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Abstract

This dissertation discusses the view that embodied cognition is essentially internal
simulation (or emulation) of perception and action, and that the same (neural) mechanisms
are underlying both real and simulated perception and action. More specifically, it surveys
evidence supporting the simulation view from different areas of cognitive science
(neuroscience, perception, psychology, social cognition, theory of mind). This is integrated
with related research in situated robotics and directions for future work on internal
simulation of perception and action in robots are outlined. In sum, the ideas discussed here
provide an alternative view of representation, which is opposed to the traditional
correspondence notions of representation that presuppose objectivism and functionalism.
Moreover, this view is suggested as a viable route for situated robotics, which due to its
rejection of traditional notions of representation so far has mostly dealt with more or less
reactive behavior, to scale up to a cognitive robotics, and thus to further contribute to

cognitive science and the understanding of higher-level cognition.
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of perception and action, situated robotics

iii



Acknowledgements

There are several people I would like to thank for their different kinds of support during my
work on this dissertation. First and foremost, I thank my supervisor Professor Tom Ziemke
for his valuable support and comments, which have made the completion of this
dissertation possible. I would also like to thank my family for their never-ending support
and last, but certainly not least, Jennie for her support and bearing with me during the

process of writing this dissertation.

v



Table of contents

1

INTRODUCTION 1
1.1 ATM AND OBJIECTIVES ... ctiiiitiiitaeiaatteutaeteeataaasaasaasaaseansenseaseanseansaasaassanssaseaessaseaassaasaansasnansanseansenseansansen 3
12 OVERVIEW OF THIS DISSERTATION
BACKGROUND - COGNITIVISM, REPRESENTATION AND SIMULATION......cccceeeeusaccsasanes 5
2.1 COGNITIVISM ..o titteieeieet ettt etteteeteaseasass e et esseasaseeseeanseaseesaesensensassanseesessassesaesensensassansensssnsseseesnnssane et ansenns 6
2. 0.1 DESCHIPHON TREOTY ....eeeeeveeeeeeteeteeceeteete et e e et et eee et st e s te et ess e e ssssase st e besssssesseaeessaseesassesseneas 6
2.1.2  The information procCeSSiNgG MEIAPNOT ...........c.ceeeeeeeeeeereeeeeeieeereeieeressesesses e sssssessesssssessesesessesnes 8
22 EMBODIED COGNITION AND INEW Al ...ttt sttt ettt st sttt 9
2.2.1  Symbol grounding ProDIEm..................ocueeueeeeeeeeeeeeeeeeeete ettt eve et ae s ers e 11
2.2.2  Uni-directional flow Of INfOIMALION. ...........cccueeveeeeeecieereeeeeceeieeeeeeeeee e eve e sese v ss s seas s 12
2.2.3  INLEFACHVE FEPTESCHIALIONS.....c.veeeveveervereeereereereeeseestesseeseesisessessessesssessesssasseassssseassesseesssssessessesssen 14
2.24  New Al and SitUAIed RODOTICS ..........ceeeueeeeeeeeeeeeeeeeeeeeeeeeeeeee e e ee e eteeee et eens et e aneeeeeaneaean 18
2.2.5  Situated robotics — methodOIOZICAL ISSUES ............oeueeeeueereereeceeeereieeeeeeeeere e ee e sevs s 20
23 THE MOVE TOWARDS A COGNITIVE ROBOTICS ...oiiiiiiiieeie et et eeie e aeie i sesteeaseansaeseaasaaseaanaensasananeas 23
24 THE SIMULATION HYPOTHESIS .....ntiuiiiet ettt et eeeteteei et eeseeiessesseanssensessaesesensassesseanasenssesassensensaseeseannas 25
SIMULATION OF BEHAVIOR 31
3.1 IMIRROR NEURONS ....cotiiiiutteeiaeitatteetteetaeteaataaus et aaasaseaseansessansaassanssassanssesesaseaaeaansesaansensaensenseansenseannans 31
3.1.1  Observation exeCution MATCRING SYSTEML............coecveveeeveerereereeiesieisssessessessessesesiessessssessesesseseenas 32
32 MENTAL MOTOR IMAGERY .....iiuiiiuiiaiieeie et eate et eete et eeseaaeaseassansaassanssassanssaseaaseaseaasaeasaansesaansenseansenseannans 34
32,1 MERIAL IIAGETY ..ottt ettt et ettt e st et sss e s eae et bssesestessaseas et ensessereenas 35
3.2.2  MERIAL CRFOTOMEITY ...ttt eee et ses e ev e e e sts e e sstseseetestessaas et ensessareenas 36
3.2.3  Effects of motor imagery on SUDSCGUENT ACHION ...........ccccuvereereeveeeiereeeeeseesvereeseeiesesssasessessesseseanas 37
3.2.4  Measurement of regional cerebral blood flow (FCBEF)......eieeeeeeceeeeeeeieseceveee e eereenes 39
SIMULATION OF PERCEPTION 42
4.1 SIMULATION OF PERCEPTION — EXPERIMENTAL EVIDENCE .......coiiiiiiiiiiiiieieeeie e eeie i eeeeeeseaneeseenes 43
42 THEORIES OF MENTAL IMAGERY ....cuiiiuiiiiaiieiie ettt e eie et eete et eeaeaseeaeanse s e s anssansanssanssaseaanaaneaanaesaanaanean 44
4.2.1  Perceptual ACHVIEY TREOT Y....cecueeeereeeeeeetieieeeeeeeeceete et e ettt e et ssasess s sbssese s e sse s sas e s easessereenas 45
4.2.2  Perceptual activity theory — a theory of Mental iIMAZEry ...........cccueceeeeeveeeeereeieeecrreeeeeecvereenes 47
ANTICIPATION 49
5.1 BMULATION ..ottt ettt e e et aeete et e te s aas e e emsessssessean s easessa s ensensasseseeansensassaasensensaseennennas 51
5.1.1  Neural mechanisms involved in anticipation or emulation. ..............ccceeeveeveeeereereeeeeieceeieesneens 53
52 PERCEPTION THROUGH ANTICTPATION .....uitietieieteiieiaeteeseeieteesseanesisessaesesessassessesnasensassassensensaseesaannas 54



6 THEORY OF MIND - SOCIAL COGNITION 58

6.1 SIMULATION THEORY ...veutitivieueetetenintetesteseesentsessssssessessssesesssessssessssessnsesssesessesessesensesensesessssessesenssseses 59

O.1.1  BRAVIOT PTOAICIION ...ttt ee ettt easeve et sas e st e s asesseneeaeas 60

O.1.2  EMPAINY .ottt ettt eveea et eat et e aea b seeae e ae bt as et et sttt b e e ae et eabeas et enbensersenneaeas 62

7 SITUATED ROBOTICS 65

7.1 SIMULATION OF PERCEPTION .......cuitiiiieieiiatteeseeetiesaeassensaseaseessasessesaesansensassessaanassssesassansensassansensesnnns 66

7.1.1  Sensorimotor repreSentations Of ERVIFONIMENLS. ............cccveveeereeveereereeeesreieeeeseeisessesssessessesseseess 67

7.1.2  Simulation of percePtion N FODOLS............c..ceeeeveceeeeeeeeeeeieeeteeceeeereae et et eese e seasess s ssseenas 71

72 SIMULATION OF ACTION ..ottt et et et e teetie e astansassaaseeseaseseseaaeeessaaeeanseassansanssansessensaseansenssannseseanen 74

7.2.1 RODOLS QI MUIFTOF TBUTOIS ...ttt et e e e ee e e e e eeete e te s senteaneenenans 75

73 ANTICTPATION <.ttt et ettt eteeeaeteseateseesesssteseeeaesensaesasensensassesseanessasassaasensessasseseeansensansasensensaseeseennas 76

8 DISCUSSION AND CONCLUSIONS 79

8.1 REPRESENTATIONS ... ittt attetieeteestaeteaataausaesaausaseassansansansassaasanssanssasesamsaseaaseansaensensnansanseansenseannans 80

L] MERIALIMAGELY ...ttt e e e ettt seese e te b eas e st e b sssseseeaesssase et e st essensessenseaeas 82

8.2 THE NEURAL SUBSTRATE OF COGNITION .....ciiiiiiiiiiiait et aaie et eaeaeieasiaseascensassansaseanssessanssaseaanaesaaeaanean 83

83 FURTHER STEPS TOWARD A COGNITIVE ROBOTICS .....coiiiiuiiieeteeeieieeiaeeeseeseseesseanesessesassesensaseesaennas 85

8.3.1  Simulation Of ACHON [ FODOLS .........cecueeueeeeeeeeeieeeeeeeeee e eee et st et seeve e ssas s e st esse s erseneaeas 86

8.3.2  Simulation Of PerCePtion i FODOLS.............ceeecueceeeeeeeeereeeeceeeeeeeeeeee e eae e ssssasessesse s essese e 87

8.3.3  ARNLICIDATION [T FODOLS ...ttt ee et eve ettt essese e ssaseese st essensessereeaeas 90

8.3.4  Conclusion and fUTUTE AIFECHIONS ..........c..ceeeeeueereeeeeeeeeeeeeeceeieetete et e ve e ese e e seseere st e s s erseneaeas 91
REFERENCES

vi



1 Introduction

The capability of humans to rely on internal mental models or representations in the
absence of any or relevant sensory input has been argued to be central to human cognition
(e.g., Brink & Girdenfors, 1999; Clark & Grush, 1999; Dorffner, 1999; Johnson-Laird,
1983; Sjolander, 1995, 1999; Tolman, 1948). Kenneth Craik already in 1943 described the

advantage of using such internal models as follows:

If the organism carries a “small scale model” of external reality and of its own
possible actions within its head, it is able to try out various alternatives, conclude
which is the best of them, react to future situations before they arise, utilize the
knowledge of past events in dealing with the present and future, and in every way to
react in a much fuller, safer, and more competent manner to the emergencies which
face it. (Craik, 1943, p. 61)

However, there are at least two competing views within cognitive science of how this
internal model or inner world could be realized in cognitive agents. Firstly, there is the
traditional cognitivist correspondence notion of representation as some kind of internal
mirror of external reality, and secondly, there is the alternative view of representation as
some kind of simulation or emulation' of past and potential future perceptions and actions,

which will be discussed in detail in this dissertation.

As pointed out by, e.g., Pfeifer and Scheier (1994), cognitivism claims that humans are
essentially information processors, and their behavior is the consequence of three distinct
processes: (1) sensory or perceptual processes that translate external stimuli into words,
numbers, or other symbols, that is, internal representations written in some kind of
“language of thought” (2), processes that operate on these internal representations to arrive
at other internal representations, which (3) can be translated into behavioral responsesz.
Accordingly, the transformation into an abstract “language of thought” or internal

representations which are more or less independent of the perceptual and behavioral

"In this context, simulation and emulation refer to the same concept, as discussed in further detail in Section
5.1.
2 Already in 1943, Kenneth Craik also made a similar distinction.



process is a central assumption of cognitivism. Gardner (1987), for example, wrote about

the role of representations within cognitive science as follows:

Cognitive science is predicated on the belief that it is legitimate-in fact, necessary-
to posit a separate level of analysis which can be called the “level of
representation.” When working at this level, a scientist traffics in such
representational entities as symbols, rules, images-the stuff of representation which
is found between input and output-and in addition explores the ways in which these
representational entities are joined, transformed, or contrasted with one another.
This level is necessary in order to explain the variety of human behavior, action,
and thought. (Gardner, 1987, p. 38)

According to the alternative simulation view, as suggested by, for example, Hesslow (2002)
and Clark and Grush (1999), cognition is the result of an internal simulation of perception
and action. Instead of separating cognition from perception and action, the simulation
alternative argues that cognition springs from the same neural substrate as perception and
action (e.g., Frith & Dolan, 1996; Lakoff & Johnson, 1999; Moller, 1999). Hesslow (2002)
pointed out that the idea of cognition as simulation of perception and action can be traced
back to the 18" century British empiricists (e.g., Hume, 1739) and their associationist
descendants (e.g., Bain, 1868). For example, Alexander Bain suggested that, “thinking is
essentially a covert or ‘weak’ form of behavior that does not activate the body and is
therefore invisible to an external observer”. The idea of cognition as simulation of
perception and action has during the past couple of decades re-emerged in several areas of
cognitive science, including neuroscience (e.g., Jeannerod, 1994; Frith & Dolan, 1996),
psychology (e.g., Wilson, in press), perception (e.g., Gross, Heinze, Seiler & Stephan,
1999), theory of mind (e.g., Nichols, Stich, Leslie & Klein, 1996), and situated robotics
(e.g., Clark & Grush, 1999; Ziemke, Jirenhed & Hesslow, 2002).

