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FOREWORD

Extending symbol grounding

Tony Belpaeme and Stephen J. Cowley
Faculty of Science and Technology, University of Plymouth /
School of Psychology, University of Hertfordshire

The contributions collected in this volume emerged from an international work-
shop on symbol grounding organised at the University of Plymouth in 2006. The
goal was to extend the classical view of symbol grounding by recognising that
language and cognitive dynamics are mutually constitutive. Specifically, we aimed
to do so by bringing researchers who study human signalling together with others
who focus on simulating intelligence and language. The objectives of the work-
shop were to view language and cognition as linking what goes on in the head
with causal processes that are intersubjective, multimodal, affect-laden, and organ-
ised by historically rooted customs and artefacts. In this, we focus on how symbol
grounding can be reconsidered when language is viewed as a dynamical process
rooted in both culture and biology. This welcomes a cross-disciplinary approach
and this volume contains research related to robotic or computer modelling of
symbol grounding, psychological and linguistic viewpoints on cognitive develop-
ment and semiotic dynamics.

By invoking symbol grounding, Harnad (1990) recognised that any compu-
tational model of mind must explain how an agent’s representations (or symbols)
connect with the external world (cf. Taddeo & Floridi, 2005). While Harnad used
‘symbol’ to denote both the agent’s representations and linguistic signals, today
this systematic ambiguity is widely rejected. Most agree that explaining the evolu-
tion and emergence of linguistic signals is quite unlike grounding symbols into
objects beyond the skin. To understand this shift in perspective, one has to re-
visit the historical context of symbol grounding. Harnad (1990) formulated the
symbol grounding problem in response to Searle’s (1980) famous (or notorious)
Minds, Brains, and Programs article. In this, readers are invited to imagine a Chi-
nese Room where a person applies rules to input and generates output. The in-
put consists of written Chinese characters, but to that person these are senseless
squiggles. As is the case for a computer program, this gives rise to output that
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makes sense outside the room, but not to the person or mechanism in the room.
For many this suggests that computers cannot attain human-like intelligence. Like
a parable, the text is cleverly constructed. Playing the devil's advocate, Searle first
entertains the view that, because a brain is like a computer executing a program, a
computer could pass the Turing Test. Second, he assumes that syntactic processing
is automatic: symbols manipulated during processing make no use of meaning. By
implication, any device that passes the test is of merely technical interest. Without
intentionality, Searle insinuates, no computer can ever attach meaning to its inner
symbols.! This is highly controversial. Harnad (1990, 2003) reinterprets it as the
challenge of showing how symbols (linguistic or otherwise) can be connected to
the world beyond the body. Without a person to interpret them, squiggles on paper
or spoken words indeed lack meaning or, for Harnad, are ungrounded. Once in-
wardly represented, however, they connect with referent-indexed symbols and, in
so doing, are grounded. The challenge is to show how agents can causally connect
symbols to the external world. First, they need senses to identify referents which,
eventually, can connect with squiggles or spoken words. To add meaning to the
resulting symbols, they need sensorimotor interaction with the world. To solve the
problem of symbol grounding, a machine must be a robot rather than a computer.

What kinds of symbol do robots need? For Harnad (1990) and computational
theorists (Newell & Simon, 1976; Newell, 1980; Pylyshyn, 1984; Fodor, 1987), this
is a matter of definition. Symbols are arbitrary physical tokens or syntactic com-
binations of such tokens that can be manipulated systematically and generatively
and assigned a meaning. An agent’s symbols, therefore, stand in for both physical
properties (e.g., what is common to cups) and repeatable linguistic signals (e.g.,
spoken words). By implication, grounding symbols in cups is broadly similar to
grounding them in the speech stream.

While each author in this volume accepts the classical view that (inner) sym-
bols must connect with objects and linguistic signals, at the same time they reject
the conflation of language and representation into a symbol. Generally, they pro-
pose two ways of extending the classical view of symbol grounding. First, those
who take a pragmatic view draw on insights from implementing symbol ground-
ing in simulation or on real-world robots. This leads them, first, to reject appeal
to already-combined forms. Instead, symbols are viewed as arising from connec-
tions between a referent, its sensorimotor interpretation and, in some cases, a
communicative signal. This is a semiotic interpretation of symbol (Maturana and
Varela, 1992; Clancey, 1997; Clowes, 2007; Vogt, 2002, 2007). For the pragmatists,
a symbol is ultimately a set of relations which connect a meaning, signal and ref-
erent. As in Peirce’s semiotic model, this is constituted by a triad of interpretant,
representamen and object. Symbols thus unite a system’s sensorimotor capacities
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with its interpretative ones. To distinguish this from seeing the symbols as mean-
ingless tokens, it has been called the physical symbol grounding problem (see for
example Vogt, 2002). This view is increasingly being supported in several disci-
plines, from psycholinguistics to robotics (for an overview see de Vega, Glenberg
and Graesser, 2008).

Alongside this, a second culturalist group also rejects formal definitions of
symbols. They object to the view that brains use similar forms of symbols to index
both objects and patterns in the speech stream. Underplaying cultural practices,
the classical view exaggerates the importance of notations. By assuming that verbal
patterns are grounded in notational ways, the classical approach forgets that words
are ultimately physical signals that contribute to social activity. For the brain,
indeed, spoken words may entirely lack symbolic representation. In Viger (pp.
127-144), therefore, a capacity to identify referents is the outcome of a process of
acquisition. For Worgan and Damper (pp. 9-32), the classical approach must be
extended by appeal to signal grounding. Finally, for Cowley (pp. 85-106), categori-
sation of spoken words is marginal during the early stages of learning to talk. The
infant-caregiver dyad focuses, not on forms or referents, but on strategic modes of
action that are likely to meet their conflicting needs. To simulate extended sym-
bol grounding, therefore, robots too will need (inner) symbols with richer content
than is posited in the classical model.

Language thus ceases to be a system of formal symbols. Rather, it is viewed as
an external cognitive resource that allows us to acquire categories and concepts. It
functions as agents coordinate behaviour and, in so doing, gain some grasp of how
others perceive the world. During the process of grounding symbols in language,
therefore, agents play social games that always involve (at least) two brains, human
or robotic, or some combination of these systems (cf. Seabra Lopes & Chauhan,
2007). In coordinating, of course, they typically interpret each signal in different
ways. Because of individual differences and the dynamic nature of cognition, nei-
ther flesh nor silicon will concur on signal meaning. Although this poses no major
problems for an individual agent, it ensures that cooperation or communication
must take on strategic functions. Since referents are not guaranteed, cultural pro-
cesses must stabilise interaction. We use language to coordinate what we do and
thereby coordinate with what signals represent (Steels and Belpaeme, 2005).

Language thus influences symbol grounding in several ways. It facilitates the
acquisition of meaning: an individual no longer needs to go through a long pro-
cess of exploration to acquire knowledge; it can use language to tap into knowl-
edge present in others (Cangelosi and Harnad, 2001). Language also serves to
coordinate referents between individuals: if knowledge is acquired through senso-
rimotor experience, language serves to align that knowledge between individuals,
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facilitating communication (Steels and Belpaeme, 2005). Far from being a mono-
lithic system of determinate forms, language is a dynamic process that is shaped
and propagated by users who exploit social and physical constraints. Given that
language also influences symbol grounding, the symbol grounding process too
must be dynamic. Further, while important in human cognition, our cognitive
states (or symbols) depend on much more than verbal patterns. In extending clas-
sical views of symbol grounding, therefore, we emphasise emotion and, equally,
how categories sensitise to culturally based customs and artefacts. Human interac-
tion and, thus, human symbols, depend on more than a syntactic analysis of words.
Beyond this, however, each chapter points in a different direction. First, breaking
with Fodor, Viger argues that the emergence of reference be seen as the culmina-
tion of a learning process. Taking the opposite tack, Cowley (pp. 85-106) focuses
on infancy to stress that the early stages of learning to talk are more dependent on
affective and multimodal processes than spoken words. In an attempt to construct
a general framework, Clowes (pp. 107-126) suggests that language is gradually
internalised. Reporting ambitious work, Vogt and Divina (pp. 33-54) describe a
model that aims at simulating the cultural processes. In building robots that learn
words Seabra Lopes and Chauhan fall in line in finding that teaching — not cat-
egorisation — is a simpler basis for language. Finally, focusing on the evolution
of phonetic forms, Worgan and Damper stress that many properties of human
languages are likely to depend on constraints based in how articulation and audi-
tion favour learning. Such processes, of course, use the physics of speech and, thus,
underpin symbol grounding.

The six chapters extend traditional views of symbol grounding in both ap-
plied and theoretical ways. At the engineering end, Worgan and Damper criticise
the lack of attention paid to the physical aspects of the symbol that is grounded.
Pursuing this, they present a computational model in which a shared speech code
emerges between agents, and show how constraints on production, perception and
acoustics influence speech signals. While Worgan and Damper are concerned with
physical signals, Vogt and Divina focus on simulations of their semantic coun-
terparts. In their paper, they present a large scale simulation in which agents so-
cially transmit and acquire behavioural skills. As the agents communicate, their
signals can have ecological relevance only if they are grounded. Vogt and Divina
present the technical challenges involved and put forward a number of learning
methods, such as cross-situational learning, inspired by psycholinguistic observa-
tions. The contribution of Seabra Lopes and Chauhan takes the study of symbol
grounding into the real world by presenting an experiment in which an adaptive
learning system acquires the meaning of objects through linguistic instruction.
Besides demonstrating the characteristics of their learning method, their prag-
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matic approach clearly shows that implementing symbol grounding in a real-
world system is a formidable challenge in which many issues - such as perception,
concept representation and concept learning — remain far from solved. Cowley
argues that too much attention is spent on language as the facilitating medium for
symbol grounding, and he observes that infants, from an early age, bootstrap sig-
nal grounding by relying on what agents do fogether. The infant uses affect-laden
interactions to acquire culturally evolved patterns that enable it to participate in a
grounding process. Clowes starts out by contrasting the view of symbols as formal
tokens with the view that they emerge from a semiotic agreement. In his model,
he seeks to reconcile strengths of these approaches. In so doing, he starts from
Vygotsky’s views on language internalisation and sets out a model of symbol in-
ternalisation. In Clowes’s model this process is dynamic and self-regulatory. In the
most theoretical paper, therefore, Viger takes a philosophical perspective on sym-
bol grounding. He focuses on how abstract symbols, for example, unicorn, can be-
come intrinsic to thinking. While concurring with Fodor that we need a language
of thought, he challenges tradition by suggesting that referents emerge from a long
acquisition process. Finally, we leave the last word to MacDorman who, looking
back over the workshop, proposes that we abandon the symbol system metaphor
to ask how humans - and perhaps robot bodies — can construct themselves into
persons (MacDorman, 2007).

