neck roll, neck yaw, common eye tilt, common eye version, and common

eye vergence, respectively. The mapping between joint numbers and joint names is

summarized in Table 7.1. Sending the following text string set pos 0 45 to the

/icub/head/rpc:i port will command axis 0 of the head (neck pitch) to 45

degrees. Furthermore, the iCub’s facial expressions, such as eye-lid position, eye-

brow shape, and mouth shape can be controlled using a different port and control

protocol.

In addition to the motor encoder position, other sensory data is also available

on specific iCub YARP ports. These include the two cameras comprising the iCub’s

eyes, the two microphones comprising the iCub’s ears, the inertial sensor comprising

the iCub’s vestibular system, one six-axis force/torque sensor on each of the two

Table 7.2 Standard port names for iCub actuators and sensors

Actuator Port Name Comment

Joint motors /icub/head/command:i Streamed vector of motor

/icub/left_arm/command:i velocities in degrees/s

/icub/right_arm/command:i

/icub/torso/command:i

/icub/left_leg/command:i

/icub/right_leg/command:i

Facial expression /icub/face/raw low level interface

/icub/face/emotions high level interface

Sensor Port Name Comment

Motor encoders /icub/head/state:o Streamed vector of motor

/icub/left_arm/state:o positions in degrees

/icub/right_arm/state:o

/icub/torso/state:o

/icub/left_leg/state:o

/icub/right_leg/state:o

Cameras /icub/cam/left

/icub/cam/right Streamed RGB images

Microphones /icub/mics

Inertial sensor /icub/inertial Streamed vector of 3-axis orientation,

angular velocity, acceleration values

Force/torque /icub/left_arm/analog:o Streamed vector of 3 force and

/icub/right_arm/analog:o 3 torque values

Skin /icub/skin/lefthand Streamed vector of 102 tactile

/icub/skin/righthand sensor readings in each hand

Finger encoders /icub/left_hand/analog:o Streamed vector of 15 fi nger joint

/icub/right_hand/analog:o positions in degrees
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arms, tactile sensors on the iCub’s finger-tips, and position sensors for all 15 finger

joints in each hand. The YARP port names for all control and sensor data acquisition

are summarized in Table 7.2.

7.2.2 Perception

We noted already that the iCub provides both proprioceptive and exteroceptive sen-

sory data and we explained in the previous section how this data is accessed through

the iCub Interface component using YARP ports. In this section, we focus on the

components of the cognitive architecture that deal with the processing and inter-

pretation of exteroceptive sensing, in general, and of visual and aural sense data,

in particular. The core of the iCub exteroceptive perceptual capabilities is a multi-

modal saliency-based attention system described in [328] and from which much of

this section was abstracted.

The visual part of this attention system is based on the Itti and Koch model of

selective visual attention [178, 180, 199] while the aural part effects binaural sound

localization based on both temporal and spectral analysis [169]. The visual and

acoustic salience maps are combined in a continuous spherical surface in a map-

ping from 3D point locations to an ego-sphere representation centred at the iCub’s

body.

This attention system uses local conspicuity feature values to determine the

salience of regions in the image and it adopts a winner-take-all strategy to determine

the most salient region from among all candidates in the salience map. The position

of the winner determines the shift in gaze so that the robot eyes are subsequently

directed towards this most salient region.

Salience-based attention is often a completely context-free process, depending

only on the feature values present in the sensory stimulus to determine salience. We

refer to this as exogenous salience.

However, some models can be adapted to allow the inclusion of context-aware

sensitivity of the attention system. Typically, they do this in two ways. The first

way is to allow the feature values that are considered to be salient to be specified or

weighted either by fixed weights or by weights determined during a training phase.

The second way is by explicit inclusion of an endogenous salience map which is

modulated directly by the similarity of image regions to some a priori target land-

mark feature values or appearance. This endogenous salience is determined else-

where in the system. Both of these strategies are adopted in the iCub architecture.

The feature value tuning is effected through a user-guided interactive selection of

the feature values that are associated with target and landmark objects. The en-

dogenous salience is effected by the system’s episodic memory which exploits a

scale-invariant representation of the appearance of landmarks it has encountered as

it explored its environment. At present, the iCub cognitive architecture does not

exploit endogenous aural salience.

Once the visual and aural salience maps have been combined in the ego-

sphere, the final salience map is subjected to a winner-take-all non-maxima sup-

pression process to identify the most salient location. A second inhibition-of-return
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mechanism modulates the ego-sphere salience map to generate a temporal scan-path

which ensures that the iCub’s attention is not always fixed on the same location and

is predisposed to exploring its local environment. Both of these processes occur in

the Attention Selection component. This component then feeds the relevant coordi-

nates to the Gaze Control component which then directs the iCub’s gaze accordingly

so that it fixates on some point of interest in its environment. A separate process in

the Vergence component adjusts the gaze angles of the left and right camera so that

their principal rays, i.e. the line through the image centre and the focal point, inter-

sect at this point.

7.2.2.1 Exogenous Salience

We distinguish between selective attention that is driven by external stimuli and at-

tention that is driven by the state of the system itself. The latter is often referred to

as top-down visual attention to reflect a processing model comprising low-level fea-

ture extraction and high-level feature interpretation. High-level processes typically

assume the use of more explicit, and often symbolic, information. The salience of

a top-down attentional system then is often guided by some knowledge-based un-

derstanding of the scene. Our viewpoint on attention, in particular, and system pro-

cessing, in general, takes a different stance. Rather than adopting a high-level vs.

low-level dichotomy, we take the view that system organization is much flatter with

no semantic hierarchy but with several reentrant loops. Thus, salience can be influ-

enced not just by high-level knowledge but by any aspect of the system state, such

as episodic memory and the current state of the system’s actuators (and actions).

For example, attention might be conditioned by gaze or by locomotion, as much

as by memory. We adopt the term ‘endogenous salience’ to reflect this dependence

on internal state (in contradistinction to top-down knowledge). Conversely, the term

‘exogenous salience’ reflects a dependence on the content of the stimuli themselves,

rather than the state of the system and, in particular, exogenous visual salience is de-

termined by the contrast of visual features of the image.

As noted already, for the iCub cognitive architecture, we have adopted and

adapted the salience-based model of selective visual attention proposed by Itti and

Koch [177, 178, 180]. It comprises a pre-attentive phase and an attentive phase.

The pre-attentive phase is concerned principally with the processing visual stim-

uli to extract a variety of visual features and their subsequent combination into a

saliency map. The attentive phase then uses this information to determine the lo-

cation to which the attention should be drawn [107, 179, 199]. It typically exploits

two control strategies: a Winner Take All (WTA) process to identify a single focus

of attention, and an Inhibition Of Return (IOR) mechanism to diminish the atten-

tion value of a winning location so that other regions become the focus of attention.

The general approach adopted by Itti and Koch [177, 178, 180], based on earlier

work by Koch and Ullman [199], is to process an colour image of a scene, extract

several features (such as intensity, double-opponent colour, and local orientation)

at several scales, perform centre-surround filtering to establish local contrast, and

then normalize the resulting feature maps. The intensity features are extracted with
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Mexican hat wavelets of different sizes. In our version for the iCub, the colour

saliency feature follows the implementation in [47]. Directional saliency is com-

puted using Gabor filters at three different scales σ ∈ 2.0,4.0,8.0 in four different

directions θ ∈ 0◦,45◦,90◦,135◦. Every scale of each feature map is then recom-

bined and re-normalized to generate a so-called conspicuity map for each feature.

These conspicuity maps are then combined linearly to create a single saliency map.

Following Koch and Ullman’s note that other features may also be involved in the

generation of the saliency map [199, 179], we have incorporated an additional fea-

ture channel in the form of visual motion detected using the Reichardt correlation

model [304]. Stereo disparity, and vergence-driven zero stereo disparity in particu-

lar, is being considered as a future feature channel.

Auditory salience requires the localization of a sound source in the iCub’s acous-

tic environment. The position of a sound source is estimated using interaural spec-

tral differences (ISD) and interaural time difference (ITD) as described in detail in

[169]. The localization process makes use of two specially-formed ears, each having

a spiral pinna. This form of artificial pinna gives spectral notches at different fre-

quencies depending on the elevation of the sound source. A notch is created when

the sound wave reaching the microphone is directly canceled by the wave reflected

in the pinna. This happens when the microphone-pinna distance is equal to a quar-

ter of the wavelength of the sound (plus any multiple of half the wavelength). The

notches, and with it the elevation estimate, can then be found by looking for minima

in the frequency spectra. To obtain the azimuth angle of the sound source, we use the

interaural time difference. By looking for the maximum cross correlation between

the signals at the right and left ear it is easy to calculate the ITD and the azimuth

angle knowing the distance between the microphones and the sampling frequency.