From the latter perspective, that of situated robotics and autonomous agent research, Clark
and Grush (1999) have argued that in addition to perception and action robotics research
needs to address the issue of representation to address higher-level cognition, and that this
is best done with a notion of representation as based on emulation of perception and action.
This is highly controversial in the field of situated and embodied Al which has grown since

the late 1980s and which has been very skeptical towards the need for/use of



representations. Brooks (1991), for example, stated, “the world is its own best model”.
Accordingly, he argued that robots should be situated in a real environment and that they
should or need “not deal with abstract descriptions, but with the here and now directly
influencing the behavior of the system”. This approach has certainly gained a lot of insight
into the kind of adaptive behaviors that humans share with other animals of different
complexity, such as navigation, obstacle avoidance and simple categorizations (Brooks,
1997). On the other hand, the cognitive capabilities usually attributed to humans, such as
planning, language, problem solving, and the general representational capabilities of
humans have been addressed only to a relatively little extent within this approach.
Consequently, several researchers have pointed out that, in order to further contribute to
cognitive science, there is a need (and possibility) for situated robotics to scale up to
higher-level cognitive capabilities (e.g., Clark & Grush, 1999; Dorffner, 1997; Stewart,
1995; Pfeifer & Scheier, 1999; Ziemke, 2001a). In a nutshell, this dissertation aims to

recommend further steps in this direction.

1.1 Aim and objectives

The previous section pointed out that situated robotics has first and foremost investigated
the behavior of more or less reactive agents but only to a much lesser extent addressed
phenomena traditionally associated with cognitive agents, such as the capability to think
about the distal and absent. However, situated robotics must find explanations that are
different from those in the traditional cognitivist paradigm, since situated robotics more or
less grew out of a critique of that tradition. The simulation view was then presented as an
alternative way for situated robotics to address higher-level cognition. Accordingly, the aim
of this dissertation is to evaluate the simulation view, and to some extent address the
question of how to scale situated robotics into a cognitive robotics, which could provide a
possible framework for future research into higher-level cognition and the viability of the

simulation view itself.

The aim will be achieved by (1) evaluating the evidence in support of cognition as internal

simulation of perception and action by surveying the literature of related work in different



areas of cognitive science, such as neuroscience, psychology, robotics and other related
fields of inquiry, (2) a comparative analysis of the material covered in the literature survey,
with a particular focus on evaluating robotic experiments investigating or modeling
cognitive capacities as an internal simulation of perception and action, and (3) identifying
open issues within robotics research and suggesting directions for future research in

cognitive robotics.

1.2 Overview of this dissertation

This chapter has presented the aims of this dissertation. The remainder of the dissertation is
divided into seven parts as follows. Chapter 2, the background chapter, addresses different
notions of representation and cognition within cognitive science. It describes both the
traditional correspondence notion of representation and the recently suggested simulation
view. A central part of the background chapter also discusses why and how situated
robotics should address higher-level cognition. Thereafter, chapters 3 and 4 discuss the
evidence suggested in favor of the idea that cognition consists of the covert activation of
perception and action; Chapter 3 focuses on action and Chapter 4 focuses on perception.
Chapter 5 addresses the notion of anticipation, which is a central aspect of the simulation
view. It also again addresses the notion of representation in terms of the simulation account.
Chapter 6 discusses simulation as it has been conceived of within “theory of mind” research
and relates it to the simulation view. Chapter 7 is about situated robotics. It addresses a
number of experiments that involve some aspect of simulation. Finally, Chapter 8
summarizes the discussion of the view of cognition as internal simulation of perception and

action and outlines how it can contribute to advances in a cognitive robotics.



2 Background - Cognitivism, representation and simulation

The embodied cognition approach that has steadily emerged during the last couple of
decades has questioned many of the assumptions on which the cognitivist explanation of
the inner world is based. However, as has been pointed out by many researchers, the efforts
in this approach to model cognition have to a much lesser extent than cognitivism
addressed higher-level cognition, especially capabilities that seem to require the use of
some kind of inner world, such as representing future, past, non-present and even non-
existent states of affairs in the external world. The virtue of such representations, which can
be described as an inner world was, as illustrated by Craik (1943), that the agent does not
have to try out all possible actions in reality, but can internally simulate the outcomes of
various strategies avoiding dangerous and less advantageous strategies. Although a lot of
insights into intelligent behavior have been gained within the embodied cognition approach
it usually considers modeling lower-level cognition and sensorimotor interactions between
agents and environments. On the contrary, the cognitivist paradigm has mostly been
concerned with higher-level cognition, such as planning and problem solving, and
presupposes the existence of a rich inner world. However, the simulation alternative
provides a different way of accounting for such higher-level cognitive phenomena and an

inner world. This will be the focus of this section, which is structured as follows.

Section 2.1 gives a more detailed description of cognitivism and the underlying
assumptions. Section 2.2 introduces the opposing views of embodied cognition and situated
robotics. This section starts by pointing towards some possible problems with the
assumptions held in cognitivism. Thereafter it gives a brief description of the central ideas
of embodied cognition. More importantly, Section 2.2.3 discusses the notion of
representation as it can be viewed in the context of embodied cognition and situated
robotics. The chapter ends with the simulation hypothesis, as it has been suggested by
Germund Hesslow (1994, 2002), which is one of the key ideas addressed in this

dissertation.



2.1 Cognitivism

The cognitivist explanation of the inner world is firmly based on the notion of a level of
explanation that is independent from any implementational considerations. In this respect,
cognitivism and classical (i.e., cognitivist) Al are synonymous with functionalism (cf., e.g.,
Pfeifer & Scheier, 1999). Essentially, functionalism means, in this context “(...) that
thinking and other intelligent functions need not be carried out by means of the same
machinery in order to reflect the same kind of processes; in fact, the machinery could be
made of Emmental cheese” (Pfeifer & Scheier, 1999, p. 42-43). Accordingly, cognitivists
have been more concerned with the software, i.e., the functions and algorithms underlying
cognition, rather than with the hardware, i.e., brain (and body) which supposedly has no
influence on the cognitive processes. This is evident both in the types of entities that
cognitivists posit in order to explain cognition and the ways in which they have been

constructing artificial agents.

This section starts by, in the following subsection, stating the main ideas behind description
theory, i.e., the ideas on which most of the models of cognition in the cognitivist paradigm
have been constructed. Thereafter, Section 2.1.2 addresses the so-called information

processing metaphor and its influence on classical Al

2.1.1 Description theory

According to Thomas (1999), one of the most influential accounts of internal entities
associated with the inner world, in the cognitivist camp, is the description theory or
propositional theory of representation (henceforth referred to as description theory) (e.g.,
Fodor, 1975; Fodor & Pylyshyn, 1988; Pylyshyn, 1981). According to Thomas (1999), the
core commitment of description theory is that some form of language-like representations,
i.e., a “language of thought” (Fodor, 1975), is sufficient to account for all genuinely
cognitive processes. That is, it is possible to arrive at a full understanding of cognition by
positing a level of representation and referring to the entities at this level (cf. quote from

Gardner (1987) on p. 2). For example, when these language-like representations are the end



product of perceptual processes, we perceive, whereas when they are constructed

inventively, or retrieved from memory, imagery is experienced (Thomas, 1999).

As already mentioned, cognitivism posits that the internal entities are in the form of a
“language of thought”, which usually means that the internal entities are similar to human
language, and as such, they are symbolic. Accordingly, each mental representation of an
individual is supposed to be encoded in symbolic form. For example, the mental
representation of a chair could be encoded in the internal symbolic language as “CHAIR”.
CHAIR then corresponds to the entity in the world, which humans refer to as a chair (cf.
Palmer, 1978). The possibility of some symbolic entity to refer to something in the world
has been argued to presuppose an objectively existent reality (cf. Dorffner, 1997; Lakoff &
Johnson, 1999). This notion will be discussed further in relation to the symbol grounding

problem in Section 2.2.1.

A second assumption of the internal entities at the representational level is that they can be
seen as data formats or structures. Thomas (1999) illustrated this view, which he called
computational mentalism, in the context of perception and computer vision research. In this
context, it was long taken as axiomatic that the task of a machine vision system was to
process the signal produced by its camera sensor information into an internal and
descriptive model of the world before the camera’s lens. Accordingly, “the task of a theory
of perception is to give an account of how the information implicit in states of the sense
organs is converted into a canonically ‘mental’, consciously available, data format or
formats” (Thomas, 1999, p. 211). This data format forms the structures cognitive processes

are supposed to operate on (e.g., Fodor & Pylyshyn, 1988).

The two above mentioned assumptions were explicitly formulated in Newell and Simon’s
(1976) physical symbol system hypothesis, which suggested that a physical symbol system
has both the sufficient and the necessary requirements for human intelligence (i.e.,
cognition). Thus, they did not only claim that cognition could be explained this way, but
that every cognitive system is operating on symbolic data structures. Accordingly, a central

assumption of the cognitivist paradigm has been that the symbolic descriptions of an



individual’s mental representations can be encoded in any type of system that has the
ability of manipulating symbols, whether they are brains or computers (cf. “functionalism”
above). Whether or not one draws the further conclusion that this would mean that any such
machine could be programmed to behave exactly as humans, it has put the emphasis on
explaining cognitive phenomena as abstract internal entities whose form is entirely
independent of the system (machine or organism) in which they are implemented. In the
next section, this is further exemplified with the so-called information processing metaphor

that has especially influenced the construction of artificial agents in classical AL

2.1.2 The information processing metaphor

According to the information processing metaphor, the generation of behavioral responses
can be separated into three distinct classes of processes, perceptual, cognitive, and motor
processes. That is, the same three classes that Craik suggested in the early 1940s (cf.
Chapter 1). Accordingly, perception is to be considered a projection from sensory input into
a purely sensory representation, while the cognitive subsystem operates on this
representation to generate new representations, which can be translated into actions (Pfeifer
& Scheier, 1994). Consequently, classical Al equipped artificial agents with perceptual
processing, central processing and motor processing subsystems, working in a sequence. In
these agents, there is a uni-directional flow of information from perception to action, where
actions and cognition do not influence the process of perception, nor does action influence
the central processing (Pfeifer & Scheier, 1994; Moller, 1999). As Nolfi and Marocco
(2002) pointed out, according to this view, “motor behavior (i.e. the interaction with the
external world) is not viewed as an opportunity but rather as a problem to be controlled ---
the result of the perceptual process should be as independent as possible from the behavior
displayed by the agent during the collection of sensory data”. On the other hand, since
cognition (i.e., the representational level) was considered to be independent of perception
and action, classical Al often dealt with the problem of motor control by not addressing it at

all by building models only at the representational level.