The symbol grounding problem has shown more life in it than Searle’s thought
experiment. Indeed, our papers strongly imply that the Chinese Room parable fails
because of a simplistic assumption that, as in programs, spoken words can be for-
mally represented. In fact, as all contributors stress, semiosis involves more than
form-based computation. Even though symbol grounding has been expanded over
the years, by scholars collected here and elsewhere, a number of open problems
remain. One of these is the role of covariation on the acquisition of meaning: the
meaning of a word or utterance can often be gleaned from that of others occur-
ring in the same context (for example using Landauer & Dumais, 1997’s Latent
Semantic Analysis approach). As such, not every word or linguistic construction
needs grounding. But what balance is required between grounded concepts and
indirectly grounded concepts? This leads us to abstract concepts, such as truth
or democracy, which cannot be directly grounded, but which do have meaning.
Opinions on how abstract concepts acquire meaning abound, some positing that
abstract concepts are grounded as good as directly in sensorimotor experience,
such as democracy being grounded in the experience of going voting (Glenberg &
Kaschak, 2002), some believing abstract concepts to be grounded through a long
series of links to grounded, perceptual concepts. These at the moment are just
theories and as such are in need empirical support or, perhaps more feasibly, in
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need of implementation and exploration on a robotic platform. Finally, the new
directions in symbol grounding thinking hinted at in introduction and further in
this volume - distributed symbol grounding, signal grounding, emotion - warrant
further exploration. In the book we show how new methods, such as computer
simulations and robotics, and the increased collaboration between fields as dis-
parate as philosophy and computer science sparks debate. Who knows, perhaps
all this results in a new theory of symbol grounding: extended symbol grounding.

Note

1. While computational syntax makes no use of meaning, human language may differ. Accord-
ingly, we face philosophical sticking points. Whereas Searle (1980) views intentionality (and
meaning) as a causal feature of the brain, Harnad (1990) operationalises ‘aboutness’ in terms of
how meaning can be made intrinsic to the system itself. Others trace meaning to, for example,
adaptivity of living systems in an environment (di Paolo, 2005) or biosemiosis (Barbieri, 2007).
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Grounding symbols in the physics of
speech communication

Simon F. Worgan and Robert I. Damper
School of Electronics and Computer Science, University of Southampton

The traditional view of symbol grounding seeks to connect an a priori internal
representation or ‘form’ to its external referent. But such a ‘form’ is usually itself
systematically composed out of more primitive parts (i.e., it is ‘symbolic’), so

this view ignores its grounding in the physics of the world. Some previous work
simulating multiple talking/listening agents has effectively taken this stance, and
shown how a shared discrete speech code (i.e., vowel system) can emerge. Taking
the earlier work of Oudeyer, we have extended his model to include a dispersive
force intended to account broadly for a speaker’s motivation to increase auditory
distinctiveness. New simulations show that vowel systems result that are more
representative of the range seen in human languages. These simulations make
many profound abstractions and assumptions. Relaxing these by including more
physically and physiologically realistic mechanisms for talking and listening is
seen as the key to replicating more complex and dynamic aspects of speech, such
as consonant-vowel patterning.

Keywords: origins of speech sounds, symbol grounding, signal grounding, multi-
agent simulation, self-organisation, emergent phenomena

Introduction

The computational metaphor that underpins cognitive science, much of artifi-
cial intelligence and functionalist philosophy of mind sees intelligent behaviour
as the product of the workings of a formal symbol manipulation system (e.g.,
Newell, 1973; Minsky, 1974; Fodor, 1975; Newell and Simon, 1976; Newell, 1980,
1990; Pylyshyn, 1984; Dietrich, 1990). But this view faces a formidable problem,
famously articulated by Harnad (1990) as: “How can the semantic interpreta-
tion of a formal symbol system be made intrinsic to the system, rather than just
parasitic on the meanings in our heads?” (p.335). Harnad calls this the symbol
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grounding problem (SGP) and comments: “The handicap has been noticed in
various forms since the advent of computing” (p.338). The earliest reference that
we know is that of Mays (1951), who writes “if we grant that these machines [i.e.,
digital computers] are complex pieces of symbolism,... to acquire a significance
the symbols need to be linked with a set of referents” (p.249). So if the com-
putational metaphor is to offer any purchase in modelling and understanding
cognition, the SGP poses a challenge that cannot be neglected (Cangelosi, Greco
and Harnad, 2002). We take this challenge seriously, because the long-term goal
of our research is to understand, via computer modelling and simulation, how
speech sound categories (broadly, ‘phonemes’) could have emerged during lan-
guage evolution, and then how these could be combined systematically to lead to
utterances with semantic content.

To some the SGP is symptomatic of an incorrect view of Al and cognitive
science, famously parodied as “good old-fashioned Al or GOFAI, by Haugeland
(1985). For instance, as Pfeifer and Scheirer (1999, p.71) write, ... the symbol
grounding problem is really an artifact of symbolic systems and ‘disappears’ if a
different approach is used.” The different approach they have in mind is, of course,
embodied or nouvelle Al as spearheaded by Brooks (1990, 1991, 1999), which seeks
to replace the central role played by symbolic representation with nonsymbolic
interfacing to the physical world through cycles of perception and action, usually
conceived as based on some connectionist or statistical machine learning prin-
ciples. However, the complete banishment of symbolism from the scene is rather
too radical for most Al scientists and cognitive psychologists, who continue to see
a role for formal symbol systems, albeit in combination with some sort of con-
nectionist component (e.g., Minsky, 1990; Harnad, 1990, 1993) in modelling and
explaining the higher cognitive functions involved in, for example, using language,
doing mathematics, and decision making under uncertainty, where nouvelle AI
has arguably promised more than it has delivered.

Against this background, a new view of the SGP has recently arisen in which
the physics of the external world plays an important and simplifying role (Sun,
2000; Vogt, 2002). Vogt (2002) coins the term physical symbol grounding problem
and writes: “It is based on the idea that symbols should be grounded (cf. Harnad,
1990) and... they should be grounded by physical agents that interact with the
world (cf. Brooks, 1990)” (p.435). Our work is broadly consonant with this view,
treating the SGP (as does Vogt, 2002) as a technical problem by way of computer
simulation, although we have also been influenced in our thinking by the work of
Barsalou (1999).

Quite apart from the intrinsic scientific interest in studying the emergence
of human speech and language for its own sake (Damper, 2000), it makes an
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excellent context in which to consider the SGP. First and foremost, we believe
human communication to be the clearest, certainly best-developed, example of
externally-grounded cognition. As Vogt (2002, p.431) writes, “language through
its conventions offers a basis for invariant labeling of the real world.” Since human
communication is a social phenomenon, we pursue an approach of multi-agent
simulation, not unlike much previous work in ‘language games’ but with one im-
portant difference (see below).

In particular in this paper, we argue that the emergence of speech sound catego-
ries can and should be grounded in the physics of speech communication between
agents, recognising that the human’s contact with the external world of sound is via
their articulatory and auditory systems. Important previous work along these lines
is that of Steels (1997, 1998, 1999, 2003), de Boer (2000, 2001, 2005), and Oudeyer
(2005a,2005b,2005¢), who have explored grounded speech-category formation by
computer simulation of multi-agent systems, with agents equipped with rudimen-
tary articulatory and auditory systems and associated ‘neural’ processing. Broadly
speaking, this line of work had its beginnings in the early and influential efforts
of Lindblom (1986) and his colleagues to explain the origins of vowel systems in
the world’s languages (Liljencrantz and Lindblom, 1972; Lindblom, MacNeilage
and Studdert-Kennedy, 1984; Lindblom, 1986, 2000) based on “adaptive dispersion
theory” In their numerical simulations, the clustering of vowels in some metric
space was predicted by minimising an energy function designed to reflect percep-
tual distinctiveness. An important question is exactly how realistic the simulations
have to be (e.g., in terms of faithfully modelling the articulatory/auditory systems
and brain mechanisms). Hence, our longer-term goal is to answer this question,
although at this stage we will restrict ourselves to relatively simple simulations
such as have been used in previous work.

Although Steels (1997) argues for a “limited rationality constraint” in multi-
agent simulations (i.e., agents should not have access to each other’s internal
states), this constraint is typically violated in language games where nonlinguis-
tic feedback figures importantly. For instance, de Boer (2001) writes, “the initia-
tor then communicates the success or failure to the imitator using nonlinguistic
communication” (p.52). In our view, this amounts to a form of ‘mind-reading, se-
riously undermining the credibility of the simulations. Hence, we wish to avoid
this aspect of language games, and favour Oudeyer’s alternative approach where
he dispenses with nonlinguistic feedback. As he writes, “it is crucial to note that
agents do not imitate each other... The only consequence of hearing a vocalization
is that it increases the probability, for the agent that hears it, of vocalizations...
similar to those of the heard vocalization” (Oudeyer, p.443). In spite of the absence
of structured, coordinated interactions between agents, he achieves two results in
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his simulations which mirror important aspects of real language: “on the one hand
discreteness and compositionality arise thanks to the coupling between perception
and production within agents, on the other hand shared systems of phonemic cat-
egories arise thanks to the coupling across agents” (Oudeyer, p.445).