To get a measurement of the uncertainty in the estimated position we divide the

samples in several subsets and calculate the azimuth and elevation angle for each

subset. We then compute the mean and standard deviation of the estimates.

7.2.2.2 Endogenous Salience

In the current version of the iCub cognitive architecture, endogenous salience is

determined in a simple manner based on the contents of episodic memory (see Sect.

7.2.4.1) using colour segmentation. Specifically, the current image acquired by the

left eye of the iCub (assumed to be the dominant eye) is segmented into foreground

and background, the largest blob in the foreground is identified, and the centroid

of this blob is used to define the location of the most salient region. The colour

segmentation is carried out in HS (Hue-Saturation) space. The parameters for the

segmentation, i.e. the hue and saturation ranges of foreground regions, are extracted

automatically from a log-polar image which is provided as input to the Endogenous

Salience component by the Episodic Memory. Typically, this log-polar image will

have been generated by the attention system when fixating on some point of interest

when exploring or interacting with its environment. The hue and saturation ranges

are defined as the log-polar image modal hue and saturation value plus or minus

some tolerance (expressed as a percentage of the hue and saturation range values).
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Since we use log-polar images, the hue and saturation values are heavily biased

to the scene content at the centre of the image and, thus, to the focus of attention

when the image was acquired and stored in the episodic memory. The segmented

image is filtered to remove small regions by performing a morphological opening.

The endogenous salience component communicates the location of the most salient

point directly to the egosphere component.

7.2.2.3 Egosphere

The ego-sphere is a projection surface for spatially-related information which is

used in the iCub cognitive architecture to build a coherent representation of multi-

modal saliency. The ego-sphere is head-centered and fixed with respect to the robot’s

torso. In this way, rotational or translational corrections are not required as long as

the robot does not translate. For efficiency reasons, the egocentric maps are stored

as rectangular images, expressed in spherical coordinates (azimuth ϑ and elevation

ϕ). The map’s origin (ϑ = 0◦, ϕ = 0◦) is located at the center of the image. Saliency

information is projected onto the egosphere by first converting the stimulus orienta-

tion to torso-based, head-centered frame of reference in spherical coordinates using

head kinematics and then projecting the stimulus intensity onto a modality-specific

rectangular egocentric map (see in [328] for a more detailed explanation).

After converting the saliency information to a common egocentric frame of ref-

erence, we need to combine the different sensory modalities into a single final map.

This is done by taking the maximum value across all saliency channels at each lo-

cation. This simple approach is fast and works well in many situations. However,

the cognitive architecture would benefit from more sophisticated context-sensitive

multi-modal approaches, especially ones which learn the saliency aggregation func-

tion from experience.

The egocentric saliency map also acts as a form of short-term memory for salient

regions. This allows the iCub to behave in a more sophisticated way than a purely

reactive agent would. By using memorized saliency information, the iCub can shift

attention to previously-discovered salient regions. This is achieved by allowing

maintained salience values which have been mapped to the egosphere allowing them

to decay with time.

7.2.2.4 Attention Selection

Based on the saliency ego-sphere, the iCub is able to select points of interest in

order to explore its surroundings by using basic attentional mechanisms, cued ei-

ther by exogenous or endogenous stimuli. This exploratory behaviour results from

the interplay between the attention selection and inhibition mechanisms. The atten-

tion selection process selects a point corresponding to the location with the highest

overall saliency value. The inhibition mechanism attenuates the saliency for loca-

tions which have been close to the focus of attention for a certain amount of time.

This modulation of the saliency map is motivated by the inhibition of return (IOR)
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observed in human visual psychophysics [297]. To realize inhibition of return, two

additional egocentric maps are used, the habituation map H and the inhibition map

A. The habituation map encodes the way the visual system gets used to persistent or

repetitive stimuli, with the system’s attention being drawn toward more novel salient

regions in the environment. In our system, the habituation map is initialized to zero

and updated according to a Gaussian weighting function that favours the regions

closer to the focus of attention. While attending to a salient point, the habituation

map at that location will asymptotically tend to 1, with a parameter dh determining

the speed of convergence.

Whenever the habituation value exceeds a predefined level, the system becomes

attracted to novel salient points. The inhibition map represents perceptual regions

that have already been attended to and that should not capture the system’s attention

again in the near future, i.e., local habituation leads to inhibition of that location

[297].

The inhibition map is initialized to 1.0. When the habituation of a certain region

exceeds a threshold th = 0.85, the inhibition map is modified by adding a scaled

Gaussian function, Ga, with amplitude −1, centered at region with maximum habit-

uation. The resulting effect is that a smooth cavity is added to the inhibition map at

the relevant position. The temporary nature of the inhibition effect is modeled by a

time-decay factor, da ∈ [0,1], applied at every location of the inhibition map.

Finally, for attention selection the multimodal saliency map is multiplied by the

inhibition map, thus combining instantaneous saliency and the memory of recently

attended locations.

By combining saliency based attention selection and the inhibition mechanism,

saccadic eye movements toward the most salient locations occur in a self-controlled

way. The inhibition mechanism ultimately causes the formation of a stimulus-driven

exploratory behavior. The ability to attend to specific region of interest for a longer

time period can be achieved by adapting the habituation gain/threshold when atten-

tion is based on endogenous salience, although this has not yet been implemented

in the iCub cognitive architecture.

7.2.3 Action

7.2.3.1 Gaze Control

The Gaze Control component provides coordinated control of the head and eyes

of the iCub. Rather than by specifying the raw joint values for the head and eyes,

the gaze direction of the robot is specified by gaze direction (azimuth and elevation

angles) and vergence of the two eyes. In addition, the motion of the eyes and head

when moving to a given gaze position are controlled to provide a motion profile

that is similar to humans, with the gaze direction of the eyes moving quickly and

the head moving more slowly but subsequently catching up so that the eyes gaze is

reaching an equilibrium position that is relatively centred with respect to the head

(allowing for the specified vergence) and with the head oriented in the specified gaze

direction.
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The gaze direction can be specified using any of four different types of coordi-

nates:

1. the absolute azimuth and elevation angles (in degrees);

2. the azimuth and elevation angles relative to the current gaze direction;

3. the normalized image coordinates (in the range zero to one) of the position at

which the iCub should look;

4. the image pixel coordinates of the position at which the iCub should look.

Head gaze and vergence are controlled simultaneously.

There are two modes of head gaze control: saccadic motion and smooth pursuit

motion. Saccades are controlled in two phases. In the first fast phase, the eyes are

driven quickly to the destination gaze direction by controlling the common eye ver-

sion and tilt degrees of freedom. In the second slow phase, the neck moves toward

the final gaze direction with a slower velocity profile and the eyes counter-rotate to

keep the image stable. A new saccade is accepted only when the previous one has

finished. This is the typical operation in humans where saccades are used to change

the object of interest [226]. Smooth pursuit only operates in the slow phase, but it ac-

cepts a continuous stream of commands. It is meant to emulate the human behaviour

when tracking an object. A single set of motor controller gains are used for both the

saccade and smooth pursuit modes. These gains specify the speed of the motion

and therefore the amount of motion undergone by the eyes and by the neck. The

higher the gain, the more the eye motion will lead the neck motion and, therefore,

the more the eyes have to counter-rotate as the neck approaches the gaze direction.

Vergence operates continuously in a single phase and there is an independent gain

for the vergence controller.

7.2.3.2 Vergence

Vergence control refers to the adjustment of the relative orientation of a pair of

cameras so that the optical axis of each camera intersects at a given point of interest

in the scene. This in turn implies that the scene content in the region around the

optical axis is more or less identical. There will inevitably be some slight differences

in appearance due to the fact that the region is being viewed from two different

positions. The smaller the base-line separating the two cameras, the smaller these

differences will be. Thus, one can view vergence control as an exercise in active

local image registration with the goal of keeping the central areas of the two images

aligned.