As further discussed in the following sections, it has been pointed out that motor behavior
should and can be viewed as an opportunity to agents (artificial or not) that interact with an
environment (cf., e.g., Nolfi & Floreano, 2000). Furthermore, several sources suggest that
motor processes influence cognitive and perceptual processes (cf., e.g., Moller, 1999). This
particular emphasis on sensorimotor systems and their role in cognition are found
especially in so called embodied cognition and New AI, which are discussed in the

following section.

2.2 Embodied cognition and New Al

During the last couple of decades a number of new approaches and new theories of
cognition have emerged within cognitive science at a steady pace. These have emerged
under various names, such as embodied cognition (Lakoff & Johnson, 1999), embodied
action (Varela, Thompson & Rosch, 1991), embodied intelligence (Brooks, 1991), and
embodied cognitive science (Clark, 1999; Pfeifer & Scheier, 1999). They are new in the
sense that they question functionalism and/or the notion of cognition as computation.
Rather, the nature of cognition is thought to be biological (e.g., Maturana & Varela, 1987),
situated (e.g., Brooks, 1991) and embodied (cf. Ziemke, 2001b). Although these approaches
differ in some respects, such as terminology, it has been pointed out that they do share
some fundamental assumptions (cf., Ziemke, 2001a, 2001b). For example, Dorffner (1999)

argued that the common denominator of these approaches is that they

(...) put the body back into the focus of cognitive science, emphasize the interaction
between a cognitive agent and its environment, view experience and individual
differences as at least as important as detached logical principles, and a apply a
more holistic stance toward research on human cognition. (Dorffner, 1999, p. 23)

These approaches will, henceforth be referred to with the single term embodied cognition,

not completely erroneously, as if it where an established paradigm.

Embodied cognition points out that in order to produce the kind of adaptive behavior,
which is needed to survive in different environments, there need to be a close coupling

between the control structure (i.e., the central nervous system if talking of humans and



other organisms) of an agent, the body of the agent, and its environment (e.g., Maturana &
Varela, 1987; Nolfi & Floreano, 2000). The importance of the close coupling between
brain, body and environment have been illustrated by both considering the nature of natural
organisms (e.g., Chiel and Beer, 1997) and artificial agents (e.g., Scheier, Pfeifer &
Kuniyoshi3, 1998). Chiel and Beer (1997) argued that there is, as a consequence of both
phylogenetic and ontogenetic development, a close matching between the nervous system
and the periphery (i.e., the body and the external environment). Furthermore, this close
matching creates both constraints and opportunities for the nervous system and
consequently the agent, which is illustrated by the fact that the nervous system cannot
process information that is not transduced and at the same time the properties of the

periphery may simplify complex neural processing.

Accordingly, several researchers within embodied cognition have argued that natural
organisms are situated and embodied, the controllers of artificial agents needs to be situated
in a body and interact with real environments. For example, Brooks (1991) argued that the
two cornerstones of New AI was situatedness and embodiment, which he defined as

follows:

[Situatedness] The robots are situated in the world —they do not deal with abstract
description, but with the here and now of the world directly influencing the
behavior of the system.

[Embodiment] The robots have bodies and experience the world directly — their
actions are part of a dynamic with the world and have immediate feedback on their
own sensations. (Brooks, 1991, p. 111)

Traditional cognitive science has usually neglected this close interaction between brain,
body and environment. For example, the robots of classical AI where often provided with a
description of its environment on which it could perform some operations, but in these
cases the robots did not experience the world directly through sensors and were not given
direct feedback from sensors (Brooks, 1991). The lack of situatedness and embodiment

resulted in several researchers questioning the traditional explanations of cognition and the

3 . .y . . ..
Yasuo Kuniyoshi’s surname is erroneously spelled Kunyioshi in Neural networks, 11.
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usefulness of the artificial agents used in classical Al In the following some of this

criticism is discussed.

In the 1970s and 80s two influential critics of cognitivism, Hubert Dreyfus (1979) and John
Searle (1980) pointed out what they argued to be fundamental problems of the cognitivist
approach to cognition and the construction of artificial agents. Searle (1980) posed his
criticism in his now classical Chinese Room Argument, which Harnad (1990) reformulated
into the symbol grounding problem, discussed in the following section. Dreyfus (1979)
questioned the assumption that every bit of knowledge must somehow be represented in the
human being, and that these representations must be encoded in some data structure.
Dreyfus argued that the context, i.e., our moods, skills and concerns, cannot be explicitly
represented in data structures. Accordingly, he concluded that representations are not
sufficient to account for cognition. Instead, Dreyfus argued that intelligence must be
situated in the ordinary life of humans (cf. Ziemke, 2001a). In the following two sections,
two other possible problems with cognitivism will be discussed, which in a way, both relate

to the lack of situatedness in cognitivist models.

2.2.1 Symbol grounding problem
Lakoff and Johnson (1999), Stewart (1996), Varela et al. (1991), to name a few, have

argued that cognitivism is based on an objectivist epistemology. That has influenced how
representations and other explanatory entities in traditional cognitive science have been
conceived and realized in artificial systems. Dorffner (1999) described the objectivist

epistemology underlying cognitivism as follows:

The underlying view is an objectively existent outside world which must be mapped
onto a faithful image in the cognitive agent in order for the latter to act intelligently.
(...) For instance, to say that a symbol ‘CHAIR’ represents the category of chairs
independent of one must not only specify the symbol, but must also assume that a
category chair exists in the world, independently from whether the observer or the
agent to be modeled interacts with the world. (Dorffner, 1999, p. 24)

This objectivist epistemology implies that the mental representations of humans are formed

independently of the individual subject, and only establish a reference to something in the
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external world. Dorffner (1997) argued that this becomes a problem when using artificial
systems as models of cognition. This problem stems from a conflation of the terms
“symbol” and “concept”. According to Dorffner, symbol should refer to an arbitrary and
discrete sign, used to refer to an object or state in the world, whereas a concept should refer
to mental states. For example, the concept apple is not arbitrary and most importantly it
does not refer to, or encode anything — it is only at best causally tied to stimuli or situations.
For the agent the mental concept apple is not a reference to something in the world but is
the object for the agent itself. Dorffner (1997) argued that it would take an external
observer to identify this reference. On the contrary, the word apple is arbitrary since we
could use “CUP” or “Zog” to refer to the category of all apples4. Thus, Dorffner concluded
that symbols need only concern us when it comes to signs (e.g., language) not internal
concepts of cognitive agents. The problem of classical Al is that the designers projected the
nature of signs (i.e., discreteness and reference) onto the nature of the internal concepts
(Dorffner, 1997). This means that the referential links could not be found in the system but
only in the minds of the designers (Dorffner, 1997; Searle, 1980). This is the situation that
Harnad (1990) described in his formulation of the symbol grounding problem5 . He argued

that the symbols used in classical Al systems might very well be:

(...) systematically interpretable as having meaning (...) But the interpretation will
not be intrinsic to the symbol system itself: It will be parasitic on the fact that the
symbols have meaning for us, in exactly the same way that the meaning of the
symbols in a book are not intrinsic, but derive from the meaning in our head.
(Harnad, 1990, p. 339)

That is, Harnad suggested that the artificial systems of classical Al using pre-designed
world models in symbolic form are parasitic of its designer’s understanding and cannot

develop representations that are meaningful to the agent itself.

2.2.2 Uni-directional flow of information

It has been argued that the information processing metaphor suggests it is impossible for

cognitive and motor subsystems to influence the perceptual subsystem, and for the motor

* Dorffner (1997) points out that this is a simplification of the matter since words are not entirely arbitrary or
even entirely abiding to any of the other properties of symbols.
> For a fuller treatment of the symbol grounding problem and the suggested solutions see Ziemke (1999b).
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subsystem to influence the cognitive subsystem. Among others, Moller (1999) has argued
against this uni-directional flow of information, claiming that the different subsystems do
and should have the possibility to influence each other. He argued that this is necessary to
achieve useful and meaningful representations to the agent itself (cf. Pfeifer & Scheier,
1994). Moller argued that viewing these subsystems as independent makes it difficult to
derive appropriate behavior from the resulting representations, and even how to account for

these purely sensory representations.

Moller (1999) argued that information is relevant to an agent only if it is needed to generate
appropriate actions (cf. also Scheier et al., 1998). Therefore, explanations of cognition and
adaptive behavior based on the information processing metaphor will have problems
accounting for the generation of appropriate behavior. These types of explanations treat
perception as a transformation into purely sensory representations sorting out irrelevant
information which are unaffected by other processes, such as motor processes. The result is
that to establish representations able to generate appropriate actions, the sensory
representation has to, in the case of vision, contain all the visual information received from
the environment. Otherwise, the agent cannot achieve a representation that can generate the
appropriate behavior, since the relevance of the information received from the environment

is dependent on information about the next action to execute (Moller, 1999).

Already in 1963, an experiment performed by Held and Hein (1963) suggested that motor
systems are involved in the development of visually-guided behavior. They found that
when deprived of self-produced movement kittens showed deficiencies in visually-guided
behavior, such as visually-guided paw placement or avoidance of a visual cliff. Visually-
guided paw placement was tested by holding a kitten so that its head and forelegs are free,
and thereafter, carrying it forward and downwards towards a horizontal surface. The
response by a normal kitten to this situation is to anticipate the surface by extending its
paws as it approaches the surface. However, this behavior was not observed in Kkittens
deprived of self-movement but only in “normal” kittens. The overall results showed that
visually-guided behavior was impaired for kittens that were deprived of self-movement, but

kittens that were not deprived were not affected, even though both groups were exposed to
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the same visual information during development. These results indicate that motor systems
do, internally, influence perceptual tasks, at least in the development of perceptual
capabilities, such as visually-guided paw placement. These results seem to indicate that the
motor system of an artificial agent that aims to model natural behavior should be involved

in cognition and the generation of behavior, as suggested in this and the previous section.

Similarly, Mdéller (1999) argued that perception is indeed influenced by behavioral
subsystem and the motoric abilites of the agent, and that these strongly influence the
structure of the, from the environment, incoming signals (cf. Chiel & Beer, 1997).
However, according to the information processing metaphor, these cannot directly
(internally) influence the form of the representation of these signals. Therefore, according
to Moller, the visual information will be meaningless for the agent, since it is not related to

information about the actions performed by the agent (cf. Cliff, 1990).

In sum, the two problems of symbol grounding and uni-directional flow of information
suggest that cognitive agents should be situated. They should be situated in the sense that
they should be connected to the external world, not relying on a designer’s description of
that world. They should also be situated in the sense of being embodied in their own
sensorimotor repertoire, that is, cognition is not totally separated from perception and
action but is dependent on them. This implies that the kind of representations used in
traditional cognitive science and the strong division between perceptual, cognitive and
motor systems in classical Al cannot be valid explanations of natural cognition but is in
need of some revision. In the following section, a notion of representation that does not

violate the constraints posed by the situated and embodied nature of cognition is discussed.

2.2.3 Interactive representations

Embodied cognition share, at least some, of the cornerstones of so-called radical
constructivism, and these are here used to illustrate and introduce some of the constraints
on a notion of representation within an embodied cognition perspective. That is, to point

out that perhaps representations within embodied cognition have to be different from the

14



traditional correspondence notions (cf. Dorffner, 1999; Nolfi, 2002) and to sketch, in more

detail, how they could be different.