A related line of investigation is that of Kirby (2001) and Kirby and Hurford
(2002) who describe the iterated learning model (ILM). This, however, operates
at the syntactic level, that is, learning agents receive from adult agents “meaning-
signal pairs” (p.103) that act as training data. Thus, the ILM already tacitly assumes
the emergence of phonetic distinctiveness. Whereas the language-game style of
simulations are concerned with language change once the basic mechanisms are
in place, by contrast, Oudeyer is concerned with the earliest origins of a phonemic
sound system, as are we. Further, Oudeyer’s model is based on horizontal cultural
interaction between agents of the same generation, following the works of Steels
and colleagues, whereas the ILM is based on iterated learning among agents of one
generation and agents of the previous generation (so this is more vertical learning).

However, Oudeyer’s work has its own drawback in that he ignores the tenets
of dispersion theory. “There are no internal forces which act as a pressure to have a
repertoire of different discrete sounds,” he writes (p.443). But to cite de Boer (2001,
p.61),a successful vowel system has “its vowel clusters. .. dispersed (for low energy)
and compact (for high imitative success).” These ideas are broadly consistent with
notions of H&H theory (Lindblom, 1990) and the dispersion-focalisation theory
(DFT) of Schwartz et al. (1997). Although Oudeyer tries to argue that the lack of
a dispersion force is a virtue of his simulations (it is one less assumption), he also
seems to recognise that it causes problems for the emergence of sound systems
with realistically large numbers of vowels, writing, “Functional pressure to develop
efficient communication systems might be necessary here” (p.447).

Accordingly, the principal purpose of the present paper is to introduce ideas of
H&H theory and DFT into Oudeyer-style simulations in the belief that more re-
alistic vowel systems (i.e., more representative of those seen in a variety of human
languages) will result. We will do this by extending the topological spaces in the
neural maps used to couple auditory and articulatory processing as a vastly-sim-
plified form of brain. We call these extensions contour spaces. The work is intended
to form a baseline for future work in which we will study the impact of increased
realism of the agents articulatory and auditory capabilities, as well as extending
our simulations beyond prediction of static vowel systems to the emergence of
connected speech sounds with appropriate consonant-vowel patterning.

The remainder of this paper is structured as follows. In the next section, we set
out our conception of physical symbol grounding, which we call signal grounding,
and relate this to more traditional views of symbol grounding. Then, as a baseline
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for later discussion of our own work, we briefly describe Oudeyer’s simulations of
the emergence of vowel systems shared between a population of agents. We then
introduce our extension to these simulations in the form of contour spaces and
illustrate the beneficial effects of this extension in terms of emergence of more
realistic vowel systems. Finally, we discuss the implication of these findings and
conclude by arguing for the use of more realistic articulatory/auditory modelling
as necessary to move beyond production of static vowel systems and account for
the dynamic consonant-vowel patterning of speech.

Signal and Symbol Grounding

Before proceeding, it is necessary to discuss our relatively wide view of ‘symbol
grounding’ and how it relates to the traditional, rather-narrower symbol ground-
ing paradigm. Traditionally, the SGP has been seen as the problem of linking an
internal symbolic representation like cat to the external (distal) object ‘cat. For
instance, Figure 1 (reproduced from the influential text of Pfeifer and Scheirer,
1999) depicts a scenario linking the symbol cup with its external referent ‘cup. But
this traditional view already assumes the existence of some sort of internal repre-
sentation, which is more or less symbolic (or at least compositional). In our view,
any solution to the SGP must also explain how this internal representation gets
composed from elementary parts, which we take to be close to the notion of ‘icons’

f 1
1 |

Figure 1. The traditional view of symbol grounding links an a priori internal representa-
tion (cup) to its external referent cup. Reproduced from Figure 3.4, p.70 of Pfeifer and
Scheirer (1999).
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FORM REFERENT

ICON’ PHYSICAL
SIGNAL

Figure 2. (a) The ‘semiotic triangle; reproduced from Figure 1, p.433 of Vogt (2002). (b)
A more complete picture of symbol grounding in which the form in (a) is grounded by
interaction with the physical signal.

in the terminology of Harnad (1990) or ‘perceptual symbols’ in the terminology
of Barsalou (1999). Because these elementary parts result from sensory-motor
interaction, we cannot ignore the physics of the world. This leads us to the idea of
signal grounding.

Symbol grounding is often discussed in the context of the semiotic triangle
as in Figure 2(a), reproduced from Vogt (2002). But as just stated, we believe this
picture to be incomplete, since the form is itself symbolic and ungrounded. A
more complete view is depicted in Figure 2(b), where interaction with the physical
world now grounds the form. In the case of interest here, this interaction is with
the speech signal, hence the term ‘signal grounding; which can be seen either as a
component part of symbol grounding, or as a specific instance of the SGP, albeit
at a lower level than is usually considered. However it is viewed, we believe signal
grounding is an indispensable part of symbol grounding.

For example, consider Figure 3. In this particular case of signal grounding,
the distal object takes the form of an acoustic speech signal, produced by a vocal
tract and perceived through the ear of a listener, linked to an arbitrary and iconic
phoneme token (e.g.,/a/ using the notation of the International Phonetic Associa-
tion, 1999). The form cat (or, equivalently, /keet/) is then composed in a way that
is systematic, but nonetheless arbitrary, from these phonemic primitives. Signal
grounding then presents numerous challenges when considering the practicali-
ties of forming an equivalence class for the phoneme /e/. We need to map a wide
range of varied signals onto the same phoneme symbol; the system needs to adapt
to linguistic change over time; and the grounding of these arbitrary tokens needs
to be shared among a population of speakers. These challenges will be taken up in
the remainder of the paper.
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Figure 3. Illustration of signal grounding as a sub-problem of symbol grounding.

To conclude this section, we remark that the ideas of signal and symbol
grounding developed here are strongly related to notions of double articulation,
stemming from the work of de Saussure (1983), which views a linguistic system as
a series of differences of sound combined with a series of differences of ideas. At
the level of the first articulation, meaningful units (morphemes, words) are com-
bined syntactically to convey ideas. At the level of the second articulation, primi-
tive or elementary sound units (phonemes) are combined to form the meaningful
units of the first articulation. The level of the second articulation is vital to hu-
man language as a fully productive system, because it is the key (loosely quoting
Wilhelm von Humboldt) to achieving infinite generativity from finite machinery.
Yet this is the level that is typically ignored by the traditional view of the SGP as
characterised in Figure 1.

Basic agent architecture and its operation

The kind of signal grounding just described, and argued to be fundamental to
human speech and language as a fully generative system, is a feature of the multi-
agent simulation work of Oudeyer. We will take his work as the basis for exten-
sions aimed at producing more realistic sound systems, by defining a contour space
which acts as an objective function embodying measures of both articulatory
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AGENT 1 AGENT 2
Cochlear model Cochlear model
Perceptual 1 1 Perceptual

""" 000 00 "

Motor Speech signal Motor

map map

I |

Vocal tract model Vocal tract model

Figure 4. Architecture of the communicating multi-agent system, illustrated here for two
agents. Redrawn from Figure 2, p.439 of Oudeyer (2005c).

effort and phonetic distinctiveness, broadly in line with both H&H theory (Lindb-
lom, 1990) and dispersion-focalisation theory (Schwartz et al., 1997).

Figure 4 shows the basic agent architecture as used by Oudeyer and in this
work. Each agent has an artificial ear (cochlear model), an artificial vocal tract, and
in Oudeyer’s words, an artificial ‘brain. Following Guenter and Gjaja (1996), the
‘brain’ features two coupled self-organising maps (SOMs, see Kohonen, 1990) — a
perceptual map taking input from the auditory system and a motor map driving
the articulatory system. Each agent perceives sounds produced by other agents
as well as by itself. The appendix sets out details of the cochlear, vocal tract and
neural models used by Oudeyer, and in our replications of his work. Note that
we have used the “realistic” nonlinear articulatory/acoustic mapping (Oudeyer’s
Section 6.2) rather than the “abstract” linear mapping (Oudeyer’s Section 6.1)
throughout.

Our simulations use 10 agents (as compared to the 20 used by Oudeyer). But
as he says of the number of agents, “This is a noncritical parameter of the simula-
tions since nothing changes when we tune this parameter, except the speed of con-
vergence of the system” (p.443). Each ‘speaking’ agent is ‘heard’ by just one ‘listen-
ing’ agent (as shown in Figure 4) picked at random. Oudeyer states that “nothing
changes” (p.443) if a speaking agent is heard by more than one listener.

Initially, each agent produces utterances as dictated by its randomly-initialised
‘brain’and also perceives the utterances of others. This, over some iterations, causes
its SOMs to move from an unstable random configuration to a stable, converged,
state of equilibrium. This process of convergence is driven by positive feedback
(the basic self-organisation mechanism of the SOM), as each agent becomes in-
creasingly likely to repeat the utterances that it has heard. Eventually, each SOM
becomes partitioned into a variable number of basins of attraction as the nodes



Grounding symbols in the physics of speech communication

17
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Figure 5. Convergence of Oudeyer’s model to a five-vowel system with 10 agents, 6=0.05
and 2,000 iterations. Each cross represents a vector in auditory space; multiple vectors in
the same region of space represent an equivalence class, or vowel. For a given equivalence
class, individual vectors frequently overlay, giving the appearance of a single cross.

cluster around points of stability — determined by the utterances of the whole
population. Any utterance which falls within the range of one of these basins of
attraction is perceived by strong activation of the nodes around the centre point,
so classifying a wide range of utterances.