Registration techniques typically use one of several classes of algorithm based

on image correlation or feature matching in the space domain and Fourier methods

in the spatial-frequency domain [301]. If the baseline between the two cameras is

sufficiently small, as is the case in the iCub robot where it is the same as the inter-

ocular distance of an human child, then the transformation required to register re-

gions in the image can be approximated by a simple translation instead of a more

complex affine transformation or non-linear warping. In the case of a binocular

stereo camera configuration where there is only one degree of freedom in the relative
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transformation between the cameras, it is sufficient to measure just the horizontal

translation required to register the left and right images.

The translation necessary to effect registration can be determined in several ways.

One popular approach is to construct the stereo disparity map. However, this can be

computationally expensive to compute and requires subsequent analysis of the resul-

tant disparity image to establish the distinct regions of similar disparity. We would

prefer to compute the translation, and hence the camera rotation, directly. This is

accomplished using the Fourier cross-power spectrum. Although the cross-power

spectrum has been used in the past to identify the unique translation required to

register two images, it is often the case that there is more than one point of interest

in the local region around the optical centres of the camera and these points may

be at different distances from the two cameras. Consequently, there may be more

than one possible translation in a given local region. The iCub Vergence component

uses the Fourier cross-power spectrum of suitably apodized images6 to identify the

multiple translations required to register different parts of a local region and thereby

control camera vergence. This requires some criterion for selecting one of candidate

translations to control the vergence. In the current set-up, the translation correspond-

ing to the foreground region, i.e. the point of interest closest to the two cameras, is

selected.

The Vergence component outputs the disparity of the selected region, which is

effectively the position of the corresponding maximum, in normalized coordinates

(-1, +1). This output is communicated to the Control Gaze component which effects

the actual control function.

7.2.3.3 Reach and Grasp

The Reach & Grasp component includes a robust task-space reaching controller

for learning internal generic inverse kinematic models and human-like trajectory

generation. This controller takes into account various constraints such as joint limits,

obstacles, redundancy and singularities. It also includes a module for grasping based

on reaching and orienting behaviours. This allows the coordination of looking (for a

potential target), reaching for it (placing the hand close to the target) and attempting

a grasping motion (or another basic action).

At present, the reaching controller takes as input the Cartesian position and ori-

entation of an object to be grasped, based on a visual recognition process. The arm

and torso configuration to achieve the desired pose (i.e. the hand position and ori-

entation) is determined using a non-linear optimizer which takes into account all

the various constraints, one of which is to keep the torso as close as possible to

vertical while reaching. Subsequently, human-like quasi-straight hand/arm trajecto-

ries are then generated independently using a biologically-inspired controller. This

controller exploits a multi-referential system whereby two minimum-jerk velocity

6 A Gaussian function is used to apodize or window the images and thereby define the extent

of the local region of interest around the cameras’ optical centres which is considered in

the Fourier cross-power spectrum.
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vectors are generated, one in joint space and one in task space [142]. A coherence

constraint is imposed which modulates the relative influence of the joint and task

space trajectories. The advantage of such a redundant representation of the move-

ment is that a quasi-straight line trajectory profile which is similar to human-like

motion can be generated for the hand in the task space while at the same time re-

taining convergence and robustness against singularities.

In the future, we plan on eliminating the Cartesian representation from this ap-

proach and using the gaze parameters directly. Since the state of the motors that

control the motion of the robot are dependent on the state of the motors that control

the head and gaze, this form of robot control has been dubbed motor-motor control

to distinguish it from sensory-motor control [250].

The act of grasping an object requires one to match the hand position, orienta-

tion, and shape to that of the object, in a way that reflects the intended use of the

object. Thus, grasping involves a relationship between perceived and perceiver in

the context of action. Grasping is therefore intimately related to the concept of af-

fordance, J. J. Gibson’s term for the action possibilities of an object with reference

to the actor’s capabilities. Affordances reflect the goals, interests, and capabilities

of the perceiver as much as it reflects the characteristics of the object itself. As we

saw in Chap. 4, this applies equally to grasping, with grasping actions being goal-

directed and selected in part by the appearance (size, shape, and orientation) of the

object to be grasped.

The iCub learns visual descriptions of grasping points from experience [255].

The essence of the approach is to compute a map between visual features and the

probability of good grasp points. The information can be used to look actively for

good grasp points in new object by reusing experience with previous objects and

thus direct exploration.

We return to the issue of affordances in Chap. 8 where we discuss future work

which will focus on the integration of the iCub’s stand-alone ability to learn affor-

dances [256, 257, 258] with the procedural memory component of iCub cognitive

architecture to be described below.

7.2.3.4 Locomotion

The purpose of the Locomotion component is to effect the movement of the iCub to-

wards some goal location. We distinguish here between navigation and locomotion.

Navigation is concerned with the strategy of how to get from one point in the envi-

ronment to another, planning an effective and efficient path which avoids obstacles,

which doesn’t lead to dead-ends, and which minimizes the cost of the total travel,

measured in, for example, time, energy, or distance. Locomotion, on the other hand,

simply specifies how to control the robot motors to move the robot towards some

well-specified target location. As a process, locomotion is local in time and space

— i.e. it considers only relatively small motions – whereas navigation is extended

in time and space.

The iCub was originally designed to effect locomotion by crawling on hands and

knees, just like a young child, although sufficient degrees of freedom have been
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incorporated to allow bi-pedal walking. Locomotion by crawling, then, requires a

controller that uses central pattern generators that produce motor primitives imple-

mented as coupled dynamical systems to produce stable rythmic and discrete trajec-

tories [79, 306, 307, 308]. This controller includes four different simple behaviours:

1. crawling;

2. transition from sitting to crawling;

3. transition from crawling to sitting;

4. reaching for a target object.

These different actions are used to implement a more complex behaviour where

the iCub moves towards a target object identified by vision. This is accomplished

using a planner based on force fields which steers the iCub towards the target while

avoiding obstacles in its way. When the iCub is close enough to a target object, it

stops and reaches for it. While the transition from crawling to sitting (and vice versa)

has been successfully implemented in simulations, some current limitations on the

iCub joints have temporarily prevented it being realized on the physical robot.

7.2.4 Anticipation & Adaptation

We have emphasized throughout this book that cognition can be viewed as the com-

plement of perception in that it provides a mechanism for choosing effective actions

based not on what has happened and is currently happening in the world but based

on what may happen at some point in the future. That is, cognition is the mech-

anism by which the agent achieves an increasingly greater degree of anticipation

and prospection as it learns and develops with experience. Although it would be

wrong to dismiss perceptual faculties as purely reactive — as we noted in Sect.

7.3.2 our sensory apparatus should provide for some limited predictive capability

— some other means is required to anticipate what might happens, especially at

longer timescales. One way of achieving this functionality is to include a compo-

nent (or set of circuits) that simulate events and use the outcome of this simulation

in guiding actions and action selection. In Berthoz’s words ‘the brain is a biolog-

ical simulator that predicts by drawing on memory and making assumptions’ . . .

‘perception is simulated action’ [37].

This internal simulation in important for accelerating the scaffolding of early

developmentally-acquired sensorimotor knowledge to provide a means to predict

future events, reconstruct (or explain) observed events (constructing a causal chain

leading to that event), and imagine new events. Crucially, there is a need to focus on

re-grounding predicted, reconstructed, or imagined events in experience so that the

system — the robot — can do something new and interact with the environment in

a new way.

Internal simulation works concurrently with the other component capabilities

and, in fact, the simulation circuitry provides just another input to the action se-

lection process which modulates the dynamics of the architecture. Berthoz again:
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The brain processes movement according to two modes. One, conservative, functions

continuously like a servo system; the other, projective, stimulates movement by pre-

dicting its consequences and choosing the best strategy’.

A significant feature of this potential capacity for simulation is that it is not struc-

turally coupled with the environment and thereby is not subject to the constraints

of real-time interaction that limit the sensori-motor processes [400]: the simulation

can be effected faster than real-time. The iCub cognitive architecture uses a combi-

nation of episodic memory and procedural memory to accomplish both anticipation

and adaptation.

7.2.4.1 Episodic Memory

The Episodic Memory component is a simple memory of autobiographical events. It

is a form on one-shot learning and, in its present guise, does not generalize multiple

instances of an observed event. That functionality needs to be provided later by some

form of semantic memory. In its current form, the episodic memory is unimodal

(visual). In the future, as we develop the iCub cognitive architecture, it will em-

brace other modalities such as sound and haptic sensing. It will also include some

memory of emotion. This fully-fledged episodic memory will probably comprise a

collection of unimodal auto-associative memories connected by a hetero-associative

network. The current version implements a simple form of content-addressable

memory based on colour histograms [365, 366] and log-polar mapping [38, 39, 44].