Radical constructivism suggests a view of our knowledge of the world, which is
contradictory to objectivists or cognitivists (cf. Section 2.1) view of knowledge. It argues
that the organism itself is central to the generation of knowledge, without denying the
existence of an external reality (von Glaserfeld, 1991, 1999). According to (radical)
constructivists, a cognitive agent is not a passive processor of information, but he or she
actively takes part and determines what and how information is constructed in his or her
mind. Von Glaserfeld summarized the basic assumptions of (radical) constructivism as

follows:

¢ Knowledge is not passively received either through the senses or by way of
communication;
knowledge is actively built up by the cognizing subject.
The function of cognition is adaptive, in the biological sense of the term,
tending towards fit of viability;

e cognition serves the subject’s organization of the experiential world, not the
discovery of an objective ontological reality. (von Glaserfeld, 1995, p. 51)

Already in the first row, it becomes apparent that the view of knowledge of embodied
cognition (and radical constructivism) does not correspond to the cognitivist view of an
agent that receives information about the world in a passive and uni-directional way (cf.
Section 2.1). Accordingly, representations might not be purely sensory, where objects in the
external reality are mapped onto internal representations but are constructs of the cognitive
agent and moreover, a result of its active sensorimotor exploration of the world. For

example, Varela et al. (1991) have suggested:

first, that cognition depends upon the kinds of experience that come from having a
body with various sensorimotor capacities, and second, that these sensorimotor
capacities are themselves embedded in a more encompassing biological,
psychological, and cultural context. (Varela et al., p. 172-173)

According to Dorffner (1999), this type of considerations about the sensorimotor nature of

cognition have lead some authors to go as far as speaking about cognition without
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representation (e.g. Brooks, 1991; Varela et al., 1991). For example, Brooks (1991) argued
that cognition and the complex behavior of agents and organisms comes from actual
interaction with an environment, rather than controlled exclusively from the inside.
According to him, behavior does not arise from complex internal representations of the
world stored as some kind of data structures inside an agent, but arise from using the
“world as its own best representation”. However, it is widely assumed within cognitive
science that there is a need for internal mental states that mediates between the stimuli from
the environment and the actions of cognitive agents (c.f., e.g., Gardner, 1997 (and quote on
p. 2); Markman and Dietrich, 2000), and it seems, representation is not so easily dismissed
when it comes to higher-level cognition, as pointed out by several authors within the

embodied cognition paradigm (e.g., Clark, 1997; Clark & Grush, 1999; Dorffner, 1999).

Dorffner (1999) suggested that often when speaking of anti-representationalism and in the
criticism of representational accounts of cognition, the aim is not to deny the existence or
usefulness of representations but to question the validity of cognitivist notions of
representations (or type 1 representations in his terminology). He also claimed that
representations should and do exist within embodied cognition but refer to a kind of
interactive representations (or type 2 representations in his terminology), which take into
account the situated, embodied and non-objective nature of cognition. Type 2
representations are “internal mental states that enable a cognitive agent to act even in the
absence of immediate perception” (Dorftner, 1999, p. 25, emphasis added). The focus of
this type of representation is their ability to act as stand ins for something else, which also
points to their resemblance with the capacity and advantage of the small scale model
described by Craik (1943; cf. Introduction). Additionally type 2 representations enable the
agent to act in a sensible way even if whatever they refer to are not immediately accessible
to the agent. In summary, type 2 representations enable successful behavior by acting as
some sort of stand in, which has been suggested to be central to human cognitive
capabilities and as a mark of the truly cognitive (e.g., Brink & Girdenfors, 1999; Clark,
1997; Clark, & Grush, 1999; Wilson, in press). Dorffner (1999) illustrated the idea of

mental representation as standing in as follows:
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For instance, if somebody asks us for the nearest coffee shop, we-in general-can
safely assume that the person is acting on an internal representation of their concept
of coffee and the effect it can have. This is what distinguishes humans from lower
life forms that mainly or solely act on perceptions in a reactive way. (Dorffner,
1999, p. 25)

Greco (1995) described this type of representations as “internal substitution”, which he
claimed includes two sub-functions: storing past perceptions or past behavior and
anticipating perception or behavior (i.e., antecedents of our behavior, which in some way
help to "plan" its performance). Since type 2 representations are based on previous
perceptions and previous behaviors, they presuppose another type of representation that
Dorffner (1999) refers to as type 3 representations. Type 3 representations are those
representations that enable an organism to react to stimuli from things in the external world

(cf. Brink & Girdenfors, 1999; Clark & Grush, 1999; Smith, 1996).

According to Dorffner (1999), it is true that type 1 representations implicitly incorporate
the cognitive agents ability to act even in the absence of sensory input, but there is a
difference between them because of the additional assumptions of functionalism and
objectivism of type 1 representations (cf. sections 2.1 and 2.2.1). Type 2 representations
make no such assumption, but only states that cognitive agents have internal mental states
that enable a cognitive agent to act even in the absence of sensory input. According to
Dorffner (1999), they are the result of a complex individual interaction between the agent
and its environment, and as such, “they do not refer to anything, they are the reality for the
agent” (p. 24, original emphasis). These internal mental states stands in for whatever the
cognitive agent have perceived or conceived, and thus, Dorffner argued, they are a kind of

mental representation.

Similar to Dorffner (1999), Clark & Grush (1999) argued that not even a skeptic about
internal representations means to deny the obvious fact that human agents can and do think
about the inaccessible and the absent; that we can and do make plans involving future
chains of events (i.e., that we have type 2 (or type 1) representations). Consequently, they
argued that the mere presence of such capacities cannot be the object of theoretical

discussion. Instead, they suggested that the question should not be about what
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representational abilities cognitive agents utilize, but how they are achieved. They argued
that robotics research and cognitive science should show that cognitive agents do have
representational inner states that are “a) scientifically (non-semantically) identifiable and b)

serve as stand-ins for specific extra-neural states of affairs” (p. 10).

If it is true that the cognitive agents are situated and embodied beings and that it their
representations are the result of the interactions with an environment and the agent’s
sensorimotor structures (i.e., type 2 representations) it would be natural to assume that the
sensorimotor systems and the agent’s bodily form are somehow involved in representing
past and future behaviors and perceptions, and are essential for explaining how this

capability is achieved.

That possibility is at the essence of the simulation hypothesis, which states that perception
and action not only take part in the formation of representations but in a specific way are
the representations that enable cognitive agents to act even in the absence of sensory input.
How this can be achieved is discussed in further detail throughout this dissertation, starting
in Section 2.4, but before addressing the simulation alternative a few paragraphs are spent
to investigate how the ideas behind the embodied cognition approach are expressed within

artificial intelligence and situated robotics.

2.2.4 New Al and Situated Robotics

Although AI has considered and investigated questions of what kinds of representational
capabilities that humans and other organisms have, it certainly has had to address the
question of how they are achieved. Al is a synthetic enterprise that strives to build
intelligent agents and try to model different cognitive capabilities. So, in order to build
artificial agents they have to consider how to achieve these capabilities. This section
consists of a brief background and introduction to situated robotics (cf. Ziemke, 2001a, for

a more extensive comparison between views of embodied cognition and situated robotics).

Situated robotics emerged in the 1980s, much as a result of the efforts of Rodney Brooks

(cf. Brooks, 1986, 1991) to build situated and embodied robots. Situated robotics is here
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used to denote the contributions to this approach that aims to explain, model, and
understand cognition, rather than build intelligent agents that can solve difficult problems.
Clark (1997) described the difference of classical Al and the emerging approach of New or
“Nouvelle” AI (or situated robotics) as the former being concerned with “vertical
microworlds” and the latter with “horizontal microworlds”. Classical Al programs have
been concerned with the modeling of vertical microworlds, which are small pieces of
human-level cognition, such as playing chess or planning a picnic. Clark (1997) argued that
the problem with such microworlds is that the high-level competencies may be based or
built upon more basic processes, such processes that we share with other animals; “we
might be chess masters courtesy of pattern-recognition skills selected to recognize mates,

food and predators” (p. 13).

As argued by Dreyfus (1979), classical Al has also been concerned with micro-worlds in
the sense that they are limited to small-domains, where it is possible for a designer to
provide the agent with all the relevant knowledge. For example, Schank and Abelson
(1977) tried to construct a “language of thought”, by composing stories using a number of
primitives, such as “Atrans” which means the transfer of something abstract, which are
supposed to enable a computer to understand stories of ordinary situations in the life of

humans, such as going to a restaurant (cf. Dreyfus, 1979).

According to Clark (1997), to deal with the limitations of classical Al and the possibility
that more basic processes are essential to cognition New Al and situated robotics should be
concerned with the modeling of so-called horizontal microworlds, which refer to the
complete behavioral repertoire of whole creature (also cf. Brooks, 1991). That is, an
artificial agent that can act in and react to an environment in an, to the agent, advantageous
fashion. In the beginning, this agent would probably be quite simple due to the complexity

of higher-level organisms, such as human beings (Clark, 1997, also cf. Brooks, 1991).
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2.2.5 Situated robotics — methodological issues

A number of different approaches fall within New AI and situated robotics and there is
neither enough time nor enough space for any extensive review of them all here. However,
some points will be made on the different methodologies used within situated robotics.
Some researchers have questioned Brooks’ approach in that the agents he and his
colleagues use have very little room for learning (e.g., Dorffner, 1997), and the inner
structures which in part determine its behavior are to a large extent hand-coded by a human
designer (e.g., Ziemke, 1999a). In other words, the internal mechanisms of the robot are not
organized by the robot itself but by a human designer. Another difficulty with Brooks’
approach is that it mainly addresses purely situated behavior (although exceptions exist, cf.
Chapter 7), that is, behavior which, to use Brooks own words again, relies on the world to
be its own best model, whereas this dissertation concentrates on the inner world, which
does not rely on continuous sensory input. On the other hand, this limitation is present in

most situated robotics approaches, with a few exceptions that are discussed in Chapter 7.

Instead, this dissertation favors a different approach, exemplified and structured on the
basis of Dorffner’s (1997) “radical connectionism”, which to a larger extent acknowledges
the view of embodied cognition outlined above. However, the approach described in the
following section has also relied mostly on robots that require continuous sensory

information from the environment to function.

Dorffner (1997) specified a “radical connectionism”, which takes into account the problems
with classical Al and some aspects of the nature of embodied cognition. He argued that a
central property of situated robotics should be self-organization. Self-organization, which
he defined as “automatic adaptation via feedback through the environment” should be used
as the major method to achieve the “internal structure” necessary for behavior, instead of
explicit design. Self-organization, in this definition, can relate either to the control structure
of the robot or more rarely the morphology (“body”) of the robot (cf. Nolfi & Floreano,
2002). According to Dorffner (1997), the control structure should be an artificial neural
network (ANN), which takes input from sensors that in turn receive sensory input from the

environment, in which the system is currently situated. The outputs of the ANN should be
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connected to actuators, which enable the system to act on its environment. Furthermore, the
system should strive toward autonomy, and accordingly, be equipped with a value-system
and basic drives that guides its basic behaviors. The value system and basic drives of a
robot is usually achieved by a local reinforcement method or a global reinforcement
method (cf. Meeden, 1996; Nolfi & Floreano, 2000). The reinforcement learning method
gives the robot rewards or punishments for particular behaviors and achievement of goals.
For example, the robot can be punished for crashing into an obstacle. Dorffner concluded

that the

focus should be on interactive and situated models, that is models that do not
passively receive and process input but are inextricably embedded in their
environment and in a constant sensory-motor loop with it via the system’s own
actions in the environment. (Dorffner, 1997, p. 97)

Self-organization is important in the construction or synthesis of artificial agents for a
number of reasons. Firstly, from an engineering perspective it is very difficult to design and
predict the behavior of an agent that has a body equipped with sensors and that interacts
with an environment, which also may be inhabited by other agents (cf. Nolfi & Floreano,
2000). According to Nolfi & Floreano (2000), in that kind of interaction, the sensory state
is at any time caused by both the environment and the robots previous action. Therefore, it
is very difficult to (1) infer the resulting behavior from the designed internal structures,
such as rules or internal models of the world, and (2) to infer from a certain behavior the
internal structures, if any, that the robot used to generate the specific behavior (Nolfi &

Floreano, 2000).