The width of each SOM’s gaussian function (o in equation (5) of Appendix 3)
determines the size of the basin of attraction and, therefore, in the case of the au-
ditory map, the variety of stimuli perceived as the ‘same’ utterance. In Oudeyer’s
simulations, there is no dispersive force and, thus, as o increases, convergence is to
a single point. To quote (Oudeyer, p.445), “if two neuron clusters... get too close,
then the summation of tuning functions in the iterative process of coding/decod-
ing smooths their distribution locally and only one attractor appears.” This is not
realistic behaviour within a language. However, it is clear that, with the right pa-
rameter settings, it is perfectly possible to cause the emergence of a feasible, shared,
multi-vowel system. See for instance Figure 5, which depicts a typical result from
our replication of Oudeyer’s simulation. Here, 500 points initially distributed ran-
domly in F1-F2 space have converged to just five clusters. In fact, in the absence of
a dispersive force, the ‘clusters’ have actually converged (almost) to overlay at the
centre of their respective basin of attraction. In the remainder of this paper, we will
introduce a dispersive force and study its effect on convergence to linguistically-
realistic vowel systems.
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Contour spaces

In this section, we introduce basic ideas of H&H theory (Lindblom, 1990) and DFT
(Schwartz et al., 1997) into our simulations. According to H&H theory, speakers
“tune their performance according to communicative and situation demands... to
vary their output along a continuum of hyper- and hypospeech” (Lindblom, 1990,
p.403). That is, in difficult communication conditions, speakers hyper-articulate
in order to be understood, even though this requires additional energy be expend-
ed. In less demanding situations, energy can be conserved by hypo-articulation,
always provided communication success is maintained. The ‘setting’ on the hy-
per-/hypo- continuum is determined by an on-line process in which the speaker
continuously infers success of communication by monitoring linguistic and para-
linguistic feedback from the listener. We assume that similar forces are at work
in the process of vowel formation among a collection of communicating agents;
that is, there is not only a drive towards distinctive sound categories (loosely cor-
responding to ‘hyper’), but also an inbuilt desire to minimise energy expended by
the agent (loosely corresponding to ‘hypo’).

Similar ideas are embodied in dispersion-focalisation theory, which encom-
passes more or less the same principles as H&H theory, but formulated in the audi-
tory (rather than articulatory) domain. This theory seeks to explain the formation
of vowel inventories not so much in terms of energy expended by a speaker as via
competing forces of “global dispersion based on inter-vowel distances; and local
focalization, which is based on intra-vowel spectral salience” (Schwartz et al., 1997,
p-255). The dispersive force thus seeks to maintain distinctiveness between sound
categories. The focalisation force in DFT is a little harder to visualise and justify. Is
is based on the ‘compactness’ of formant frequencies, formants being the resonant
frequencies of the vocal tract that correspond to “concentration of acoustic energy,
reflecting the way that air from the lungs vibrates in the vocal tract, as it changes its
shape” (Crystal, 1980, p.150). These concentrations of energy are reflected in peaks
in the frequency spectrum; the one occurring at the lowest frequency is called the
first formant, F1; that occurring at the next highest frequency is called the second
formant, F2, and so on.

In the words of Schwartz et al. (1997) (note the minor difference in notation
for formant frequencies):

“a discrimination experiment involving stimuli with various F,-F,-F, patterns...
demonstrated that patterns with the greatest formant convergence (namely with
F, close to either F, or F,) were more stable in auditory memory... while patterns
with less convergence, namely with F; at an equal distance from both F, and F,,
were more difficult to memorize (Schwartz and Escudier, 1989)” (p.259)
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Schwartz et al. (1997) further note, “the perceptual demonstration that formant
convergence in the F,-F,-F, pattern produced more stable patterns in discrimina-
tion experiments, led us to propose that formant convergence could result in an
increased ‘perceptual value'... because of ‘acoustic salience’” (p.259). Hence, the
focalisation force is designed to favour vowels in which the formants are close
together in frequency.

Introducing Dispersive Forces

In the long term, we are seeking to minimise the articulatory effort of an utter-
ance, at the same time maximising its perceptual distinctiveness to other agents.
At this stage, however, we have no direct way to quantify articulatory effort; hence,
we address the problem by using the established ideas of dispersion-focalisation
theory (working in the auditory domain as opposed to the articulatory domain),
as just discussed. In grounding terms, the drive for perceptual distinctiveness is
important in shaping the coupled production-perceptual system. The higher the
perceptual distinctiveness, the clearer the meaning of the utterance. When the to-
pological space of our self-organising maps is augmented with dispersion based
on inter-vowel differences (in addition to focalisation based on intra-vowel attrac-
tion), we refer to it as a contour space. By introducing the proposed contour spaces,
we hope to achieve a greater robustness to parameter variation and a greater level
of realism in the vowel systems that are produced.

We now describe how a repulsive force acting on the perceptual neurons of
the agent is introduced. For each node i of the auditory map, at time ¢, we define an
energy functional given by

1

(1)
G

N
E (vi(t), vi(1) = )

1
i

——
o

5 2
where dij = \/(Fli—Flj) +(F2;—F2’j>

In equation (1), j is an index over all N nodes in the auditory map, v.=(F1,F2)
and similarly V= (Flj,F2].'). (Appendix 2 for discussion of F2”.) This amounts to a
measure of distance between the i and j vowels in the F1-F2” auditory-map space.

Updating occurs as follows. At time t, for each neuron i in the auditory space,
we generate 8 ‘test positions’ around that neuron. These are spaced on a rectangular
grid of side o centred on i. The update equation is:

vit+ ) =v()+ypv_ (2)
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where v is the v, () vector for which the energy E(v,(t),v,(t)) is maximised, with
k being an index over the 8 neighbours of v,(t), and y is a step size or learning rate.
Thus, maximisation is performed by gradient ascent. In this way, we are moving
the ith vowel in the direction that maximises the acoustic distinctiveness between
it and all other vowels in the space.

Attractive Force: Focalisation

The articulatory space is three-dimensional, defined in terms of lip rounding r,
tongue position p and tongue height h. As previously discussed, focalisation in our
model follows Schwartz et al. (1997) in seeking to favour vowels with compact F2-
F3-F4 formant patterns by defining and minimising an energy functional.

The specific energy functional used is similar to that of Schwartz et al. (1997)
(see their equations (4) to (7)) modified to fit our simulations using a self-orga-
nising map:

Ew(®) = (rppp b)) = By + Epy+ s, 3)
where E, = —(Wlml)z)
E, = —(W)

In (3), each neuron [ has its associated (rl, Pp hl) values, which allow computation of
formant values via the vocal tract model (Appendix 1). At time ¢, each such neuron
has its vector v|(t) updated according to:

v+ D) =v(t)+yv,. (4)

where v is the v_(t) vector for which E(v_(f)) is minimised, 7 is an index over
the 26 neighbours of v/(t) (on a grid of size ¢ in 3-D space), and y is a step size or
learning rate. Hence, we are minimising by gradient descent.

Note that although this mechanism of attraction is firmly based in percep-
tion, we are in fact minimising in (v,p,h) space. Hence, we view this as, effectively,
a mechanism for reducing (if not actually minimising) articulatory effort in line
with H&H theory.
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Results of simulations

In this section, we first show some typical illustrative results obtained using
Oudeyer’s model to act as a benchmark before presenting typical results from the
new model based on DFT. Thereafter, more thorough results (averaged over 500
runs) are given comparing the sensitivity of the two models to variation in the
gaussian width parameter, 0. The two models are also compared with respect to
the emergence of realistic vowel systems (i.e., their similarity to those observed in
human languages). In all simulations, the nodes of the self-organising maps are
initially randomised, that is, placed at uniformly-distributed positions in the ap-
propriate space.

In these simulations, the optimisation step size, y of equations (2) and (4), is
set equal to the gaussian width, o of equation (5) in Appendix 3, enabling all three
forces (i.e., dispersion, focalisation, self-organisation) to maintain their intended,
relative level of influence. The gaussian width in the auditory space was scaled up
to take account of the different range of the two maps ([0,1]* for the motor map
and [0..8 Bark, 0..15 Bark] for the auditory map). All SOMs have 500 nodes, and
simulations are stopped after 2,000 iterations of two-agent interaction. This stop-
ping criterion was decided after examining how auditory dispersion (measured
from the energy functional of eqn. (1)) varied during a few trials of the simulation.
Figure 6 depicts a typical example. Although dispersion does not reduce mono-
tonically, convergence is achieved well before 2,000 iterations.

auditory dispersion
w

0 1! .
0 500 1000 1500 2000 2500 3000

time steps

Figure 6. Typical plot of auditory dispersion versus number of iterations, showing con-
vergence well before 2,000 steps.
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Reproduction of Oudeyer’s Results

We have already shown an example of how the initial model can converge to a
reasonable five-vowel system with 0=0.05 (Figure 5 earlier). We have also detailed
how, as o increases, there is a strong tendency to converge to a single point. Fig-
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Figure 7. Composite of typical results from our replication of Oudeyer’s simulation as o

varies.
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ure 7 shows a composite of typical results as o varies. It is seen that realistic vowel
systems emerge only for a restricted range of o values.
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Figure 8. Composite of typical results from simulations of the new model with contour
spaces with the same o values as in Figure 7. Realistic vowel systems emerge over a much

wider range of o values.
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Effect of the Contour Space

Figure 8 shows a composite of typical results from simulations of the new model
with contour spaces with the same o values as in Figure 7. As can be clearly seen,
realistic vowel systems emerge over a much wider range of o values. There is also,
we think, less tendency for the converged points to overlay exactly than in the
original work (i.e., there is more of a ‘cluster’).

Further comparison of the two systems

To test further the assertion that the new system featuring dispersive forces (i.e., con-
tour spaces) will possess a greater robustness to parameter variation than Oudeyer’s
original, 500 repeated runs were made for different values of the gaussian width o.
The number of vowels present after convergence was then recorded for both sys-
tems. If convergence did not occur, results were discarded. Figure 9 shows the re-
sults averaged over the 500 runs; the error bars depict the standard deviation.

For the new system, a high level of variation in the number of vowels observed
at convergence is seen across the whole range of ¢ values. We take this to be a
positive feature of the new system, since human languages display a wide variety
of vowel inventories (Maddieson, 1984; Ladefoged and Maddieson, 1996). By con-
trast, the Oudeyer system (as replicated by us) shows unrealistic convergence to a
single ‘vowel with zero variability for 0>0.07 and a total lack of convergence (to a

with DFT ——+—
- without DFT = 1

average number of vowels
O =~ N W d O O N

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

gaussian width
Figure 9. Comparison of our replication of Oudeyer’s simulation with the new model
based on DFT, illustrating the robustness to parameter variation resulting from inclusion
of a dispersive force. Error bars are standard deviations over 500 runs.
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Figure 10. Comparison of vowel systems observed in human languages and those pro-

duced by computer simulation with and without DFT (i.e., with and without dispersive

forces).

sensibly small number of clusters) for 6<0.05. Realistic convergence is maintained
for the new system up to parameter values of 0.15. No simulations were performed
for 6>0.15.