The motivation for these choices is as follows.

In many circumstances, it is necessary to have an iconic memory of landmark

appearance that is scale, rotation, and translation invariant (SRT-invariant) so that

landmarks can be recognized from any distance or viewing angle. Depending on

the application, a landmark can be considered to be an object or salient appearance-

based feature in the scene. For our purposes with the iCub cognitive architecture,

translation invariance — which would facilitate landmark recognition at any posi-

tion in the image — is not required if the camera gaze is always directed towards

the landmark. This is the case here because gaze is controlled independently by a

salience-based visual attention system. There are three components of rotation in-

variance, one about each axis. Rotation about the principal axis of the camera (i.e.

roll) is important as the iCub head can tilt from side to side. Rotation about the other

two axes reflects different viewpoints (or object rotation, if the focus of attention is

an object). Typically, for landmarks, invariance to these two remaining rotations is

less significant here as the orientation of objects or landmarks won’t change signif-

icantly during a given task. Of course, full rotation invariance would be best. Scale

invariance, however, is critical because the apparent size of the landmark patterns

may vary significantly with distance due to the projective nature of the imaging sys-

tem. There are many possibilities for SRT-invariant representations but we have used

log-polar images as the invariant landmark representation [38, 39, 44] and matching

is effected using colour histograms and (a variant of) colour histogram intersection

[365, 366]. Colour histograms are scale invariant, translation invariant, and invariant
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to rotation about the principal axis of the camera (i.e. the gaze direction). They are

also relatively robust to slight rotations about the remaining two axes. Colour his-

togram representation and matching strategy also have the advantage of being robust

to occlusion. They are also robust to variations in lighting conditions, provided an

appropriate colour space is used. We use the HSV colour space and use the H and S

components only in the histogram.

The episodic memory operates as follows. When an image is presented to the

memory, if a previously-stored image matches the presented image sufficiently well,

the stored image is recalled; otherwise, the presented image is stored. In principle,

the images presented to the module can be either conventional Cartesian images or

log-polar mapped images. However, we use log-polar images in the iCub cognitive

architecture for their scale and rotation invariance properties and because they are

effectively centre-weighted due to the non-linear sampling and low-pass filtering

at the periphery. This makes it possible to effect appearance-based image/object

recognition without prior segmentation.

7.2.4.2 Procedural Memory

The Procedural Memory component is a network of associations between action

events and pairs of perception events. In the current version of the iCub cogni-

tive architecture, a perception event is a visual landmark which has been learned

by the iCub and stored in the episodic memory. An action event is a gaze sac-

cade with an optional reaching movement, a hand-pushing movement, a grasping

movement, or a locomotion movement. Since the episodic memory effects one-shot

learning, it has no capacity for generalization. As noted above, this generalization

needs to be effected at some future point by a long-term semantic memory and

it may be appropriate then to link the procedural memory to the long-term mem-

ory. This will be particularly relevant in instances where the procedural memory

is used to learn affordances. A clique in this network of associations represents

some perception-action sequence. This clique might be a perception-action tuple, a

perception-action-perception triple, or a more extended perception-action sequence.

Thus, the procedural memory encapsulates a set of learned temporal behaviours (or

sensorimotor skills, if you prefer). The procedural memory can be considered to a

form of extended hetero-associative memory.

The procedural memory has three modes of operation, one concerned with learn-

ing and two concerned with recall. In the learning mode, the memory learns to

associate a temporally-ordered pair of images (perceptions) and the action that

led from the first image perception to the second. In recall mode, the memory

is presented with just one image perception and an associated perception-action-

perception (Pi,A j,Pk) triple is recalled. There are two possibilities in the mode. In

the first mode, the image perception presented to the memory represents the first

perception Pi in the (Pi,A j,Pk) triple; in this case the recalled triple is a prediction

of the next perception and the associated action leading to it. In the second case,

the image perception presented to the memory represents the second perception

Pk in the (Pi,A j,Pk) triple; in this case the recalled triple is a reconstruction that
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recalls a perception and an action that could have led to the presented perception. In

both prediction and reconstruction recall modes, the procedural memory produces

as output a (Pi,A j,Pk) triple, effectively completing the missing tuples or (Pi,∼,∼)
or (∼,∼,Pk).

The use of episodic and procedural memories to realize internal simulation dif-

fers from other approaches. For example, Shanahan uses paired hetero-associative

memories which encapsulate sensory and motoric representations in two distinct

components, with the relationship between them being captured implicitly in the

dynamics of their mutual interaction [337, 338, 336, 335] (see also Appendix A,

Sect. A.2.2). On the other hand, the episodic memory encapsulates the sensory rep-

resentations while the procedural memory makes explicit the relationship between

the sensory stimuli and associated actions.

7.2.5 Motivation: Affective State

The Affective State component is a competitive network of three motives:

1. curiosity (dominated by exogenous factors);

2. experimentation (dominated by endogenous factors);

3. social engagement (where exogenous and endogenous factors balance).

The outcome of this competition fed to the Action Selection component which

produces a cognitive behaviour that is biased towards learning (motivated by cu-

riousity), and prediction and reconstruction (motivated by curiousity and social en-

gagement). Both curiousity and experimentation are forms of exploration. Social

engagement is an exploratory act to but it focusses on the establishment of a com-

mon basis for mutual interations with others rather than on acquiring new knowl-

edge about the world. In a sense, exploration concerns the acquisition of knowledge,

whereas social engagement concerns the agreement of knowledge.

In the current version of the iCub cognitive architecture, we implement only sim-

ple forms of curiousity and experimentation motives. Both motives are modelled

as a temporal series of event-related spikes. The current level of a motivation is a

weighted sum of recent spiking activity, with weighting being biased towards most

recent spikes. Specifically, the weighting function decreases linearly from 1 to 0 as

a function of the time. The number of time intervals over which the sum is taken is

provided as a parameter to the software module which realizes this component.

Curiousity and experimentation have different spiking functions. A curiousity

spike occurs when either a new event is recorded in the episodic memory or when

an event that has not recently been recalled is accessed in the episodic memory. The

number of time slots that determine the expiry of an event (and hence whether or not

is has been recently recalled) is provided as a parameter. An experimentation spike

occurs when an event / image which is predicted or reconstructed by the procedural

memory and recalled by the episodic memory is subsequently recalled again by
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the episodic memory, typically as a result of the endogenous salience successfully

causing the attention system to attend to the predicted / reconstructed event. This is

equivalent to the sequential recall of the same event in episodic memory when in

either prediction or reconstruction action mode.

The Affective State component receives inputs from Episodic Memory compo-

nent and the Action Selection component. The input from Episodic Memory in-

cludes the identification of the previously accessed and currently accessed events /

images in the memory. The input from Action Selection includes the current curi-

ousity level, current experimentation level, and their respective instantaneous rates

of change.

7.2.6 Autonomy: Action Selection

The purpose of the Action Selection component is to effect the development of

the iCub and specifically to increase its predictive capability. In the current version

of the iCub cognitive architecture, this means the selection of the iCub’s mode of

exploration. At present, only two basic motives drive this iCub development, curi-

ousity and experimentation, both of them exploratory. The third main motive, social

interaction, has not yet been addressed. Consequently, the present implementation

of action selection is based on a very trivial function of the levels of curiousity and

experimentation produced by the Affective State component. Specifically, the learn-

ing mode is selected if the curiosity level is higher than the experimentation level;

otherwise the prediction mode is selected.

7.2.7 Software Implementation

The architecture as shown in Fig. 7.4 has been realized as a complete software

system comprising a suite of YARP iCub modules. These modules comprise the

following.