Secondly, relying on self-organization minimizes the designer bias (Meeden, 1996; Moller,
1999). Meeden (1996) argued that self-organizing mechanisms might limit the effect on the
bias or presuppositions of the particular experimenter or designer and lead to new and
previously unexplored forms of control. Robots have very different “perceptual” abilities
than humans, and they ‘“experience” the environment quite differently (cf. Brooks, 1986).
By relying on self-organization the internal representations or mechanisms become more
meaningful to the robot than to the observer. Meeden (1996) concluded that “through

adaptation, the system’s solution to the task emerges as it discovers the key features of the
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problem space rather than simply being the product of the designer’s understanding of the

domain”(p. 474).

Sensorimotor mechanisms

Equipping robots with artificial neural networks that connects to sensors and actuators
enables these robots, real or simulated, to retrieve sensory information from the
environment, and to act in its environment. This also makes it possible for the robot to
incorporate its sensorimotor mechanisms for different purposes, such as achieving a
particular goal or more specifically categorizing an object (Pfeifer & Scheier, 1997). It may
also provide a way to utilize the sensorimotor mechanisms to construct an inner world (cf.

Chapter 7).

An example of a robot equipped with sensors and actuators is the Khepera robot (see figure
1), which can be outfitted with a range of sensors and actuators. However, there is, in the
New Al paradigm, a large number of different kinds of robots, and different notions of
what kinds of sensors and actuators should be used, ranging from physical humanoid robots
to simple software agents (cf. Ziemke, 2001b). It has also be shown that the type of sensor
and actuator chosen for the robot has a substantial effect on the robot’s behavior (e.g.,

Scheier, et al., 1998).

Figure 1. Khepera robot built by K-Team S.A., Switzerland (http:/www.k-team.com).
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Connecting an Al system to the environment through the use of sensors and motors has also
been proposed as a solution to the above-mentioned symbol grounding problem (e.g.,
Brooks, 1991). In this case, the use of self-organizing mechanism and ANN means that it is
not symbols that are grounded in the world, but the representations that becomes grounded
are some form of iconic or categorical representations (cf. Harnad, 1990), which may
eventually lead to the grounding of symbols. These usually relate directly to the generation
of behavior rather than the description of an objectively existent external reality. However,
the most important point is that the representations are not derived from the designer’s own

presuppositions of the inner world, but created from the robot’s own perspective.

Although, situated robotics of the above mentioned character has provided a lot of
knowledge about the generation of adaptive real-time behavioral interaction with different
environments and different agents, there are still some troubling limitations to this
approach, with respect to higher-level cognition. This is evident in Dorffner’s concluding
specification (cf. quote from Dorffner (1997) on page 19), where he stated that robots
should be embedded in a “constant sensory-motor loop” with the environment. Instead, the
robot should also be embedded in its own world without relying on a continuous linkage to
the external world, that is, be able to sustain some kind of inner world, which can guide its

behavior in the absence of continuous sensory input.

2.3 The move towards a cognitive robotics

As pointed out in the Introduction and Section 2.2.3, central for any cognitive agent is the
ability to rely on representations that function as some kind of stand-in for previously
experienced interactions. In contrast, situated robotics has more or less been dominated by
the use of more or less reactive agents. Ziemke (1998) defined a purely reactive agent, as
follows: “A purely reactive agent’s behavior at time t will depend on its (sensory) input at
time t alone, i.e., its behavior at each time t is the result of an input-output mapping” (p.
569). The reactive robot’s behavior does not rely on any kind of type 2 representation but

only type 3 representations, as discussed in Section 2.2.3. Similar to Dorffner (1999) and
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Clark and Grush (1999), Ziemke (1998) argued that an agent with the capability to encode,

for example, a perceptual history of perceptions and actions is inherently more powerful.

There are examples of robots, within situated robotics, usually equipped with recurrent
neural networks that have exhibited some form of behavior that is normally thought to
require the use of stand-ins. For example, Meeden’s (1996) robot “carbot” that was
equipped with a simple recurrent network (cf. Elman, 1990) was able to exhibit a form of
“emergent” planning. For example, carbot could switch between low-level goals, such as
avoiding an obstacle and higher-level goals, such as moving towards a light source.
However, Ziemke (1999a) pointed out that even though the behavior is plan-like it does not
involve planning in the traditional sense that the robot explicitly anticipates the future.
Carbot is still dependent on incoming sensory input to guide its behavior, whereas a human
would be able to navigate by relying only on some form of mediating internal mental states
(cf., e.g., Lee & Thompson, 1982). Meeden (1996) also acknowledged this and argued that
the network that was controlling the robot could through its learning during sensorimotor
interaction with the environment develop a record of its past states in the hidden layer.
Thus, according to Meeden, the hidden layer might contain a generalized story about the
environmental situations encountered while achieving the goal, which could be used to
make up a plan in the more traditional sense of anticipating the future several steps ahead.
Chapter 7 discusses in further detail the possibility of providing robots with such

capabilities.

If situated robotics is to be able to contribute to the understanding of higher-level cognitive
abilities as those of humans, for example, it cannot rely on reactive agents alone, simply
because they lack the potential for more complex tasks that require some form of mediating
representation. Reactive agents are dependent on continuous sensory input, while cognitive
systems are systems which even by many opponents of traditional notions of
representations are considered to require some form of enduring (representational) inner
states that allows them to act in the absence of relevant (or any) sensory input (cf., e.g.,

Clark, 1997; Clark & Grush, 1999; Dorffner, 1999).
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This dissertation has so far sketched two different lines along which a situated robotics
could move towards a cognitive robotics. The first is the classical one, which provides a
way towards a cognitive robotics by the use of some form of amodal symbolic
representations as stand-ins for things in the external world, but with the addition that they
now have to be grounded in the environment to avoid the symbol grounding problem (cf.,
e.g., Harnad, 1990). The second alternative is the simulation alternative (soon to be
described in more detail), which proposes the agent’s own perceptual and behavioral
processes as a basis for achieving an inner world capable of providing the cognitive agent,
artificial or natural, with the capability of acting sensibly even in the absence of sensory
input from its external environment. In other words, that inner world may be conceived of
as the off-line use of the sensorimotor system of the cognitive agent; cognition and thinking
might essentially be a form of covert action and perception. The remainder of the
dissertation will focus on describing the simulation alternative in further detail and consider
the evidence supporting this idea. It also eventually focuses on the above-mentioned
question on how this idea can be implemented in robots in order to provide them with the

above mentioned capabilities.

2.4 The simulation hypothesis

Recently, simulation has been suggested to be a central mechanism behind the inner world
of human beings, which might also explain higher-level cognitive capabilities, such as
mental imagery, planning and so on (e.g. Clark & Grush, 1999; Christensen & Hooker,
1999; Frith & Dolan, 1996; Hesslow, 1994, 2002; Stein, 1994). Although there are a
number of accounts of “cognition as simulation” within cognitive science, this dissertation
is centered, to a large degree, on the simulation account given by the neurophysiologist
Germund Hesslow (1994, 2002). Hesslow (2002) explicitly describes three basic
mechanisms, based on neurophysiological evidence, that can achieve an inner world, that
is, internal mental states that can mediate between perceptual input and the actions of the
cognitive agent. His account of simulation is advantageous, because it is explicit, powerful
in the sense that it is supposed to be able to explain a number of higher-level cognitive
capabilities, applicable, with effort, to situated robotics, and provides a structure to the

dissertation.

25



According to Hesslow (2002), the inner world and other cognitive capabilities can be
explained by three basic mechanisms: the internal activation of structures responsible for
action generation, the internal activation of perceptual activity, and an anticipatory
mechanism that connects the previous two. Hesslow (2002) termed the three mechanisms,
“simulation of actions”, “simulation of perception”, and “anticipation”, respectively. He

described them as follows:

(1) Simulation of actions: we can activate motor structures of the brain in a way
that resembles activity during a normal action but does not cause any overt
movement. (2) Simulation of perception: imagining perceiving something is
essentially the same as actually perceiving it, only the perceptual activity is
generated by the brain itself rather than by external stimuli. (3) Anticipation:
there exist associative mechanisms that enable both behavioral and perceptual
activity to elicit perceptual activity in the sensory areas of the brain. (Hesslow,
2002, p. 242)

Simulation of action means that it is possible, to mentally execute actions in the absence of
any visible movement of the agent or organism (i.e., covert actions), and simulation of
perception means that it is possible to internally activate the perceptual system even in the
absence of sensory input (cf. Frith & Dolan, 1996). The anticipatory mechanism makes it
possible for the internally generated actions or perceptions to elicit other internally
generated actions or perceptions. Especially, the preparatory stages of an action can elicit
sensory activity that resembles the activity that would normally be caused by the completed

overt action.

According to Hesslow (2002), it is not necessary to posit some part of the brain or some
autonomous agent or self performing the simulation, but the anticipation mechanism will
ensure that most actions are accompanied by probable perceptual consequences.
Consequently, during normal overt behavior cognitive agents will always in their thoughts
be a few steps ahead of the actual events. He also noted that there is no need to posit an
independent agent that evaluates the simulation, but the (simulated) sensory events will
elicit previously learned emotional consequences, which can guide future behavior either
by reinforcing or punishing simulated action, which may transfer to overt actions, or by

serving as discriminative stimuli (Hesslow, 2002).
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According to Hesslow (2002), internal simulation of perception and action together with
the anticipation mechanism can simulate chains of behavior that range several time steps
into the future. Essentially, simulating chains of behavior is the process where (simulated)
perceptual activity generated by a simulated action can serve as a stimulus for a new
response, either in the form of an overt action, a covert simulated action or new perceptual
activity. To illustrate the simulation hypothesis and the explanatory possibilities, Hesslow
used the classical experiments on maze exploration carried out by, among others, Tolman
(1948, also cf., Tolman & Gleitman, 1949). The following two paragraphs illustrate the
simulation hypothesis based on Hesslow (2002) and one of the experiments described in

Tolman (1948).

Goal boxes

/\

— Start box

Figure 2. Drawing of the Y-maze used in Spence and Lippitt’s experiments (modified from
Tolman, 1948).

Tolman (1948) described an experiment performed by Spence and Lippitt, in which a

simple Y-maze was used (see figure 2). In the right hand corridor of the maze there was a
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goal box with water and in the left hand corridor there was a goal box with food. In the
experiment, the rats during the four day training phase were given sufficient amounts of
food and water so they where neither hungry nor thirsty. During the training phase when a
rat had arrived to either of the goal boxes it was placed in its usual cage. In the following
test phase, the rats where either deprived of food or water. The result showed that
significantly many of the food-deprived rats went to the goal box with food and
significantly many of the water-deprived rats went to the goal box with water. Since the rats
were not able to see the goal boxes Tolman interpreted this and other experiments as the
rats having some kind of cognitive map of the maze, that is, the rats knew where the food
and water were located in the maze. Consequently, he concluded that the rats’ behavior is
not merely a stimulus-response behavior (a reactive behavior), that is, there must be some

internal structures which guide the behavior of the rat.