Following Oudeyer (2005c, Figure 10, p.446), we have also compared the two
systems with data for human languages, taking vowel frequencies from Ladefoged
and Maddieson (1996). For the new computer model, ¢ was set to 0.05 and 500
simulations were run. Comparative data for Oudeyer’s system for the same value
of 0 and number of iterations were taken from his original paper, rather than the
simulations being replicated here. Figure 10 shows the comparison, which reveals
that the system with contour spaces has a slight preference for simpler vowel sys-
tems but is able to capture the emergence of the more complex systems, which is
a problem for Oudeyer. Quantitatively, the mean square error (MSE) between the
curve for Oudeyer’s data (labelled “without DFT”) and the human data is 91.28,
whereas the corresponding MSE for our simulations (labelled “with DFT”) is 29.94.
All three systems share a peak of five vowels. We emphasise that this comparison
is made under conditions (namely, o set at 0.05) which are maximally favourable
to Oudeyer’s model. This is necessary because of the sensitivity of his model to the
setting of ¢.
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Discussion and Conclusions

The tension introduced by the addition of a dispersive force has clearly had a ben-
eficial effect. This extension achieves an increased level of robustness to param-
eter variation and captures the emergence of some of the more complex vowel
systems observed in human languages, in a way which Oudeyer was unable to
do. Despite a slight preference for the simpler vowel systems, the distribution is
more representative of that seen in real languages, as confirmed by the much lower
mean square error (see previous section).

How have these beneficial effects come about? Boé&, Schwartz and Vallée (1994)
have already shown, although not in a multi-agent setting, how DFT can produce
a range of vowel systems. (Rather, starting with a full set of vowel ‘prototypes;
they show how DFT can be used to select realistic subsets typical of different lan-
guages.) In the present setting, the three forces of dispersion, focalisation and self-
organisation act to produce convergence to attractors in the contour space. These
attractors correspond to a physical grounding of the speech signals produced by
the agents, as in Figure 2(b). The gradual, progressive nature of the convergence,
over many interactions, ensures the final set of signal-grounded forms is shared
among the population. So the physics governing a population not only potentially
accounts for a wide variety of human vowel systems but also allows for this set to
become established within a population.

In our work, grounding of the external world is via these attractors in contour
space. So, rather than connecting an arbitrary a priori abstraction (as when cat
in the environment is miraculously labelled ‘cat’ in one bound), we are connect-
ing a more complete representation of the distal object, built on the physics of
the situation. Through the formation of attractors, we have both a clear shared
abstraction, its centre point, and a basin of attraction capturing the ambiguity and
differences present in the real world. We feel that this view can answer some of the
current criticisms of the symbol grounding paradigm (e.g., Lakoff, 1993), because
the attractors capture the ambiguities and ‘shades of grey’ that challenge more tra-
ditional views of grounding (Davidsson, 1993). This has similarities to previous
work which has sought to explain grounding using connectionist models (e.g.,
Harnad, 1993; Damper and Harnad, 2000; Cangelosi, Greco and Harnad, 2002).
These have been successful in displaying various aspects of human cognition. But,
by considering grounding at the (sub-form) level of physical signals (Figures 2(b)
and 3), we have developed a new framework in which this interplay between sym-
bol grounding and connectionist systems can be further explored.

Several possibilities for future work are under consideration. At present, agents
do not exactly ‘hear’ sounds; rather, they have direct access to formant values. From
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F1, F2, F3 and F4 values specifying a vocalisation, they perceive F1 directly and
compute a perceived F2’. This is a very high level of abstraction, implicitly making
many assumptions (e.g., about the role of formants in speech perception, and how
the auditory system can extract them from the speech signal). First and foremost,
therefore, we wish to move to using actual sounds as the medium of interchange
between agents. This move will make it necessary to use more physically realistic
vocal tract and cochlear models. It is then a matter of some importance and inter-
est to investigate how much increased realism/complexity impacts on the emer-
gence of sound systems. We know from Oudeyer and the present work that very
simple, highly abstract models are adequate for the production of shared (static)
vowel systems, but under rather strong assumptions. Furthermore, speech sounds
do not consist entirely of vowels, but of dynamic consonant-vowel patterns form-
ing syllables. Unfortunately, although there is general agreement among phoneti-
cians and speech scientists that vowels can be reasonably well specified by formant
values, there is no corresponding understanding of how consonant sounds can be
similarly specified and distinguished.

Although Oudeyer (2005b) has extended his “abstract” linear model in the di-
rection of “the formation of... and patterns of sound combination” (p.328), this is
done without any acoustic, perceptual space, but with agents given direct access to
the relevant parameters in what we believe to be an unsatisfactory (‘mind-read-
ing’) manner. By moving to simulations in which actual, physical speech sounds
are exchanged between agents, we can hope to explore the emergence of speech as
a dynamic phenomenon in a more realistic and satisfactory way.
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Appendix: Oudeyer’s Agent Model

In Oudeyer’s work, each agent has an artificial vocal tract, an artificial ear (cochlear model), and
an artificial ‘brain, or neural model. These will now be detailed in turn.

1. Vocal Tract Model

Following de Boer (2001), Oudeyer uses a vocal tract simulation controlled by three parameters,
namely lip rounding r, tongue height /# and tongue position p. Each parameter is constrained to
reflect the anatomical range of the corresponding articulator movement. We can derive formant
values as follows:

F1 = ((=392+392r)h?+ (596 — 668r)h+ (—146+ 1667))p* + (348 — 348r)h?
+(—494+606r)h+ (141 = 175r))p + (340 — 72r)h* + (=796 + 108)h
+(708-387))

((~1200 +12087)2 + (1320 — 1328r)h + (118 — 158r))p?

+((1864 — 1488r)h2+ (—2644 + 15107)h + (=561 + 2217))p
+((=670+490r)h? + (1355 — 697r)h + (1517 — 117r))

((604 — 6047)h2 + (1038 — 11787)h + (246 + 5667))p? + ((~1150 + 1262r) h>
+(~1443 +1313r)h+ (-317 - 483r))p + (1130 — 836r) k2
+(=315+44r)h+ (2427 - 127r))

((~1120 + 167) k2 + (1696 — 180r)h + (500 + 5221))p? + ((—140 + 240r) 2
+(=578+214r)h+(—692 - 4197))p + (1480 — 602r) h>
+(=1220+289r)h + (3678 — 1787))

F2

F3

F4

Although it would be possible to produce sounds (i.e., synthetic vowels) exhibiting these formant
values, which were then ‘heard’ by the ‘speaker’ and other agents, this is not done in Oudeyer’s
simulations or in ours. Rather, a short-cut is taken in which auditory parameters are calculated
from the formant values.

2. Cochlear Model

A cochlear (ear) model, designed by Boé, Schwartz and Vallée (1994), is employed to process the
formant values, placing the result in a 2-D auditory space. The model perceives the first formant
directly and derives an ‘effective’ second formant, F2’ (Carlson, Granstrém and Fant, 1970), as
follows:

P2 if F3-F2>c
2-w,)F2 F3
Low)PenB if F3-F2<cand FA-F2>¢
’ _ F2+(2-w,)F3
FY'= WPCIB g ks Pa<cand F3-F2<F4-F3
2 F3-w,F4
BB 1 ifF4-F2<cand F3— F2> F4— F3).

where c is as a constant of value 3.5 Bark (Chistovich and Lublinskaya, 1979), and w, and w, are
defined as:
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c—(F3-F2)
w=—
c
(F4-F3)-(F3-F2)
w,=
FA-F2

The above equations assume frequency is represented on the Bark scale. Conversion to this scale
from hertz frequency is done using the following conversion formula (Traunmiiller, 1990):

26.81

Jran= 1+1960/f,,

3. Neural Model

The neural model is based on two self-organising maps (Kohonen, 1990). The self-organising
map (SOM) defining the articulatory space captures the configurations of the vocal tract in
terms of parameters r, i and p. The auditory space codes for the range of acoustic cues in terms
of the first formant F1 and second ‘effective’ formant F2’. Each agent’s neural model is then es-
tablished by forming weighted connections between the nodes of the auditory and articulatory
spaces.
When activated, the jth node in the articulatory space produces a vector v,= (r;,h;,p;) forming

a point in [0,1]* space coding articulatory configuration. A sequence of these vectors, v,,v,,...,v,
where 7 is a random number between 2 and 4, is then fed to the vocal tract model. This produces
an articulatory trajectory (‘utterance’) of from 2 to 4 configurations. All remaining neurons are
then modified according to:

k=1..N, k#j,

v (t+1)=v(t) + Gk(vj)(vj —-v (1) {
where N is the number of neurons in each map

Each articulatory neuron is updated by a gaussian activation function:

2

Gv)  =exp Zj’k (5)

where d?, =[v,—v|*

This update mechanism causes the nodes to converge on points in the articulatory space. The
location of these points of convergence is determined by the agent’s choice of articulation and
the utterances that it is exposed to. The articulatory space can then be modified by the auditory
space through the weighted connections between the two. The connections between the percep-
tual neuron i and the articulatory neuron j are characterised by the weight w; j (initially random).

The auditory space is able to achieve a similar convergence, since on perceiving an utterance
a vector containing acoustic cues s (derived from the ‘speech signal’) is placed in the perceptual
space and the neurons updated by:

v(t+1)=v() +Gs)(s—v(t)
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The articulatory space is then further updated through the weighted connections by characteris-
ing d; as:
N
2 _
dj) = Ei,wl.)jGi(s)
Taking the function dependence of G() on s as implicit, for simplicity, the weights are updated
by a Hebbian learning rule:

Awi,j = ‘x(G,' - <Gl>)(GJ - <GJ>)

where « is set to some small random number and (Gj) represents the average gaussian activation
over the previous time steps.
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This paper illustrates how external (or social) symbol grounding can be studied
in simulations with large populations. We discuss how we can simulate language
evolution in a relatively complex environment which has been developed in the
context of the New Ties project. This project has the objective of evolving a cul-
tural society and, in doing so, the agents have to evolve a communication system
that is grounded in their interactions with their virtual environment and with
other individuals. A preliminary experiment is presented in which we investigate
the effect of a number of learning mechanisms. The results show that the social
symbol grounding problem is a particularly hard one; however, we provide an
ideal platform to study this problem.