• salience

• endogenousSalience

• egoSphere

• attentionSelection

• episodicMemory

• proceduralMemory

• affectiveState

• actionSelection

• controlGaze2

• crossPowerSpectrumVergence

• logPolarTransform

• cameraCalib
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Fig. 7.5 Implementation of the iCub cognitive architecture, Version 0.4, as a YARP applica-

tion (Part A)

These modules are integrated as a single iCub application which is shown schemat-

ically in Figures 7.5 and 7.6. There is a clear one-to-one correspondence between

the iCub cognitive architecture components in Fig. 7.4 and the YARP modules in

Figures 7.5 and 7.6. Note that Reach & Grasp and Locomotion architecture compo-

nents have not yet been integrated in the suite of YARP modules although they have

been implemented on a stand-alone basis. The iCub Interface component is simply a

catch-all place-holder for the YARP interfaces to the various motors and sensors and

so does not appear in Figures 7.5 and 7.6. Two additional modules appear in Fig-

ures 7.5 and 7.6 which don’t feature in Fig. 7.4. These are the logPolarTransform

and cameraCalib, utility modules that handle camera calibration and image transfor-

mation between Cartesian and log-polar formats, respectively. The interconnections

between the YARP modules are the port connections by which the YARP modules

communicate with each other. Each interconnection is named as either an input port

to or an output port from a given module.
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Fig. 7.6 Implementation of the iCub cognitive architecture, Version 0.4, as a YARP applica-

tion (Part B)

7.3 The iCub Cognitive Architecture vs. the Roadmap

Guidelines

As we noted above, the iCub cognitive architecture is a work-in-progress and what

we have described is only a partial implementation of the roadmap guidelines set

out in the previous chapter. We conclude the chapter by discussing how well the

current version of the cognitive architecture follows these guidelines. Below, for

each guideline, we will discuss what aspects have been followed and how they have

been implemented, what aspects have not been followed, and how they might be.

Again, we group the guidelines under seven headings, as we did in Chap. 6.7

7.3.1 Embodiment

Guideline 1 stipulates a rich array of physical sensory and motor interfaces. While

the iCub has several extereoceptive sensors, including binocular vision, binaural

hearing, a 3 degree-of-freedom vestibular sense, as well as the soon-to-be-deployed

7 As noted above, Guidelines 1–9 are based directly on a study of enaction as a framework

for development in cognitive robotics [385], as are the corresponding discussions in this

section.
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skin with cutaneous sensing, we consider only vision and hearing in the initial ver-

sion of the iCub cognitive architecture. The remaining senses will be integrated at

a later date. Concerning proprioceptive sensing, the iCub is specified with absolute

position sensors on each joint for accurate servo-control. Force/torque sensors have

been designed and are being deployed in the latest version of the robot but they

are not yet considered in the cognitive architecture although they have been used in

stand-alone mode to demonstrate compliant manipulation.

Guideline 3 stipulates a humanoid morphology. As we have seen in the first sec-

tion of this chapter, the iCub follows this guideline faithfully, especially as the di-

mensions of the iCub are modelled on those of a human child and as it has such a

high number of degrees of freedom, particularly in the hands and the head.

Guideline 13 requires that morphology should be integral to the model of cogni-

tion. This means that not only the robot’s actions but also the robot’s perceptions and

the models it constructs of the world around it should depend on the physical form

of the robot. It is clear that this follows naturally for action but what of perceptual

processing and generative model construction? Two good examples of perception

being dependent on the morphology of the robot are provided by Guidelines 28 &

29: the spatial and selective pre-motor theory of attention, whereby the location to

which attraction is directed and the form to which is it attracted depends on the

current configuration of the robot. However, neither of these pre-motor theories has

yet been incorporated in the iCub cognitive architecture. On the other hand, a pre-

cursor to both of these theories is the ability to learn object affordances [118] (cf.

Guidelines 7 & 41). Affordances can be modelled as associations between objects,

action, and effects [249, 255, 256, 257]. This has been implemented on the iCub

on a stand-alone basis [256, 257, 258] and it remains to integrate it into the iCub

cognitive architecture in the internal simulation subsystem comprising the episodic

memory and the procedural memory. We return to this issue in the next chapter.

7.3.2 Perception

Guideline 12 stipulates that attention should be fixated on the goal of an action. This

means that there must be an attention system in operation (cf. Guideline 32) and that

in the specific case of Guideline 12 the attention must be focussed on an anticipated

future event which is the outcome of the action. This involves both spatial attention

to direct the iCub gaze — where to look — and selective attention — what to look

for. In the iCub cognitive architecture, prospection is effected by an internal sim-

ulation system which associates actions and perceptions. As we noted already, the

internal simulation subsystem is effected by a combination of the episodic memory

and the procedural memory. The attention system comprises endogenous salience,

exogenous salience, egosphere, and attention selection. To direct attention selec-

tively and spatially, the prospective internal simulation sub-system (specifically the

episodic memory component) triggers the endogenous component.

Guideline 15 concerns the perception of regions in the optic array which possess

the characteristics of objectedhood, viz.
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• inner unity;

• persistent outer boundary;

• cohesive and distinct motion;

• relatively constant size and shape when in motion;

• a change in behaviour when in contact with other objects.

This capability entails several constituent processes (refer to Table 7.3). First, it is

necessary to compute the instantaneous optical flow field. Second, its necessary to

compensate for flow due to the movement of the iCub head; that is, it is necessary

to compute visual motion with ego-motion compensation. Third, there needs to be a

facility to group regions which exhibit distinct motion at a given instant and which

also maintain some level of cohesion or constancy of this pattern of motion over

a reasonable period of time. This grouping should be further strengthened by some

measure of constancy of that region’s boundary shape. Finally, this object perception

capability should be modulated by a temporal pattern of actual and predicted gaze

so that the perception of objecthood is strengthened or weakened, depending on

whether or not these two patterns match one another. Although this capability is

planned for the iCub, it has not yet been incorporated into the cognitive architecture,

although doing so is a relatively straightforward matter.

Guideline 16 suggests that the system should develop the ability to discriminate

between groups of one, two, and three objects but not necessarily higher numbers.

The system should also be able to add small numbers up to a limit of three. Fur-

thermore, it should also be able to discriminate between groups of larger numbers

of objects provided that the ratio of the number of each group is large. Such a ca-

pability assumes the existence of a capability to perceived objects, in the sense of

Guideline 15. It also requires an overt attention system with associated saccadic

shifts in eye gaze and effective occular vergence to ensure the point of fixation,

which is the perceived object, is coincident in both eyes. Both saccadic gaze control

and occular vergence are currently included of the iCub cognitive architecture but

the capability for number-dependent discrimination associated with Guideline 16

has not yet been implemented. It is envisaged that its implementation will be based

on the discrimination between either overt or covert attentional scan path patterns,

perhaps implemented as cliques in the procedural memory or a short-term variant

of it. We will discuss the importance of short-term and long-term episodic and pro-

cedural memories, and the process of generalization that relates them, in the next

chapter when we turn our attention to the challenges posed by completing the iCub

cognitive architecture to embrace all forty-three guidelines.

Guideline 19 states that the iCub should be attracted to people and especially

to their faces, their sounds, movements, and features. Again, this requires the pres-

ence of an attentional system, something we have already discussed and something

that will arise several more times as we walk through these guidelines. As noted

above, the iCub cognitive architecture does incorporate an attention system. In the

specific case of Guideline 19, the attention system allows for spatial and selective

attention to human faces and to relatively loud voices through binaural sound local-

ization. However, this sound localization is not specific to the frequency spectrum of
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Table 7.3 Constituent processes involved in the perceptuo-motor capabilities

Constituent Processes

Compute optical flow

Compute visual motion with ego-motion compensation

Segmentation of the flow-field based on similarity of flow parameters

Segmentation based on the presence of a temporally-persistent boundary

Vergence

Gaze control: saccadic movement with prediction; possibly tuned by learning

Gaze control: smooth pursuit with prediction; possibly tuned by learning

Classification of groups of entities based on low numbers

Classification of groups of entities based on gross quantity

Detection of mutual gaze

Detection of biological motion

humans; any loud noise will attract the iCub’s attention. Similarly, attention to spe-

cific facial features such as eyes and mouth is envisaged but not yet implemented.

Guideline 20 elaborates further on the capabilities of the attentional system, spec-

ifying that attention should be preferentially attracted to biological motion. Again,

this has not yet been implemented.

Guideline 21 deals with recognition of people, expressions, and action. Recog-

nition on the iCub cognitive architecture is encapsulated to a degree in its episodic

memory of past experiences (see Guideline 38). However, as currently implemented,

this episodic memory is capable only of recognizing the instantaneous appearance of

the current focus of attention. It doesn’t distinguish between people and expressions

and it doesn’t yet incorporate any temporal or intentional component which would

be necessary for action recognition. To an extent, action recognition is incorporated

in the iCub procedural memory (see Guideline 39) which associates perceptions and

actions. In this case, recognition can be effected by recalling the action associated

with the perception prior to and following an action. This relates to Guidelines 7,

25, and 40 which are concerned with learning affordances, i.e. the association of

possible action with perceived objects and consequent effects.