The simulation hypothesis (Hesslow, 2002), explains the behavior of the food-deprived rat,
as follows. As the Y-junction becomes visible to the rat, (1) the activation of action-
preparatory neural structures (simulation of action) that causes a left-turn (2) elicits (or
anticipates) (3) the activation of the same areas that were active when the rat actually
perceived the goal box with food (simulation of perception). The rat executes the left turn
because the food is a positive stimulus for the food-deprived rat. A typical (but perhaps
simplified) cognitivist explanation would be that the rats have built some kind of internal
map written in some form of amodal abstract “language of thought”, on which they could
perform operations to come up with the behavioral plan to when arriving at the Y-junction

choose the left corridor because it leads to their goal.

Hesslow (2002) argued that the simulation hypothesis can explain even more complex
capabilities, such as the problem solving and planning involved in the Tower of London
problem (Shallice, 1982). The Tower of London problem is a test of motor planning, where
subjects must move colored balls on a computer screen to match a specific arrangement in
the minimum number of moves (Dagher, Owen, Boeker & Brooks, 1999). According to the
simulation hypothesis, the subjects can, by simulating the action of moving one ball to

another location, examine the new configuration, because the perceptual information of the
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resulting configuration is elicited by the simulated action. The new generated perceptual

information can function as a stimulus for the next move and so on (Hesslow, 2002).

In this chapter, the traditional paradigm and explanations in cognitive science have been
discussed and questioned. The chapter also briefly introduced the embodied cognition and
situated robotics approach, and also the need for new types of representations in these
approaches. Finally, the simulation view of cognition and representation was introduced.
The remainder of this dissertation will first in more detail consider each mechanism of the
simulation hypothesis, and the evidence that have been reported to support the different
mechanisms, thereafter it will make a brief detour into theory of mind, in which simulation
theories similar to the one sketched above have been proposed. Finally, simulation
approaches within situated robotics will be discussed. However, one final detail is left to be

discussed briefly.

Traditionally, cognitive science has argued that it is useful and even a necessity to posit a
level of representation (e.g., Gardner, 1987; cf. Gardner’s quote in the Introduction), which
can provide mediating processes and an explanation of the relation between the knowledge
level (i.e., what we know) and the implementation or biological level (cf. Anderson, 1990).
Cognitivists have posited further assumptions about the independence of the biological and
implementational level of representations (cf. Section 2.1). This can be contrasted with
Germund Hesslow’s (1994, 2002) position that there is no need to posit any abstract
internal entities other than the neurophysiological structures and processes, and that
behavioral and cognitive processes will eventually be explained by neuroscience. This
dissertation acknowledges that neuroscience will probably eventually be able to explain
most of our cognitive functions, but this does not necessarily exclude the usefulness of
representations. In fact, this dissertation argues that simulation can be considered to be a
form of representations, since internal simulation of perception and action stands in for
whatever a cognitive agent has previously perceived or conceived and provides mediating
mental states between the perceptions and actions of an agent (cf. the discussion in Section

2.2.3 about type 2 representations). Furthermore, Clark and Grush (1999) have argued that
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it might be possible to identify representational states in biological beings and these states

can provide a better understanding of the behavior of cognitive agents (cf. Section 5.1).
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3 Simulation of behavior

The first part of the simulation hypothesis, as proposed by Hesslow (2002), argued that
behavior can be internally simulated because “the activity in the motor structures, which
prepare and initiate an action, can occur while its execution by the primary motor cortex
output is suppressed” (Hesslow, 2002, p. 243). Several sources of evidence supporting this
hypothesis are discussed in the following subsections. Firstly, Section 3.1 discusses the
finding of mirror neurons in motor areas of the macaque monkey and its relation to the
simulation of action mechanism. Secondly, Section 3.2 addresses simulation of action
based on the ideas of Jeannerod (1994, 1999, 2001), who has made a similar claim as
Hesslow (2002) about the possibility to covertly activate neuronal structures responsible for

the execution of actions.

3.1 Mirror neurons

Partial support for the idea that we can activate motor structures of the brain in a way that
resembles activity during normal action but does not cause any overt movement comes
from the discovery of so-called mirror neurons in the macaque monkey (di Pellegrino et al.
1992; Rizzolatti, Fadiga, Gallese & Fogassi, 1996). In the macaque monkey, neurons
located in the rostral part of the inferior premotor cortex (area F5) of the monkey brain
discharge during goal directed movements, such as grasping, holding, or tearing. These
neurons also become activated when the monkey observes similar goal directed (hand)
movements of an experimenter (di Pellegrino et al., 1992: Rizolatti et al., 1996). In other
words, mirror neurons are neurons that discharge when the monkey performs a specific

action and when the monkey observes the same action performed by somebody else.

Mirror neurons are often highly specific (Rizzolatti et al., 1996), and only responsive to
biological material (either as the goal of the action or the subject of the action). For
example, di Pellegrino et al., (1992) reported of certain neurons that fire only when the
monkey observes the experimenter manually grasping a piece of food and when the

monkey itself grasps the food, but not when the experimenter grasps the food with a tool.
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3.1.1 Observation execution matching system

There are a number of different theories of the functional role of mirror neurons in higher-
level cognitive phenomena, such as language (Rizzolatti & Arbib, 1998), imitation
(Rizzolatti & Arbib, 1998), learning (Jeannerod, 1994) and mind-reading (Gallese &
Goldman, 1998). On the other hand, there seems to be a consensus on the fundamental
functioning or mechanism of mirror neurons and area F5. Most researchers acknowledge
that area F5 and mirror neurons can be interpreted as a kind of observation-execution
mechanism, that links the observed actions to actual actions of the subject’s own behavioral
repertoire. As will be shown, this interpretation is based on the assumption that neurons
usually responsible for actions can be activated also in the absence of any overt movement.
In other words, the same functionality as the simulation of action mechanism provides. An

outline of this observation-execution mechanism is given in the following paragraphs.

Rizzolatti et al. (1996) described the organization of area F5, in which mirror neurons are
found and connecting areas, as follows. F5 neurons have both motor and sensory properties.
F5 neurons discharge selectively during particular goal-related hand movements, such as
grasping, holding, manipulating, and many of them are specific for particular types of hand
prehension. Area F5 receives a strong input from inferior parietal lobule, especially from
the anterior intraparietal sulcus (AIP) area. A large number of neurons in AIP are related to
hand movements, they discharge during the appropriate hand movement both in darkness
and in light (motor dominant neurons). According to Rizzolatti et al. (1996), this indicate
that AIP and F5 form a cortical circuit which transforms visual information on the intrinsic
properties of objects into hand movements that allow the animal to interact appropriately
with the objects. Motor information is then transferred to area F1, to which area F5 is
directly connected, as well as to various subcortical centers for motor execution. Thus, they
have interpreted the findings of mirror neurons as areca F5 being endowed with an
observation-execution matching system, because “when the monkey observes a motor

action that belongs (or resembles) its movement repertoire, this action is automatically
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retrieved”. However, as pointed out above the retrieved action is not necessarily executed

(di Pellegrino et al., 1992; Rizzolatti et al., 1996; Rizzolatti & Arbib, 1998).

Rizzolatti et al. (1996), Rizzolatti and Arbib (1996), and Jeannerod (1994), in order to
explain the fundamental function of mirror neurons, interpreted the activity of mirror
neurons as representations of actions. According to Rizzolatti & Arbib (1998), this
representation is involved in understanding motor events (cf. di Pellegrino et al., 1992). In
their interpretation, understanding motor events is the capability to recognize that another
individual is performing an action, to differentiate the observed action from other actions,

and to use this information to act appropriately.

This ability to understand motor actions of others is possible because the neural pattern
elicited in the premotor areas when observing an action is similar to that internally
generated when actually executing that action (Gallese & Goldman, 1999; Rizzolatti &
Arbib, 1998; Rizzolatti et al., 1996 ). For example, Rizzolatti et al. (1996) expressed this

idea as follows:

When an external stimulus evokes a neural activity similar to that which, when
internally generated, represents a certain action, the meaning of the observed
action is recognized because of the similarity between the two representations,
the one internally generated during action and that evoked by the stimulus. (p.
137)

Consequently, the observation-execution mechanism presupposes or requires the ability to
activate neurons responsible for action execution, internally, without actually executing the

specific action.

Rizzolatti et al. (1996) and Rizzzolatti and Arbib (1998) argued that the presence of an
observation to execution matching system in premotor cortex of the macaque monkey
points toward the possibility of such a system in man. However, due to practical and ethical
issues it is often not possible to perform single neuron recordings on human subjects.
Therefore, it is only possible to perform experiments that investigate the overall activation

of the neural structures of humans in similar conditions as the previous experiment with
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monkeys. Rizzolatti et al. (1996) studied the excitability of motor cortex in a group of
normal human subjects. They found that in the observation conditions of the study an
increase in motor evoked potentials was present, and that the increase was found in those
muscles that were active when the subjects executed the previously observed actions. These
results suggest the presence of a similar system in humans. According to Rizzolatti et al.
(1996), other imaging studies have indicated that the hypothesis of an observation-
execution system in human beings is correct (cf. Fadiga, Fogassi, Pavesi & Rizzolatti,
1995; Grafton, Arbib, Fadiga & Rizzolatti, 1996). Rizzolatti & Arbib (1998) concluded that
“taken together, human and monkey data indicate that, in primates, there is a fundamental

mechanism for action recognition” (p. 190).

As suggested by the simulation hypothesis, action recognition might only be one of many
possible cognitive processes that neural motor structures participate in. The following
section discusses further evidence for the involvement of neural motor systems in cognitive
processes and it also addresses the notion of simulation of action as it has been suggested

by Jeannerod (1994, 1999, 2001).

3.2 Mental motor imagery

Jeannerod (1994, 1999, 2001) argued that a number of (human) cognitive capabilities
connected to performing an action share the same neural structures and mechanisms. These
capabilities can be of an overt form, such as performing an action, imitating an action or
verbally describing an action or a covert form, such as imagining an action or planning an
action. In other words, Jeannerod (1994), similar to Hesslow (2002), argued that the neural
activity of performing an overt action could be activated internally without any overt
movement. However, while Jeannerod (1994) explained the similarity in terms of overt and
covert actions arising from the same neural representation, Hesslow (2002) argued that
simulation of behavior and behavior is actually the same thing, with the exception that
execution is inhibited in the former case. Nevertheless, they are still arguing the same thing,
e.g., Jeannerod (2001) suggested that “covert actions are in fact actions, except for the fact

that they are not executed”(p. 103).
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3.2.1 Mental imagery

Several of the cognitive capabilities mentioned in this section, to various degrees, involve
some kind of conscious mental image (Jeannerod, 1994). Jeannerod (1994) called the kind
of mental imagery involved in motor behaviors “mental motor imagery” or simply “motor
imagery”. The term “motor image” classically refers to a conscious representation of an
action, for example, imagining yourself running or imagining raising your hand (Jeannerod
& Frak, 1999; Jeannerod & Decety, 1995; Decety, 1996). To illustrate the difference
between motor imagery and other forms of mental imagery, such as visual mental imagery
(addressed in further detail in Chapter 4), Jeannerod (1994) used the sport psychology
terms of external and internal imagery. External imagery refers to situations in which the
subject takes on a third person perspective watching him- or herself performing an action
from the outside. In internal imagery, the subject takes on a first person perspective in
which the subject “feels” him- or herself performing the action, which includes using a
kinesthetic representation of the action. Motor imagery relates to internal imagery, it is a
representation of the self in action, and it therefore requires a representation of the body as
the generator of action forces, rather than just the effects of those forces on the external

world.