Keywords: agent based modelling, language evolution, referential indeterminacy,
joint attention, principle of contrast, cross-situational learning

Introduction

Human language is thought to have evolved from an interaction among three adap-
tive systems: biological evolution, individual learning and cultural evolution (Kirby
& Hurford, 2002). The New Ties project! aims to merge these systems in a large
scale simulation to evolve a cultural society of simulated agents that are situated in
a complex environment and that need to acquire behaviours to remain viable over
extended periods of time. One important aspect of this simulation is to evolve lan-
guage that allows social learning, while being grounded in a virtual world.

The symbol grounding problem (Harnad, 1990) has been studied in relation
to both language acquisition and language evolution using various robotic models
(e.g., Roy, 2005; Steels, Kaplan, McIntyre, & Van Looveren, 2002; Vogt, 2002) and
related simulations (e.g., Steels & Belpaeme, 2005; Cangelosi, 2001; A. D. M. Smith,
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2005; Vogt, 2005). For overviews, see, for example, Cangelosi and Parisi (2002) or
Vogt (2006). Most of these studies have focused on the ability of (simulated) ro-
bots to construct a shared symbolic communication system that has no ‘survival’
function to the society (but see, e.g., Cangelosi, 2001, for an exception). Such a
survival function, however, is a crucial aspect of symbol grounding (Ziemke &
Sharkey, 2001). The New Ties project will focus on how a language can evolve in a
way that is relevant to the society’s survival. To this end we need to deal with what
Cangelosi (2006) has called social symbol grounding, that is, symbol grounding in
(potentially large) populations.

To arrive at a shared set of symbolic conventions, the agents have to learn lan-
guage from each other. In doing that, they face a problem that is closely related to
the referential indeterminacy problem illustrated by Quine (1960). Quine showed
that when learning a new word, the word can have — logically speaking — an
infinite number of meanings. He used the example of an anthropologist who is
studying a native speaker of a — to him — unknown language. When a rabbit sud-
denly scurries by, the native exclaims “gavagai!” and the anthropologist notes that
gavagai means rabbit. Although this may be a valid inference, gavagai could also
have meant undetached rabbit parts, dinner, running animal or even it’s go-
ing to rain. To reduce the number of possible meanings, the anthropologist has to
acquire more information regarding the meaning of gavagai. People — especially
children — are extremely good at this, but for robots this has proven to be a very
hard problem (Vogt, 2006).

Inspired by the literature on children’s language acquisition, several learning
mechanisms have been studied using computational models (see, e.g., A. D. M.
Smith, 2005; Vogt & Coumans, 2003). Based on such studies, we present a new
hybrid model that combines these learning mechanisms, which involve joint at-
tention, feedback, cross-situational learning and the principle of contrast, in one
model. We investigate the effect of these learning mechanisms on the ability to
evolve a shared language in a large population. The next section provides more
background on the symbol grounding problem. After that we present an overview
of the New Ties project, followed by a more detailed description of the hybrid
model that allows the population to evolve language. This description is followed
by the presentation of some experiments investigating the learning mechanisms.
The experiments are then discussed in relation to social symbol grounding before
the paper concludes.
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Symbol grounding

Physical symbol grounding

When agents communicate about things that are relevant in the world, they have
to solve the symbol grounding problem (Harnad, 1990). Vogt (2002) has argued
that, to achieve this, agents need to construct a semiotic relation between a referent
(being something concrete or abstract), a meaning (being a representation inside
an agent’s brain that has some function to the agent) and a form (being the sig-
nal conveyed). This triadic relation (see Figure 1) is what Peirce (1931-1958) has
called a symbol, provided the relation between form and meaning is either arbi-
trary or conventionalised.? The hardest part of solving this physical symbol ground-
ing problem (i.e., creating the semiotic triangle, Vogt, 2002) is the construction of
the relation between referent and meaning, because this relation is often dynamic
and complex. As the physical symbol grounding problem may relate only to in-
dividual agents, the form could — in principle — be any arbitrary signal or label
associated with this relation (Vogt, 2006). However, in language, the forms have to
be conventionalised through cultural interactions and communicating forms have
to be functional (e.g., it has to invoke some response from the recipient). Hence
the population has to deal with external symbol grounding (Cowley, 2006), which
we interpret as social symbol grounding (Cangelosi, 2006), i.e., symbol grounding
in populations.

Social symbol grounding

Various studies have shown how a shared system of symbols can evolve from
scratch through (local) cultural interactions between agents and (individual)
learning mechanisms (Cangelosi, 2001; Steels & Belpaeme, 2005; Vogt, 2002).
In this approach, which assumes that language is a complex adaptive dynamical

MEANING

FORM REFERENT
Figure 1. The semiotic triangle indicates the triadic relation among referent, meaning and
form. Note that the relation between referent and form is indirect (hence the dotted line).
When the relation between meaning and form is either arbitrary or conventionalised, the
triangle represents a symbol. (Figure adapted from Ogden & Richards, 1923.)
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system (Steels, 1997), a population of agents interact through a long series of lan-
guage games. During these language games, agents can adapt their language, such
that a shared structure (the external language) evolves through self-organisation.
We believe that crucial aspects in the success of social symbol grounding are cog-
nitive learning mechanisms, non-verbal interactions, physical properties of the
environment and population dynamics.

Quine’s referential indeterminacy problem can make the social symbol
grounding problem more complicated than the physical symbol grounding
problem. Many learning mechanisms in developmental linguistics have been
proposed to deal with this problem (see, e.g. Bloom, 2000, for an overview). For
instance, Tomasello (1999) has proposed that joint attention is a crucial mecha-
nism by which two interlocutors focus their shared attention on a third object,
allowing a child to associate utterances to the same situation the adult is attend-
ing to. This way, referential indeterminacy is reduced substantially, though the
gavagai example shows this is not sufficient. The anthropologist can infer that
gavagai relates to the rabbit, but is it the whole rabbit, its movement, its func-
tion, or something else? Additional mechanisms therefore have to be part of the
cognitive learning mechanism.

Researchers have proposed a number of additional mechanisms that might
further reduce referential indeterminacy, such as, e.g., the principle of contrast
(Clark, 1993). In addition there is ample, though controversial, evidence that chil-
dren receive feedback from their caregivers regarding their language use — es-
pecially regarding word-meaning mappings (Chouinard & Clark, 2003). Finally,
evidence suggests that children may learn some words more straightforwardly
by taking the intersection of their possible meanings across situations (Akhtar &
Montague, 1999). This process, known as cross-situational learning, seems to take
place from very early in the development of infants (Houston-Price et al., 2005).

Previous computational studies have investigated some of these mechanisms,
but in isolation. Joint attention is most often modelled through explicit meaning
transfer, where the hearer gets access to the exact intended meaning (e.g., Oli-
phant & Batali, 1997). More realistically, a number of robotic studies have used
pointing as an unreliable joint attention mechanism, so hearers could not exactly
determine the intended meaning, but could only estimate the intended referent
(Vogt, 2000). In many studies corrective feedback on the referent or meaning has
been the prime ingredient of the so-called guessing games, which allows agents
to acquire the right association and to disambiguate competing word-meaning
mappings through lateral inhibition (Steels & Belpaeme, 2005; Steels et al., 2002;
Vogt, 2002). Finally, cross-situational learning, which is similar to the guessing
game but without feedback, has been investigated extensively in computer models
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(Siskind, 1996; A. D. M. Smith, 2005; Vogt, 2000) and mathematical models (K.
Smith et al., 2006).

In a study that has compared joint attention, feedback (through explicit mean-
ing transfer) and cross-situational learning, Vogt and Coumans (2003) have found
that cross-situational learning is hard to scale up for larger populations. This is
because in the early stages of evolution different agents invent different words to
convey the same meaning, which then have to be disambiguated during further
development in order for effective communication to take place. If there is joint
attention or feedback, disambiguation can be performed quite efficiently. However,
cross-situational learning is based on the assumption that a word and its mean-
ing are consistently co-occurring in different contexts. If there are many different
words for a meaning, more ambiguities can enter the language and this condition
may no longer hold. It has been shown, however, that cross-situational learning
improves if there are additional biases such as mutual exclusivity (A. D. M. Smith,
2005) or some other synonymy damping mechanism (De Beule et al., 2006).

In the hybrid model that we introduce later, we combine the following
mechanisms:

Joint attention is modelled by a pointing mechanism which allows a hearer to
identify the target object reliably. This mechanism does not resolve uncertain-
ty about the meaning of an utterance, because this relates to a feature of the
object, such as colour or shape.

The principle of contrast allows agents to acquire the meaning of words such that
they tend to favour meanings that have not yet been associated with other
words.

Feedback is used as a non-verbal signal to indicate whether the hearer ‘thinks’ it
has understood the speaker. Thus, the feedback may be prone to errors. Al-
though negative feedback does not necessarily lead to correction, it increases
the chance that the speaker repeats itself while using joint attention.

Cross-situational learning allows the refined learning of correct word-meaning
mappings, regardless of whether joint attention is present.

In the simulations reported in this paper, we investigate the effect of each of these
mechanisms on the ability to develop a shared lexicon.
New Ties

The objective of this project is to set up a simulation in which a large population
of agents (i.e., more than 1,000) can evolve a cultural society using evolutionary,
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individual and social learning. Sub-objectives include investigating the interaction
among these three adaptive systems and evolving a communication system that
facilitates social learning. It is the latter aspect which is relevant to social symbol
grounding and to this paper. Below is a brief description of the project; for more
details consult Gilbert et al. (2006).3

The New Ties world — inspired by Epstein and Axtell’s (1996) sugar-scape
world — is a virtual world with places of varying roughness that contain objects
such as tokens, edible plants and agents. Agents are provided with sensors and
actuators that allow them to see and act. The sensors are configured such that
an agent can see a number of perceptual features (e.g., colour, shape, direction,
distance) of the objects in their visual field. The actuators allow the agents to,
among others, move forward, turn left or right, eat, mate and talk. Each action
costs energy, the amount of which depends, for instance, on the weight carried
by the agents. When an agent’s energy falls to zero, it dies, but it can also die of
old age. Eating plants increases the agent’s energy level, which depends on the
‘ripeness’ of the plant.