Guideline 22 returns again to the issue of attention, stipulating that gaze should be

prolonged when a person looks directly at the iCub. This means that the attentional

system should be attracted to a person’s eyes and, in particular, to a pair of eyes

that are looking directly at the iCub. Furthermore, it should have the capability to

detect mutual gaze — when a person and the iCub make eye contact — and that this

should inhibit temporarily other attentional mechanisms. At present, this capability

is planned but has not yet been incorporated into the attention system.

Guideline 23 suggest that the iCub should receive and communicate emotion

through facial gesture and that it should engage in turn-taking. While the iCub

cognitive architecture does not have an ability to perceive the emotional state of
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someone with whom it is engaging, nor yet a capability for turn-taking, it can com-

municate its own emotional state, reflecting its current motivation (see Guidelines

6 and 34), through an elementary but engaging mechanism involving simulated

eyebrows.

Guideline 26 states that the motor system should be involved in the semantic un-

derstanding of percepts, with procedural motor knowledge and internal action sim-

ulation being used to discriminate between percepts. Although there is no motoric

component yet incorporated in the iCub episodic memory (Guideline 38), action

and perception are mutually associated in the procedural memory and hence action

can be incorporated into the recall of perceptions.

Guideline 27 suggest that the system should have a mechanism to learn hierarchi-

cal representations of regularities that can be then deployed to produce and perceive

complex structured actions (i.e. intentional events which are not just simple se-

quences of physical states). This has not yet been incorporated into the cognitive

architecture. Most probably, it will involve a significant extension of both episodic

memory and procedural memory. We return to this important issue in the next

chapter when we discuss some of the principal challenges posed by the roadmap

guidelines.

Guidelines 28 and 29 deal with the pre-motor theory of spatial and selective atten-

tion whereby the preparation of a motor program in readiness to act in some spatial

regions should predispose the perceptual system to process stimuli coming from that

region and the preparation of a motor program in readiness to act on specific objects

should predispose the perceptual system focus attention on those objects, respec-

tively. Again, we see the significance of the attention system and, in this case, the

motoric or proprioceptive modulation of attention. This capability has not yet been

incorporated into the iCub cognitive architecture.

7.3.3 Action

Guideline 10 states that movements should be organized as actions. Since actions

are planned, goal-directed, acts they are triggered by system motives (see Guideline

6) and they are guided by prospection. In other words, the action is defined, not by a

servo-motor set-point specifying an effector movement, but by the goal of the action,

an action whose outcome must be achieved adaptively by constituent movements.

This guideline is implemented in the iCub cognitive architecture by the procedural

and episodic memories and by use of visual servoing in reaching and locomotion.

Specifically, the procedural memory represents actions as gaze saccades together

with an optional reaching, hand-pushing, grasping, or locomotion movement. These

actions are associated with expected outcomes defined by the expected outcome in

the episodic memory. Thus, the procedural and episodic memory provide a feed-

forward goal state for the action while the visual servoing, whereby the effector is

adaptively controlled to align it with a fixation point while re-centering the gaze

after the execution of the saccade, achieves the required motion through feedback

control of the arm and hand.
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Guideline 14 reflects the existence of pre-structured sensorimotor couplings at

birth which serve to reduce the number of degrees of freedom of movement and

thereby simplify the control problem. This pre-structuring is relaxed, allowing the

number of degrees of freedom to increase, as development proceeds and as the asso-

ciated skill is mastered. At present, the iCub cognitive architecture does not imple-

ment this guideline. To do so would require a more sophisticated learning strategy

in, for example, the reach and grasp component.

Guideline 17 stipulates that navigation should be based on representations that

are dynamic and ego-centric so that navigation is based on path integration by mov-

ing from place to place using local landmarks. The iCub cognitive architecture im-

plements this guideline directly through its episodic and procedural memoryies. The

episodic memory holds the landmark appearances while the procedural memory rep-

resents the locomotion action, A j required to take the iCub from one landmark Pi to

another Pk. Navigation is effected by traversing some path through this procedural

memory, taking the iCub from some initial landmark Pa to some final landmark Pz

via intermediate landmarks, viz. Pa,A1,Pb,A2,Pc, ...,Pz.

Guideline 18 is related to Guideline 17 and stipulates that re-orientation should

be effected by recognizing landmarks and not by a global representation of the envi-

ronment. This is exactly what is done in the iCub procedural memory and episodic

memory. Guideline 18 goes on to stipulate that it is the view-dependence of the land-

mark that is important for the re-orientation so that the geometry of the landmark

rather than distinctive features that is used. This part of the guideline has not been

implemented. Since the episodic memory currently uses colour histograms of log-

polar images, acquired when the iCub is fixating on some point of interest such as

a landmark, the landmark recognition is based on scale-invariant appearance rather

than local geometry.

Guideline 36 states that action selection should be modulated by affective moti-

vation mechanisms. The iCub cognitive architecture follow this guideline directly,

albeit in a very simple form at present since the behaviour of the action selection

module is dependent only on the output of the affective state module.

Guideline 42, which suggests that the system should have hierarchically-

structured representations for the acquisition, decomposition, and execution of

action-sequence skills, has not yet been implemented in the cognitive architecture

either. We discuss this issue further in the next chapter.

7.3.4 Anticipation

Guidelines 8 and 35 — which state that the system should incorporate processes

of internal simulation to scaffold knowledge and to facilitate prediction of future

events, explanation of observed events, and the imagination of new events — is im-

plemented directly in the cognitive architecture through procedural memory with

prediction being effected by following a sequence of perception-action-perception

associations P,A,P,A, ... forward in time along the path with the strongest associa-

tive connections. Explanation (or reconstruction) follows the path backward in time

and imagination follows it forward along a path with weak associative connections.
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However, the lack of a capacity for generalization limits the power of this internal

simulation at present.

7.3.5 Adaptation

Guideline 4 goes to the heart of development. It stipulates that the system must sup-

port developmental processes that modify the system’s structure so that its dynamics

of interaction are altered to effect an increase in the space of viable actions and an

extension of the time horizon of the system’s anticipatory capability. The internal

simulation system comprising the episodic and procedural memories in the iCub

cognitive architecture accomplishes this to a limited extent. As the iCub explores its

environment, as it looks around, guided by attentive processes that are triggered by

both internal and external stimuli, as it moves, reaches, grasps, manipulates, it learns

to associate perceptions with actions and actions with perceptions and thereby devel-

ops an understanding of its environment which as we have seen can then be used to

predict and act. However, it is a weak form of development: it learns from experience

how things are, rather than how things might be. That is, the current iCub cognitive

architecture has no capacity for generalization. While recurrent action-perception

associations are indeed strengthened by exploration and experience, there is no gen-

erative mechanism which constructs models of these action-perception associations

that go beyond these particular instances to capture a more encompassing lawful-

ness in the iCub’s interactions. Put another way, the iCub’s cognitive architecture

currently has no way of building a model by extrapolating from experience and then

validating, refining, or discarding that extrapolated model. We return to this crucial

area in the next chapter.

Guideline 5 builds on Guideline 4 by requiring that the system should operate au-

tonomously so that developmental changes are not a deterministic reaction to an ex-

ternal stimulus but result from an internal process of generative model construction.

Notwithstanding the fact that the present iCub cognitive architecture implements

Guideline 4 in a weak manner, the mechanism which governs the construction of

these procedural models are nontheless autonomous: they depend only on the af-

fective state of the system which depend in turn on how well the outcome of its

explorative actions match its expectations. The system’s goals are driven entirely by

the internal affective processes.

Guideline 7 requires the ability to learn object affordances [118]. As we noted

above in Sect. 7.3.1, affordances can be modelled as associations between objects,

action, and effects [249, 255, 256, 257]. This has been implemented on the iCub

on a stand-alone basis [256, 257, 258] and it remains to integrate it into the iCub

cognitive architecture in the internal simulation subsystem comprising the episodic

memory and the procedural memory.

Guideline 9 says that the system should also incorporate processes for ground-

ing internal simulations in actions to establish by observation their validity. This

is accomplished in the iCub cognitive architecture by the Affective State, Action

Selection, Endogenous Salience, and Episodic Memory. Specifically, when the af-

fective state is in an explorative state, the endogenous salience is primed by an



7.3 The iCub Cognitive Architecture vs. the Roadmap Guidelines 151

episodic memory representing the expected outcome of an action which is about

to be performed. If the subsequently acquired percept matches the expectation,

then the perception-action association is strengthened. If it isn’t then the affective

state changes from exploration to curiousity and is driven by exogenous factors, not

internally-generated endogenous ones.