Jeannerod (1994) argued that motor imagery becomes conscious when the execution of the
action corresponding to the neural activity is inhibited, and later he (Jeannerod, 1999)
stated that “motor imagery seems to result from a massive activation of motor
representations, with the consequence that the motoneurons would be, at the same time,
very close from firing and held under partial inhibition” (p. 14). According to Johnson
(2000), from this perspective motor imagery is experienced when execution of a fully
formed premotor plan is inhibited. Although several of the capabilities do involve a form of
conscious motor imagery, there also exists a non-conscious form of motor imagery or rather
phenomena involving the covert activation of motor areas in the brain that do not give rise
to a conscious image, such as prospective action judgments (Jeannerod, 2001; cf. Section

3.2.2). However, why these do not become conscious is still an open question.
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The evidence that Jeannerod (1994, 1999) cites in support of the hypothesis can be divided
into the following four categories: (1) mental chronometry, (2) autonomic responses, (3)
imagery training, and (4) measurements of regional cerebral blood flow (rCBF). These are

discussed in the following sections.

3.2.2 Mental chronometry

Motor imagery has been used in a number of experiments in the field of mental
chronometry where the time to mentally execute various actions has been compared to the
time to actually perform those actions (Jeannerod & Frak, 1999; Decety, 1996). Decety,
Jeannerod and Prablanc (1989) compared the duration of actually walking towards targets
placed at different distances with that of the mental simulation of walking to the same
targets. In the actual walking condition, walking times were found to increase with the

distance covered and the same effects were observed in the mental walking condition.

According to Jeannerod (2001), the temporal similarity between imagined actions and real
actions is also observed in non-conscious operations, where subjects are instructed to
estimate the feasibility of an action. Frak, Pauligan and Jeannerod (2001) performed an
experiment in which the subjects had to determine the feasibility of grasping an object at
different positions. The result of the experiment was that the time to give the response is a
function of the object’s position. Jeannerod (2001) argued that this suggests that the subject
must mentally move his or her arm in an appropriate position before the subject can

respond to the question.

According to Decety (1996), the results of mental chronometry experiments involving
mental imagery have sometimes been explained as caused by subjects having tacit
knowledge about what should happen when they had to walk longer distances, i.e., that the
duration of the action should increase. Furthermore, he noted that the similarity between the
mental and actual walking condition could then be due to subjects replicating in the mental
condition the temporal sequence from the actual walking condition (e.g., Pylyshyn, 1981).
However, Decety (1996) argued that this could not be a valid explanation since when a load

was placed on the shoulders of the subjects actual walking time remained the same,
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whereas in the mental walking condition the time significantly increased (cf. Decety et al.,
1989). If time was the represented variable, the constraint (i.e., the load) should not affect
the duration of the imagined action, since actual walking times remained the same whether
or not carrying the load. Additionally, mental walking times increased with the introduction
of a load, which indicate that the subjects were not merely replicating in the mental walking

task the duration they had experienced in the actual walking task (Decety, 1996).

Whether or not the mental chronometry experiments rule out an explanation based on tacit
knowledge is not entirely clear, but in that this tacit knowledge probably needs to involve
more than a time variable, since the actual walking time remained the same during both
conditions, with load and without load. However, the simulation of action hypothesis
provides an alternative and perhaps more simple explanation, which can account of these

results.

3.2.3 Effects of motor imagery on subsequent action

If motor imagery shares the same neural substrate as motor programming, as suggested by
the mental chronometry studies, then mentally simulating an action should be reflected in
some way at the muscular level (Decety, 1996; see also, Jeannerod, 1994). Evidence of this
has been observed in the context of our vegetative functions such as heart and respiratory
functions and in those that are under voluntary control such as contracting the biceps. The
following paragraph addresses effects of mental imagery on autonomic responses, and the

succeeding paragraph, addresses the effect of mental imagery on action performance.

According to Jeannerod (1994), preparation for action involves several different types of
phenomena, some of which can be deliberately but incompletely inhibited by the subject,
that is, the overt execution of an action can be blocked voluntarily. This kind of preparation
of actions, without actual execution of that action is supported by sport psychological
experiments. These experiments have revealed that mentally practicing a specific action can
enhance the performance when subsequently actually performing the previously mentally
imagined action. For example, Yue and Cole (1992) showed that mentally simulating

oneself contracting a muscle could significantly (by 22%) increase muscle strength (actual
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training produced an increase of 30%). Jeannerod (1994) pointed out that there have been
several interpretations of these results, for example, that motivational factors increase the
physiological arousal and as result of this performance is increased. Since motor imagery is
supposed to involve, at least in part, the same neural structures responsible for overt action
it is probable that it would facilitate the subsequent execution of the previously imagined
action (Jeannerod, 2001). According to Jeannerod (1994), an explanation of how this is
achieved has been provided by Yue and Cole (1992). Their experiments suggested that the
centrally generated image “leaks” into executive mechanisms, which are held under
inhibition and that the effects on the subsequent overt action are due to the centrally

generated image.

It should be noted that the literature is not entirely clear on whether the results reported in
the experiment performed by Yue and Cole (1992) can be attributed to motor preparation
alone and not muscular activity at the execution level. For example, Mellah et al. (1990)
showed that in monkeys a small proportion of bicep motor units were activated during
motor preparation, which contradicts Decety, Jeannerod, Durozard & Baverel’s (1993)

finding that no muscular metabolism is present during motor imagery.

There also exist functions that are beyond voluntary control, the so-called vegetative
functions (autonomic responses) such as the adaptation of heart and respiratory rates
(Jeannerod, 1994). According to Jeannerod, if motor imagery shares the same neural
substrate as preparation of motor actions, mental imagery would produce a degree of
vegetative activation that is proportional to that imagined, because the vegetative functions
are independent of voluntary control and cannot be held under inhibition. Consequently,
Decety, Jeannerod, Germain & Pasténe (1991) showed that mental simulation of, e.g., a leg
exercise produced an increase in heart and respiratory rates (see also, Jeannerod & Decety,
1995). The possibility that the increase in respiratory rates is due to muscle activity has
been ruled out by spectroscopic analysis performed by Decety, et al. 1993, whose results
showed no change in muscular metabolism during mental simulation (Jeannerod & Decety,
1995). However, Jeannerod & Frak (1999) pointed out that the involvement of primary

motor cortex and motor pathways is still an open question.
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3.24 Measurement of regional cerebral blood flow (rCBF)

According to several researchers, techniques that use the regional cerebral blood flow as an
index of neuronal activity have been able to show with more precision that similar areas of
the brain are active during motor imagery and motor preparation (e.g., Ingvar & Philipson,
1977; Decety, 1996; Jeannerod, 1994, 1999, 2001; Jeanerod & Frak, 1999). The first
experiment studying brain activity during mental simulation of movement was performed
by Ingvar and Philipsson (1977). They found that during mental simulation blood flow
increased significantly in the premotor and frontal regions and activation of the same
magnitude, during actual movements, in the contralateral primary motor cortex. Since then,
numerous experiments investigating neural activation of motor imagery and actual
movement using sophisticated brain imaging techniques, such as functional magnetic
resonance imaging (fMRI) and positron emission tomography (PET) have been conducted.

According to Jeannerod & Frak (1999),

the PET studies performed earlier demonstrated the existence of a consistent
cortical network involved in the generation of motor imagery. This network
involves structures directly concerned with motor execution, such as premotor
cortex, lateral cerebellum, basal ganglia, and areas concerned with action planning,
such as the dorso-lateral prefrontal cortex, inferior frontal cortex and posterior
parietal cortex. Comparison with motor execution reveals that the cortical zones
activated during motor imagery only partly overlap with execution zones. In SMA,
for example motor imagery involves pre-SMA (...), a region anterior to SMA
proper to which activation during execution is limited. Finally, the inferior frontal
cortex, which is activated during mental simulation and suppressed during
execution, has been suggested to be the site for motor inhibition during mental
simulation. (p. 736-737)

Jeannerod (1999, 2001) has provided an extensive summary of the results of experiments
which measure brain activity during overt and covert movement (cf. table 1.) Based on the
findings from the comparison of studies, Jeannerod (1999) argued that
(1) there exists a network common to conditions including execution, imagining an
action, observing an action in order to imitate it, and observe meaningful and

meaningless actions. The shared network consists of the inferior parietal lobule
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(Area 40), the ventral premotor area (ventral Area 6), and part of the supplementary
motor area (SMA), and
(2) imagining an action has a particular status and involves the same neural areas as

in overt actions to a greater extent than the other conditions.

An additional source of evidence comes from the effects of brain lesions of motor areas in
the brain, which indicate the role of these areas in motor imagery (cf. Jeannerod, 2001;
Jeannerod & Frak, 1999). However, Jeannerod (2001) pointed out that the data available in

the literature is incomplete, but seem to support the simulation of action hypothesis.

To summarize, there exist experimental support, especially from neuroscience, for the
suggestion that it is possible for humans to activate motor structures of the brain in a way

that resembles activity during a normal action but does not cause any overt movement.

Condition:
Brain regions and Brodman areas Execute | Intend | Imagine | Observe Observe
(Ba) actions | toact | actions actions objects
Precentral gyrus Ba 4 X(5) X(3) X(1)
Precentral gyrus (dorsal) Ba 6 X(4) X(5 X(2)
Precentral gyrus (ventral) Ba 6 X(2) X(2) X(2) X(1)
SMA (rostral) Ba 6 X(3) X(3) X(2)
Cingular gyrus Ba 24 X(5) X(1) X(4)
Superior fronal gyrus Ba 10 X(2)
Middle frontal gyrus 9, 46 X(1) X(3) X(1)
Inferior frontal gyrus Ba 44, 45 X(3) X(4) X(1)
Inferior parietal lobule Ba 40 X(5) X(4) X(3) X(1)

Table 1. Brodman areas (Ba) activated during action execution and several different S-states
have been listed. Each time an X appears, it indicates that a study have described activation in
this particular area during a particular state. In parenthesis the number of studies that
Jeannerod (2001) has described that kind of activation is listed. * Observe actions. ** Observe
objects

So far, one of the three parts of the simulation hypothesis has been outlined. Next, in the

following chapter, the second part of the simulation hypothesis, that is, the notion of
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simulation of perception is discussed. Much of the evidence in favor for the existence of a
simulation of perception mechanism is based on the same type of experiments reported in
this chapter. This does not come as a surprise since the two mechanisms are based on the

idea of covertly activating neural structures.
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4 Simulation of perception

Simulation of perception is essentially the same idea as simulation of action that was
addressed in the previous chapter. The difference is that in this case it is not motor
structures that can be covertly activated but perceptual or sensory neural structures. That
means, in the absence of sensory input, the brain can activate neural processes that would
have been active if perceiving the same thing in the external world (Hesslow, 2002). This is
not really a new idea, but already in 1888, Hume hinted at the idea that we can simulate
perception by activating the sensory areas of the brain in a way that resembles the activity

normally initiated by the sense organs (Hesslow, 2002).