Agents develop their own control system using evolutionary, individual and
social learning. This control system is a decision Q-tree (DQT), which is a stochas-
tic decision tree that may change using reinforcement learning. The details of this
DQT are beyond the scope of this paper, and the interested reader is referred to
Gilbert et al. (2006). Suffice it to say that the DQT takes categories of perceived
objects and interpreted messages as input and outputs an action based on some
decision process. The structure of the DQT can change based on cross-over and
mutation during reproduction, reinforcement learning and social learning. As we
will discuss, social learning allows agents to develop shared behavioural skills us-
ing socially grounded symbols.

The genome carries, apart from the initial structure of the controller, a number
of biases influencing the behaviours of agents regarding aspects such as the ten-
dency to be social. The social bias is particularly important for language evolution,
as it regulates, for instance, the frequency with which agents communicate or assist
each other with learning language. Interaction is achieved by the predefined pro-
duction and interpretation mechanisms, as explained in the next section.

Language evolution in New Ties
Figure 2 shows the architecture of the agents. The architecture consists of four

modules, which are processed in sequential order from top to bottom. In addition,
each agent has a short term memory (STM) and a long term memory (LTM). The
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Figure 2. The basic architecture of the agents.

input to an agent includes perceptual input regarding all objects an agent can see
in its visual field and all messages sent within its audible range. There is no noise
in perception, so it is assumed to be perfect. (Note that agents do not exactly share
their visual or audible fields as they cannot be at the same location simultaneously.)

The perceptual input is first sent to the categorisation module, where each
feature of each object is categorised with its nearest category. Categories are repre-
sented as predefined prototypes stored in the LTM in one-dimensional conceptual
spaces (Gérdenfors, 2000). Each conceptual space relates to some quality dimen-
sion, such as colour, shape, direction, etc. It is possible to specify which categories
are predefined and allow other categories to be acquired during development by
playing discrimination games similar to the ones described in (Vogt, 2005). In the
simulations reported here, the prototypes have a one-to-one relation among all
possible perceptual features of all objects in the visual field, and the discrimination
game has been switched off.

Since objects are perceived with different features (colour, shape, etc.), cate-
gorising an object results in a category set stored in the STM for further processing
by other modules. The categories of all objects in the visual field constitute the con-
text (Cxt). The context and interpreted messages are used by the control module
to decide on an action to take. These actions can fail if they are in conflict with the
‘physical laws of the environment (e.g., two agents cannot be at the same location
simultaneously).
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When communicating, the agents construct physically grounded symbols (i.e.,
the semiotic triangle). With respect to the current setup of the model, the referent
is a single perceptual feature of an object (e.g., a colour), the meaning is repre-
sented by its category and the form is a single word. For the moment we treat the
meaning as a representation that has no real function regarding the agents’ life
task, though interpreting a message can influence the next action of an agent as
determined by the controller.

We now explain the interpretation and production modules in more detail.
Since we assume that objects’ perceptual features are categorised with given pro-
totypes, we focus this explanation on how a shared lexicon can arise as part of the
social symbol grounding process.

Interpretation

The language interpretation module (LIM) processes all messages that an agent
receives. A message can consist of multiple words. For each word an agent receives,
the LIM searches the lexicon (stored in the LTM) for entries that match the word.
The lexicon is represented by two association matrices (Figure 3), one that main-
tains association scores 0. (0,1) and one that maintains a posteriori probabilities
p,= P(wi|mj) of finding word w,, given meaning m. The association scores contain
information about the association’s effectiveness as evaluated through feedback.
However, since we assume that feedback is not always provided, nor always accu-
rate, the agents also maintain the co-occurrence probabilities allowing for cross-
situational learning. The reason for using two types of scores is that earlier studies
have revealed that using the probability type score is less efficient (read slower) if
feedback is present, whereas using the association scores & i does not work well for
cross-situational learning (Vogt & Coumans, 2003).

When a hearer searches its lexicon, it selects the association matching the
heard word and of which the association strength strL; is highest. (If the word is
not in the lexicon, the interaction fails and the word is adopted as explained later.)
The association strength is a coupling between the two scores 0 and Py

strLij =0+ (1- oij)Pij. (1)
m my m, my
Wl 0—ll GIN Wl Pll PlN
Wiy | O N War | Pan Pun

Figure 3. A simplified illustration of the lexicon. The lexicon consists of two matrices as-
sociating meanings 1, with words w,. The left matrix stores association scores yn and the
right matrix stores co-occurrence probabilities P,
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This coupling assures that the association strength relies more on the association
score 0, if it is high (i.e., it has been effective in previous interactions); otherwise
strL, relies more on the co-occurrence probability Py

To establish joint attention, the speaker may have pointed to a target object o,
that relates to the message’s meaning M, which is constructed by the speaker (s) as
a subset of the target’s category set CS; (i.e., M, CS)). Suppose m; s the interpreta-
tion of one word (wj) from the message. To estimate the outcome of this interpre-
tation, the following steps are taken:

1. Ifan objectis pointed to, the context Cxt is reduced to the hearer’s category set
CS" of that target object. Now,
(a) it me CS’t’, the interpretation of word w;, is considered a success.
(b) if me CS’;, there are two possibilities:

i. The association score ;> ©® (where ®=0.8 is a threshold), in which
case it is assumed that the interpretation is correct, but the speaker got
it wrong.

ii. If 0,<0, the interpretation is assumed to be the hearer’s failure.

2. If no object is pointed to, and
(a) ;> ©, then the interpretation is considered a success. Otherwise,
(b) the agent will — with some probability — either assume success or assume

a hearer failure.

If the interpretation was considered a success for all words in a message, the con-
troller adds it to the STM for further processing. Note that for step 2, the target re-
lating to the interpreted meaning need not be in the hearer’s context, so the agents
can ground some knowledge about the environment without actually seeing it.

When the interpretation of all words has finished, the hearer may send a hard-
wired feedback signal to the speaker. This signal is sent with a probability pro-
portional to the socialness gene and inversely proportional to their social bond.*
This way, if the agent is social and does not know the speaker well, it is inclined to
provide feedback, which should allow further learning. The feedback signals that
can be sent are:

Success if the hearer considers the interpretation to be correct for all words.

2. Speaker-error if the hearer assumes the speaker to be wrong for at least one
word.

3. Interpretation-error if there is a hearer failure for at least one word or when the
hearer hears an unknown word.

Note that this feedback depends on the hearer’s estimation of the game’s outcome,
but the hearer may be wrong as it has no means of verifying exactly what the
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Figure 4. An illustration of the principle of contrast. Suppose the leftmost table shows the
lexicon containing the association scores before acquiring the word w, which is heard in
the context Cxt={m,,m,,m,}. Both w, and m, are added to the lexicon, where the associa-
tion scores of w, with meanings m, and m, are inversely proportional to the highest asso-
ciation scores already existing for these meanings, and the association with m, is highest,
since this meaning had no existing association.

speaker’s meaning of a word is. This is different from the guessing games used in,
for example, Steels et al. (2002), where the agents verify whether they refer to the
same target.

If a success feedback signal was sent, the used association scores o for both
agents are increased, while all competing association scores o;; (k=i or [=}, but
not both) are laterally inhibited. If an interpretation error signal was sent, both
agents also lower the association scores of the interpretation. In case of a speaker
error, only the speaker lowers the association score. In addition, in all cases the
co-occurrence probabilities P, of each word with all meanings in the context Cxt
(or CS ") are adapted accordingly. (For more details on these adaptations, consult
Divina & Vogt, 2006).

When interpretation is assumed to have failed or when a word is not in the
lexicon, the LIM adds this word w, to the lexicon in association with all categories
in the Cxt (or CS" in case the target was pointed to), provided the association does
not already exists. The frequency counters of these associations are set to 1 and —
to simulate the principle of contrast — the association scores 0, are initialised with:

0,= 1- maxi(cij))co, (2)
where maxi(oij) is the maximum association score that meaning m has with other
words w,, i#n and 0,=0.1 is a constant. This way, if the agent has already associ-
ated the meaning (or category) m; with another word w, the agent is biased to pre-
fer another meaning with this word (see Figure 4 for an example). It is important
to note that since the agents do not share their visual fields, the hearer may not
have seen the object relating to the word’s meaning, so the new acquisitions may
be wrong.

Production

When the LIM has finished processing, the control module will decide upon an
action to take using all categories resulting from the categorisation and language
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interpretation as input. So, the information acquired through interpreting a mes-
sage may influence this decision process.

Regardless of the action, the language production module (LPM) is started,
because even if the action is not to talk, the LPM may nevertheless decide to com-
municate about something. This happens with a probability proportional to its
socialness gene, provided the agent sees another agent. If the agent received an
‘interpretation error’ message, the LPM always decides to communicate about the
object it communicated about before, provided the object is still in the context,
but now the probability that the message is accompanied by a pointing gesture
is increased. If no interpretation error was received and the agent has decided to
communicate, a meaning is selected as follows.

First, a task complexity C, is chosen. The task complexity is a value that indi-
cates how many words the message will contain. C, is a value between 1 and 5 such
that the agent will tend to speak shorter sentences to younger agents and longer
sentences to older agents. The rationale is that shorter sentences are easier to inter-
pret by less skilled language users than longer sentences. Second, one target object
is selected randomly from the objects in the speaker’s visual field and the message’s
meaning M, is formed from selecting C, arbitrary categories from the category set
CS; relating to this target.