Guideline 33 states the system should learn from experience the motor skills

associated with actions. This is implemented directly in the iCub cognitive archi-

tecture in the reach component which learns through trial and error how to place a

hand at the point in the field of view where it currently fixating. Since actions are

specified in part by gaze fixation, the motor skills associated with action are indeed

learning from experience.

Guideline 38 stipulates that the system should have both transient and generalized

episodic memory of past experiences. As we have noted above, the iCub cognitive

architecture has a transient episodic memory but not yet the capacity to generalize.

Again, we return to this important issue in the next chapter.

Guideline 39 says that the system should have a procedural memory of actions

and outcomes associated with episodic memories. This guideline has been followed

faithfully in the design of the iCub cognitive architecture.

7.3.6 Motivation

Guideline 6 stipulates that development must be driven by internally-generated so-

cial and exploratory motives which enable the discovery of novelty and regulari-

ties in the world and the potential of the system’s own actions. This guideline has

been partially followed in that explorative motives have been implemented in the

affective state but as yet social motives have not. Two forms of explorative motive

have been implemented: curiousity and experimentation, focussing on exogenous

and endogenous events respectively. It is envisaged that social motives will balance

the two, the main idea being that in social interaction, a cognitive agent is trying to

establish a common epistemology with the social partners and this requires equal

attention to interactions generated by the partner (which have to be assimilated into

the model the agent is constructing) and interactions generated by the agent (which

are attempts to ground that model by interacting with the partner to see if the agent’s

expression of that model in the interaction is understood by the partner).

Guideline 34 states that the system should have a spectrum of self-regulating

autonomy-preserving homeostatic processes associated with different levels of emo-

tion or affect resulting in different levels of cognitive function and behavioural com-

plexity. At present, there is just one very simple homeostatic process in the action

selection component. Clearly this needs to be remedied in the future.

7.3.7 Autonomy

The perceptuo-motor capabilities outlined in the previous sections operate concur-

rently, competing for control. A cognitive architecture must provide a mechanism
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Table 7.4 Guidelines for the configuration of the phylogeny of a humanoid robot vis-à-vis

the degree of adoption in the iCub cognitive architecture. Key: ‘×’ indicates that the guideline

has been strongly implemented in the architecture, ‘+’ indicates that it is weakly or minimally

implemented, and a space indicates that it has not yet been followed in any substantial manner.

Similar guidelines derived from more than one source (i.e. from Enaction, Developmental

Psychology, Neurophysiology, or Computational Modelling) have been combined. Secondary

source guidelines are shown in brackets.

Guidelines for the Phylogeny of a Developmental Cognitive System

Number Guideline iCub

Embodiment

1 Rich array of physical sensory and motor interfaces
3 Humanoid morphology

13 Morphology integral to the model of cognition

Perception

12 (32) Attention fi xated on the goal of an action
15 Perception of objecthood

16 Discrimination & addition of small numbers; groups of large numbers

19 Attraction to people (faces, their sounds, movements, and features)

20 Preferential attention to biological motion

21 Recognition of people, expression, and action

22 Prolonged attention when a person engages in mutual gaze

23 Perceive & communicate emotions by facial gesture and engage in turn-taking
26 Involvement of the motor system in discrimination between percepts

27 Mechanism to learn hierarchical representations

28 Pre-motor theory of attention —spatial attention

29 Pre-motor theory of attention —selective attention

Action

10 Movements organized as actions

14 Early movements constrained to reduce the number of degrees of freedom

17 Navigation based on dynamic ego-centric path integration

18 Re-orientation based on local landmarks

36 Action selection modulated by affective motivation mechanisms
42 Hierarchically-structured representations of action-sequence skills

Anticipation

8, 35 Internal simulation to predict, explain, & imagine events, and scaffold knowledge

Adaptation

4 Self-modifi cation to expand actions and improve prediction

5 Autonomous generative model construction

7 (25, 41) Learning affordances

9 (40) Grounding internal simulations in actions

33 Learn from experience the motor skills associated with actions
38 Transient and generalized episodic memories of past experiences

39 Procedural memory of actions and outcomes associated with episodic memories

Motivation

6 (11, 31) Social and explorative motives
34 Affective drives associated with autonomy-preserving processes of homeostasis

Autonomy

2 Autonomy-preserving processes of homeostasis

24 Encode space in motor & goal specifi c manner
30 Minimal set of innate behaviours for exploration and survival

37 Separate representations associated with each component / sub-system

43 Concurrent competitive operation of components and subsystems
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for modulating or deploying these phylogenetic perceptuo-motor capabilities: for

selecting from among the many potential actions that are competing for realization.

This is exactly a homeostatic process which acts to preserve the autonomy of the

iCub while fulfilling it cognitive drive to increase its space of action and improve its

anticipatory capability.

Guideline 2 states that system should exhibit structural determination: that is, the

system should have a range of autonomy-preserving processes of homeostasis that

maintain the system’s operational identity and thereby determine the meaning of

the system’s interactions. As noted above, at present, there is just one very simple

homeostatic process in the action selection component.

Guideline 24 states that the system should encode space in several different ways,

each of which is specifically concerned with a particular motor goal. At present,

space is encoded in only one way by eye gaze which in turn is used to direct other

actions such as reaching and locomotion. The two most obvious candidates for a sec-

ond encoding of space in the iCub cognitive architecture is through proprioceptive

grasp configuration aided by finger sensor data, and through a sense of peripersonal

space mediated by artificial skin covering the body explored by the iCub’s hands.

Guideline 30 stipulates that the system should have a minimal set of innate be-

haviours for exploration and survival, i.e. preservation of autonomy. The iCub cog-

nitive architecture has at present several innate behaviours such as attention-directed

gaze control, gaze-controlled reach and grasp, gaze-controlled locomotion, and af-

fective action selection.

Guideline 37 states that the system should have separate and limited represen-

tations of the world and the task at hand in each component / sub-system. This

guideline is followed in the iCub cognitive architecture in the sense that there is

no global representation shared by all sub-systems. Each sub-system operates as a

distinct module with its own encapsulated representations.

Guideline 43 stipulates that the components / sub-systems of the cognitive ar-

chitecture should operate concurrently so that the resultant behaviour emerges as a

sequence of states arising from their interaction as they compete. This is the very

essence of the iCub cognitive architecture. It is made possible by YARP and it results

in an emergent behaviour as a sequence of perception, action, and cognitive states

that are the result of internal dynamics of interaction between these components and

not some pre-determined state machine.

7.4 Summary

Table 7.4 summarizes the degree to which the roadmap guidelines have been

adopted in the iCub cognitive architecture. Some guidelines have been strongly im-

plemented (incidated by a ‘×’ symbol in the table), some have been weakly or

minimally implemented (indicated by a ‘+’), and other have not yet been followed

in any substantial manner (indicated by a space).





Chapter 8

Conclusion

Drawing on the insights from Chaps. 1 to 5, Chap. 6 presented the core of this book:

a comprehensive list of forty-three guidelines for the design of an enactive cognitive

architecture and its practical deployment as a roadmap of cognitive development in

a humanoid robot. Chap. 7 discussed in detail how these guidelines were used to

influence the design and implementation of a cognitive architecture for the iCub hu-

manoid robot. We saw that, although many of the guidelines were followed, several

were either only partly followed and some have not yet been followed at all (see

Table 7.4 in the previous chapter). We emphasize here that these omissions are not

because these guidelines are not important — quite the opposite — but because the

iCub cognitive architecture, like all cognitive architectures, is a work-in-progress

and future versions will reflect more complete implementation of all guidelines.

In accomplishing this, we will inevitably face some significant challenges and, in

this chapter, we wish to bring the book to a close by re-visiting some of the issues

that are particularly pivotal to cognitive development, in general, and the complete

implementation of the forty-three guidelines in the iCub cognitive architecture, in

particular.

8.1 Multiple Mechanisms for Anticipation

We have emphasized in this book the importance of anticipation in cognition and we

focussed in particular on the use of internal simulation to achieve this prospection.