In cognitive science this type of explanation of capabilities involving mental imagery has
been neglected in favor of cognitivist or functionalist types of explanation, which assume
that the mental images are stored in some data format and these are retrieved during some
kind of mental imagery, such as visual mental imagery. These types of explanations will be
further discussed in Section 4.2, but firstly, the evidence supporting the hypothesis that
mental simulation including some forms of mental imagery consist of the covert activation
of perceptual processes or structures; the same processes that would have been active

during perception of the same thing in the external world.

Hesslow (2002) presented essentially three lines of evidence, which are related to mental
chronometry, imaging studies, and studies with subjects suffering from particular types of
brain lesions. It should be noted that most experiments have been concerned with visual
perception, but that the hypothesis should be applicable to all sensory modalities.
Furthermore, it might be possible that what at the surface appears to be mental visual
imagery also involve the covert activation of motor structures (cf. Thomas, 1999; cf.

Section 4.2).
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4.1 Simulation of perception — experimental evidence

Similar to the evidence reported in Section 3.2 in support for simulation of action, the fact
that perceptual activity can be activated internally is particularly evident in experiments
involving mental imagery, especially visual imagery, that is, seeing with the minds eye (cf.
Kosslyn, Behrmann & Jeannerod, 1995). A large number of studies suggest that visual
mental imagery shares many of the functional properties and neural structures used in

perception (Hesslow, 2002).

Shepard & Metzler (1971) performed a number of mental chronometry experiments, where
they compared the concrete manipulation of physical objects and corresponding
manipulations performed mentally. In their experiments, the time between the two
conditions were closely correlated, which suggests that mental imagery uses the same
mechanisms as the visual system. It has been suggested that capability of mental rotation
also should involve the motor system (Thomas, 1999). Experiments have also discovered
that imagery and perception will interfere with each other and decrease the performance if
they are active at the same time and most importantly are of the same sensory modality
(Craver-Lemley & Reeves, 1992). This seems to indicate that perception and imagery are
using the same resources, which might possibly be the neural structures usually thought to

be only responsible for perception.

Another source of evidence is experiments with subjects suffering from cortical blindness.
According to Hesslow (2002), many (although, not all) people suffering from damage to
their visual cortex lose their ability to form visual images, indicating that these areas are
important in imagery (cf., e.g., Farah, 1988). As in the case of simulation of action, the
most compelling evidence comes from imaging studies (Hesslow, 2002). These studies
have shown that imagining a visual stimulus or performing a task that requires visualization
is accompanied by increased activity involved in early visual areas, such as the primary
visual cortex (e.g., Klein, Paradis, Poline, Kosslyn & Le Bihan, 2000; Kosslyn, Pascual-
Leone, Felician, Camposano, Keenan, Thompson, Ganis, Sukel, & Alpert, 1999; Sparing,

Mottaghy, Ganis, Thompson, Topper, Kosslyn & Padcual-leone, 2002; Tootell, Hadjikhani,
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Mendola, Marrett & Dale, 1998). Moreover, specialized secondary visual areas seem to be

activated when imagining a visual stimulus (Hesslow, 2002).

The above arguments strongly suggest that perceptual activity can be activated internally by
the brain. Moreover, this internally generated activity shares many of the same areas used
in perception of the external reality, including early visual areas, such as the primary visual

area, and specialized secondary visual areas.

Hesslow pointed out that his simulation hypothesis does not rely on any assumptions on the
nature of imagery only on the assumption that activity in the sensory cortex can be
activated internally (Hesslow, 2002, p. 243). Nevertheless, Thomas (1999), who makes a
similar claim about mental imagery and the neural structures involved, argued that these
data do have implications for the proposed nature of imagery and perception. This is the

topic of the next section

4.2 Theories of mental imagery

There has been a long ongoing debate on the nature of imagery in cognitive science,
between picture theory (e.g., Kosslyn, 1994) and description theory (e.g., Pylyshyn, 1981,
Fodor & Pylyshyn, 1988). Both picture theory and description theory are based on the idea
that mental visual imagery is the internal activation of some sort of mental data formats
(Thomas, 1999; cf. Section 2.1). The debate between them has been about the nature and
form of these structures. Somewhat simplified pictorialists argue that mental images are
some kind of analog images, whereas descriptionalists argue that mental imagers are
sentence like structures. Thomas (1999) argued that both these theories have problems
accounting for some experimental evidence concerning the nature of imagination, but that
until now there has been no alternative account. According to Thomas (1999), now
description theory and picture theory are “challenged” by theories from the active vision
approach (cf., e.g., Bajcsy, 1998; Pfeifer & Scheier, 1994; Clark, 1999), which he have

synthesized into a “perceptual activity theory”.
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Clark (1999) characterized the active perception (vision) approach as giving action a

primary role. He argued that this approach views perception as:

a variety of tricks and ploys that exploit bodily action and local environment,
including: (1) the use of cheap, easy-to-detect environmental cues (...) (2) the use
of active sensing (using motor action, guided by rough perceptual analysis, to seek
further inputs yielding better perceptual data (3) the use of repeated consultations of
the outside world in place of rich, detailed inner models. (Clark, 1999, p. 346)

In sum, this approach suggests that vision is a highly active and intelligent process, rather
than a passive transformation of sensory input into a purely perceptual representation.
Moreover, the active perception approach is a part of situated robotics research, and active
vision systems are typically robotic rather than merely computational (computer programs)
(Thomas, 1999). The robot’s perceptual capacities are used to obtain whatever specific
pieces of information that are currently necessary for the ongoing control of its behavior in
the world; instead of creating a full model of the external world (e.g., Pfeifer & Scheier,
1997). The next section describes this approach in further detail in terms of Thomas’ (1999)

perceptual activity theory.

4.2.1 Perceptual activity theory

According to Thomas (1999), perceptual learning is not a matter of storing descriptions or
pictures of perceived scenes or objects, as suggested by cognitivism and description theory
(cf. Section 2.1). Rather, it is the continual updating and retrieving of procedures (or
schemata, cf. Neisser, 1978) that specify how to direct our attention most effectively in
particular situations: how to efficiently examine and explore, and thus interpret, a scene or
object of a certain type. Thomas does not use the term schemata in the sense of a data

structure but as a kind of active process.

Thomas (1999) emphasized that instead of viewing perception as a matter of the inflow of
information into the brain, and eventually into the properly mental data format, perceptual
activity theory, like active vision robotics, views perception as a continual process of active

interrogation of the environment. The sensory system makes something like tests and
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measurements on the environment, and the results of these tests influence our ongoing
general behavior and influence the course of the ongoing perceptual interrogation itself.
Nolfi & Floreano (2000) suggested that each action of a robot, in fact, has always two
consequences, “(1) it partially determines how the agent accomplishes the desired task; (2)
it partially determines the sensory patterns that the agent will experience next” (p. 95).
Pfeifer and Scheier (1997) and Scheier et al. (1998) showed that a robot can categorize
objects that are impossible to discriminate using only its sensory pattern by performing
different motor actions that provide sensory patterns that enables the “recognition” of an

object.

Thomas (1999) argued that the schemata or procedures that guide the next perception and
behavior are best understood not as fixed linear sets of instructions, but as having a
branching network or tree structure so that the results of each test can feedback to influence

which branch will be followed (cf. Gross et al., 1999).

Contrary to much of the work on imagery and perception, Thomas (1999) argued that the
view of perception as making active tests and measurements is applicable to all sensory
modalities. For example, mere passive touch tells us little, but by actively exploring an
object with our hands we can find out a great deal. Our hands incorporate not only sensory
transducers, but also musculature, which, under central control move them in appropriate
ways. There is no uni-directional flow from perception to action, but the motor mechanisms

influence what is perceived.

This idea is also found in robotics research. For example, Pfeifer & Scheier (1997) have
explored a similar idea in a series of categorization experiments. The robot used in their
experiments was a Khepera robot equipped with an arm that also had a gripper, which
provided “haptic” information and a number of proximity sensors which provided “visual”
information to the control structure of the robot. Letting the “haptic” information from
gripper and arm together with the “visual” information from the proximity sensors
influence the categorization learning process, the robots were able to successfully

categorize the objects in the task environment.
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4.2.2 Perceptual activity theory — a theory of mental imagery

The perceptual activity theory constitutes the basis on which Thomas builds his, as he
admits underdeveloped and empirically untested, theory of imagery. Simply stated, his idea
is that “mental imagery consists of covertly going through the motions of the equivalent
perceptual process” (p. 229). According to him, during imagery the schema guiding
perception is active in the same way as it is during perception. It still sends out at least

some of its orders to the perceptual instrument and selects procedural branches to follow.

According to Thomas (1999), on the perceptual activity view, no end-product of
perception, no inner picture or description is ever created. Strictly speaking there is no
percept or mental image, only the activity of perceiving or imagining, which takes different
forms according to what is being perceived or imagined. Thus, there is no activation of any
kind of data formats. Note however, that arguing that there is no activation of stored
descriptions of the external world is not the same as arguing against the existence of
representations. It is only an argument about the form of the representations in general. The
representations considered in this case are representations in the sense of representing. That

means representations are considered as an activity rather than stored descriptions (cf.

Greco, 1995).

The conclusion from perceptual activity theory is that no thing in the brain is the percept or
image but rather perceptual experience consists in the ongoing activity of schema-guided
perceptual exploration of the environment (Thomas, 1999). Imagery is experienced when a
schema that is not directly relevant to the exploration of the current environment is allowed
at least partial control of the exploratory apparatus. “We imagine, say a cat, by going
through (some of) the motions examining something and finding that it is a cat” (Thomas,

1999).

In this respect, Thomas is arguing for the existence of a simulation of perception

mechanism (cf. Hesslow, 2002) in humans. Mental images are formed through the covert
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activation of the perceptual processes that would have been active during the perception of
the same thing rather than the activation of some stored structures or formats. Similarly to
Hesslow, Thomas argued that there is a need for additional mechanisms that involves the
motor system. According to Thomas (1999) purely visual accounts of mental rotation
cannot explain why subject’s mental rotations always seem to go at a specific speed.
Instead, he argued that this could be explained by allowing some form of motor influence

on the process (cf. Kosslyn, 1994).

Perceptual activity theory shares some of the features of Gross et al’s account of perception
presented in Section 5.2. This is not surprising considering that they are both influenced by
the active perception approach, and as such they share a number of properties. The
difference is that Gross et al. proposed a more implementation-near story and also
introduces the notion of anticipation in the process, which is the main focus of the

following chapter.

48



5 Anticipation

The third and perhaps most important mechanism that Hesslow (2002) proposed is the
anticipatory mechanism. The anticipatory mechanism makes it possible for the internally
generated actions or perceptions to elicit other internally generated actions or perceptions.
Especially, simulated actions can elicit sensory activity that resembles the activity that
would normally be caused by the completed overt behavior. Clark and Grush (1999)
described a mechanism functionally equivalent to Hesslow’s anticipatory mechanism,
which they called an emulator. By coupling the anticipatory (or emulator) mechanism to
simulation of perception and simulation of behavior humans are supposed to be able to
sustain the kind of inner model proposed by Craik (1943, cf. Chapter 1). This chapter firstly

discusses the notion of anticipation and a range of anticipatory behaviors.

According to several authors, anticipation is a central capability of cognitive agents
(Christensen & Hooker, 1999; Clark & Grush, 1999; Sjolander, 1995, 1999). According to
Christensen & Hooker (1999), to anticipate is to act now in relation to some future state,
event, or process. Anticipation is important to autonomous systems because of their need to

interact with their environment in ways that achieve future outcomes that contribute to the
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