However, prospection and anticipation may require different approaches in differ-

ent circumstances. Ideally, they should be accomplished in several complementary

ways as there is often a need to allow direct anticipatory control of perceptuo-motor

abilities without having to revert to the prospection circuit. For example, head stabi-

lization with inertial sensing during body motion may require the use of individual

feed-forward models which are specific to each of the contributing skills. It may

be more appropriate to have some specialized integration of these models rather

than depending on more temporally-extended prospection circuit based on internal

simulation.

D. Vernon et al.: A Roadmap for Cogn. Develop. in Humanoid Robots, COSMOS 11, pp. 155–158.
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8.2 Prediction, Reconstruction, and Action: Learning

Affordances

Every action entails a prediction about how the perceptual world will change as a

consequence of that action. This is the goal of the action and it is what differenti-

ates an action from a simple movement or sequence of movements. Equivalently,

every pair of perceptions is intrinsically linked or associated with an action. So, if

we think of a perception-action-perception triplet of associations (Pi,A,Pj), we can

effect simple prediction, reconstruction (or explanation), and action as associative

recall by presenting (Pi,A,∼), (∼,A,Pj), or (Pi,∼,Pj), respectively, to the iCub’s

Procedural Memory and by associatively recalling the missing element. This triplet-

based representation, is conceptually identical to the stand-alone iCub framework

for learning object affordances [256, 257, 258]. What differs is the manner in which

the association network is constructed. In the latter framework, learning is accom-

plished by autonomous exploration using elementary actions that allow the iCub to

experiment with its environment and to develop and understanding the relationships

between actions, objects, and action outcomes, modelling these relationships using

a Bayesian network. Affordances are represented by a triplet (O,A,E), where O is

an object, A is an action performed on that object, and E is the effect of that action.

(O,A) → E is the predictive aspect of affordance; (O,E) → A recognizes an action

and aids planning; (A,E) → O is object recognition and selection. One of our im-

mediate goals is to integrate this affordance learning technique with the Procedural

Memory and Episodic Memory components in the iCub cognitive architecture.

A significant problem remains, however. In the existing framework, the actions

that the robot uses to experiment with and explore the object are assumed to ex-

ist as predefined primitive manipulation movements, such as push, tap, and grasp.

Clearly, we require a more flexible approach in which the action’s movements can

be generated and adjusted adaptively as a consequence of the outcome of the action.

8.3 Object Representation

At present, there is no explicit concept of objecthood in the iCub cognitive archi-

tecture in the sense of Guideline 15, and there are no visual processes which iden-

tifies such objects. As we noted in the previous chapter, the implementation of this

capability is far from trivial but, in principle, it doesn’t pose a major challenge us-

ing conventional computer vision techniques based on motion segmentation and

boundary detection. However, it would be instructive to investigate a more active

approach based on the characteristics of overt attention, since attention mirrors in-

terpretation and it plays such a significant part in cognition. Arguably, and consistent

with Guideline 15, parts of a visual scene assume objecthood when they present a

persistent and stable pattern of salience. This stable pattern of salience can be en-

capsulated by a repeatable localized eye gaze scan path pattern and represented by a

given (Pa, Ai, Pb . . . A j, Pc) clique within the network of associations in the procedu-

ral memory. Object detection and recognition then becomes a matter of associative

clique retrieval based one all or part of the clique.



Appendix A

Catalogue of Cognitive Architectures

This appendix contains a catalogue of twenty cognitive architectures drawn from the

cognitivist, emergent, and hybrid traditions, beginning with some of the best known

cognitivist ones. Table A.1 lists the cognitive architectures surveyed.

Table A.1 The cognitive architectures surveyed in this appendix. This survey is adapted from

[387] and extended to bring it up to date by including the GLAIR, CoSy Architecture Schema,

Cognitive-Affective, LIDA, CLARION, PACO-PLUS cognitive architectures. The architec-

tures are treated in order, top-to-bottom and left-to-right (i.e. cognitivist first, then emergent,

and finally hybrid).

Cognitivist Emergent Hybrid

Soar AAR HUMANOID

EPIC Global Workspace Cerebus

ACT-R I-C SDAL Cog: Theory of Mind

ICARUS SASE Kismet

ADAPT DARWIN LIDA

GLAIR Cognitive-Affective CLARION

CoSy PACO-PLUS
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A.1 Cognitivist Cognitive Architectures

A.1.1 The Soar Cognitive Architecture

The Soar system [211, 326, 220, 222] is Newell’s candidate for a Unified Theory

of Cognition [271] and, as such, it is an architypal cognitivist cognitive architecture

(as well as being an iconic one).It is a production (or rule-based) system1 that op-

erates in a cyclic manner, with a production cycle and a decision cycle. It operates

as follows. First, all productions that match the contents of declarative (working)

memory fire. A production that fires may alter the state of declarative memory and

cause other productions to fire. This continues until no more productions fire. At

this point, the decision cycle begins in which a single action from several possible

actions is selected. The selection is based on stored action preferences. Thus, for

each decision cycle there may have been many production cycles. Productions in

Soar are low-level; that is to say, knowledge is encapsulated at a very small grain

size.

One important aspect of the decision process concerns a process known as uni-

versal sub-goaling. Since there is no guarantee that the action preferences will be

unambiguous or that they will lead to a unique action or indeed any action, the de-

cision cycle may lead to an ‘impasse’. If this happens, Soar sets up an new state

in a new problem space — sub-goaling — with the goal of resolving the impasse.

Resolving one impasse may cause others and the sub-goaling process continues. It

is assumed that degenerate cases can be dealt with (e.g. if all else fails, choose ran-

domly between two actions). Whenever an impasse is resolved, Soar creates a new

production rule which summarizes the processing that occurred in the sub-state in

solving the sub-goal. Thus, resolving an impasse alters the system super-state, i.e.

the state in which the impasse originally occurred. This change is called a result

and becomes the outcome of the production rule. The condition for the production

rule to fire is derived from a dependency analysis: finding what declarative memory

items matched in the course of determining the result. This change in state is a form

of learning and it is the only form that occurs in Soar, i.e. Soar only learns new

production rules. Since impasses occur often in Soar, learning is pervasive in Soar’s

operation.

1 A production is effectively an IF-THEN condition-action pair. A production system is a set

of production rules and a computational engine for interpreting or executing productions.
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130. Gredebäck, G., von Hofsten, C., Boudreau, P.: Infants’ tracking of continuous circular

motion and circular motion interrupted by occlusion. Infant Behaviour and Develop-

ment 144, 1–21 (2002)

131. Grezes, J., Costes, N., Decety, J.: The effects of learning and intention on the neural net-

work involved in the perception of meaningless actions. Brain 122, 1875–1887 (1999)

132. Grush, R.: The emulation theory of representation: motor control, imagery, and percep-

tion. Behavioral and Brain Sciences 27, 377–442 (2004)

133. Hadders-Algra, M., Brogren, E., Forssberg, H.: Ontogeny of postural adjustments dur-

ing sitting in infancy: variation, selection and modulation. Journal of Physiology 493,

273–288 (1996)

134. Haehl, V., Vardaxis, V., Ulrich, B.: Learning to cruise: Bernsteins theory applied to skill

acquisition during infancy. Human Movement Science 19, 685–715 (2000)

135. Hainline, L., Riddell, P., Grose-fifer, J., Abramov, I.: Development of accommodation

and convergence in infancy. Behavioural Brain Research 49, 30–50 (1992)

136. Haugland, J.: Semantic engines: An introduction to mind design. In: Haugland, J.

(ed.) Mind Design: Philosophy, Psychology, Artificial Intelligence, pp. 1–34. Bradford

Books, MIT Press, Cambridge, Massachusetts (1982)

137. Hawes, N., Wyatt, J.: Developing intelligent robots with cast. In: Proc. IROS Workshop

on Current Software Frameworks in Cognitive Robotics Integrating Different Compu-

tational Paradigms (2008)

138. Hawes, N., Wyatt, J., Sloman, A.: An architecture schema for embodied cognitive sys-

tems. In: Technical Report CSR-06-12. University of Birmingham, School of Computer

Science (2006)

139. Hebb, D.O.: The Organization of Behaviour. John Wiley & Sons, New York (1949)

140. Held, R., Birch, E., Gwiazda, J.: Stereoacuity in human infants. PNAS 77, 5572–5574

(1980)

141. Hermer, L., Spelke, E.S.: Modularity and development: the case of spatial reorientation.

Cognition 61, 195–232 (1996)

142. Hersch, M., Billard, A.: Reaching with multi-referential dynamical systems. Au-

tonomous Robots 25, 71–83 (2008)
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