For each category, the LPM searches its lexicon for associations whose mean-
ing matches the category and for which the association strength strL;; (Eq. 1) is
highest. The associated word is then appended to the message. If a category has
no entry in the lexicon yet, a new word is created as a random string and the new
association is added to the lexicon. It is important to realise that agents are ‘born’
with an empty lexicon.

Once a message is thus constructed, the LPM decides, with a probability pro-
portional to its social bias, whether the agent will point to an object that directly
relates to the message’s meaning. So, the more social the agent is, the more likely
the speaker is to provide its audience with hints as to what it is referring to. This
can, thus, be seen as a form of affective interaction as part of external symbol
grounding (Cowley, 2006).

Experimental results

A number of experiments were done with the above model to investigate the ef-
fects of particular aspects of the learning mechanisms such as feedback, the prin-
ciple of contrast, pointing and cross-situational learning. To keep our focus on
these aspects, we switched off all evolutionary learning and individual learning
mechanisms.
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All experiments were run for 36,500 time steps, which is slightly longer than
an agent’s maximum lifespan. Agents were able to reproduce after they lived for
3,650 time steps, so the population size remained constant at the initial size of 100
during the first 3,650 time steps. Thereafter the population size increased slightly in
all simulations, but kept fluctuating on average around 110 agents. This is because
from that moment, many agents tended to die from their loss of energy expended
during reproduction (offspring receives 50% of their parents’ energy). Through-
out all simulations, about 20% of the population initiated a language game each
time step, so during one simulation — assuming an average population size of 110
agents — about 739,200 messages were sent. The agents tend to talk only in small
groups because of their spatial distribution. On average, 44% of all language games
were accompanied by a pointing gesture, in 12% of all games a feedback singal was
sent, and in 48% of all games neither pointing nor feedback was used.

The effectiveness of the language evolution was monitored with communica-
tive accuracy (or accuracy for short). Accuracy was measured at every 30 time steps
by dividing the total number of successful language games by the total number of
language games played during that period. A language game is determined suc-
cessful if the hearer interpreted the speaker’s expression with the exact intended
meaning (not the intended referent). We prefer to use the term communicative
accuracy rather than, for example, communicative success, because the interpreta-
tions need to yield intended meanings. Communicative success would be used if
success was evaluated based on identifying the intended referent irrespective of
the meaning representation. Since there is a one-to-one relation between meaning
and referent in the current setting, communicative accuracy implies communica-
tive success. For statistical purposes, all results we present are averages of 10 differ-
ent trials of each setting with different random seeds.

In all simulations, the agents were given 6 feature channels (out of a maximum
of 10) with which to detect 5 different types of objects having a total of 26 different
perceptual features.” This means that each object (except agents) was perceived
with 5 different perceptual features (colour, shape, characteristics, direction and
distance); agents were perceived with the additional feature of sex (either male or
female). So, if during a language game an object was pointed to, the a priori chance
of communicative accuracy is 1/5 (or 1/6). If no object was pointed to, the a priori
chance of accuracy was between 1/5 and 1/24 (or between 1/6 and 1/26), depend-
ing on the number of objects in the context.
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Figure 5. This figure shows the evolution of accuracy over time in the first experiment.

A first experiment

A first experiment was carried out with the model as described in the previous sec-
tion. Figure 5 shows the evolution of accuracy during this experiment. Accuracy
increased rapidly during the first 2,000 time steps to a value around 0.6. From then
on, accuracy remained more or less stable. Although accuracy did not reach a high
level (we discuss the reason why in the Discussion section), the system performed
better than expected.

Although the lexicons of individual agents increased to up to an average of
250 words, they tended to use far fewer words as some were heard perhaps only
once from an occasional contact with another agent. On average, the number of
words used by the whole population during the final 1,000 time steps was 50. This
means that — on average — only two different words were used by the population
to express a meaning. This is surprising, since during their lifetime, each agent
does not meet every other agent, nor are they likely to communicate with half of
the population frequently enough to align their lexicons through direct communi-
cation. Hence, the language seems to have diffused over the population. However,
given that individual lexicons contain an average of 250 words, there also may be
considerable language change, though many of these words could come from spo-
radic inventions by young agents and their use across the populations.
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Excluding learning mechanisms

In the second series of simulations, we varied the use of particular learning mech-
anisms by running experiments in which we switched off one of the following
learning mechanisms:

No feedback. In these experiments, the agents did not provide feedback signals.
As a result, the association scores 0, were never adapted, though their initial
scores were still initialised following Eq. (2).

No principle of contrast. In these simulations, the principle of contrast was
switched off (i.e., Eq. (2) was not used) and each novel association was ini-
tialised with the same association score g,

No pointing. In this setting, no message was accompanied by a pointing gesture,
so each context size was somewhere between 6 and 26, depending on the num-
ber of objects in the hearer’s visual field.

No cross-situational learning. In these simulations, the co-occurrence probabili-
ties P, were never updated. So strL; =0, which is only updated through feed-
back and the principle of contrast.

0.7 T T T T T
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[
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experiment type
Figure 6. This figure shows accuracy measured at the end of each set of simulations
for (A) the standard model and those that exclude either (B) feedback, (C) principle of
contrast, (D) pointing or (E) cross-situational learning. Error bars indicate the standard
deviations across different runs.
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Figure 6 shows the results of his experiment as measured at the end of each set of
simulations. For comparison, the results of the standard model used in the pre-
vious section are included. The graph shows that feedback and the principle of
contrast had little influence on the level of accuracy. A Wilcoxon rank sum test
has shown that the effect of removing the principle of contrast was more signifi-
cant (p=0.0177) than that of removing feedback (p =0.0526). We introduced feed-
back, because we believed that this would improve learning enough to allow for
damping of synonymy when adapting the association scores; a mechanism that
was shown to be important in cross-situational learning in large populations (De
Beule et al., 2006). We introduced the principle of contrast as an extra bias against
synonymy, and although the effect is small, it appears significant.

Pointing and cross-situational learning, however, had a large impact. Pointing,
of course, is used to reduce referential indeterminacy to the number of perceptual
features. Cross-situational learning then refines the learning of word-meanings.
Note that removing cross-situational learning does not reduce the model to the
guessing game, because the infrequent updates of the association scores are based
on unreliable feedback.

Discussion

In this paper we study social symbol grounding in a multi-agent simulation of a
relatively complex world. This study focuses on how a shared system of grounded
symbols can evolve based on a model that combines learning mechanisms such as
feedback, the principle of contrast, joint attention (through pointing) and cross-
situational learning. In this section, we discuss the experimental results, their im-
plications and some future work.

We have argued that the social symbol grounding problem is probably harder
than the physical symbol grounding problem (which is symbol grounding for an
individual), because of the referential indeterminacy problem (Quine, 1960) that
arises with the need for making conventions. The experiments have shown that to
acquire and understand the verbal communication of other individuals, partici-
pants of language games benefit from engaging in triadic behaviours such as joint
attention, because it reduces referential indeterminacy from all possible meanings
in the context to all possible meanings relating to the attended object.

This means that the social activity of engaging in joint attention is crucial for
this model. It is hard to generalise this finding to human societies, but since the
point at which infants start to use joint attention activities coincides with the start
of language use (Tomasello, 1999), joint attention skills seem crucial for social
symbol grounding in general.
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As mentioned before, pointing is not sufficient to eliminate all referential in-
determinacy, because an object has a number of perceptual features and — in this
model — a word refers to a single perceptual feature. (As the gavagai example il-
lustrates, this holds in general.) To deal with the remaining uncertainty of a word’s
meaning, cross-situational learning could be a crucial mechanism, as this, too, has
an significant impact on the success of evolving a shared lexicon in the model.

Although it has been shown mathematically that cross-situational learning
can work if the context size is relatively large (K. Smith et al., 2006), for large popu-
lations it has been shown that evolving a coherent lexicon is quite hard, even for
small context sizes (Vogt & Coumans, 2003). It must therefore be beneficial for
cross-situational learning if agents engage in joint attention activities as this re-
duces the effective context size.

Feedback and the principle of contrast have little influence in this model, but
it is even harder to validate these findings in general, because that would require
more comparative experiments using more controlled environments. Regarding
feedback, the small effect is most likely due to the fact that feedback does not make
use of a mechanism to evaluate the success of a language game reliably. Agents
only assume success if the association strength reaches a certain threshold. Feed-
back based on the evaluation of success, using explicit meaning transfer or ver-
ifying whether both agents have identified the same referent, has proven to be
very effective (Steels et al., 2002; Vogt & Coumans, 2003). Future extensions of
this model should therefore consider a means to evaluate successful interpretation
more reliably.

It is likely that the contrast implemented (i.e., the differences between initial
association scores) is too small, so that it only has an effect for a brief period. To
prolong that period, we need to enlarge the initial differences by using a larger
initial score o, in Eq. (2).

Although much better than chance, the level of accuracy reached in the ex-
periments (+60%) is far from optimal. It is hard to assess exactly why this is the
case, but we can identify at least two reasons why grounding a shared lexicon is
hard. First, a word does not always co-occur in a context containing its meaning,
because the hearer may not have seen the target object intended by the speaker.
The reason for this is that the speaker and hearer cannot be at the same location at
the same time (see Figure 7). Furthermore, the speaker does not check the hearer’s
orientation, so both agents may have completely different visual fields. This is no
problem if the hearer already acquired the word-meaning mapping reliably, but it
is harmful for learning. Previous tests have shown that when agents use explicit
meaning transfer (i.e., the exact meaning is provided to the hearer), accuracy in-
creases to 97% (Divina & Vogt, 2006).
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Figure 7. A possible situation for a language game. The two agents, A1 and A2 are inside
each other’s visual field (dashed arcs), but they do not share a context (i.e., visual field).
As a result, the hearer may not have seen the intended target. Note that this is a near ideal
situation; many situations will have more dissimilar contexts.

Second, because agents develop their own lexicon independently and from
scratch, different agents may create different words to express the same meanings,
so the maximum number of words created in a lexicon increases with the popula-
tion. The task for the population is then to reduce the number of words being used.
Such a reduction works well if the agents have a strong form of explicit meaning
transfer, but it becomes harder if there is no strict one-to-one bias between words
and meanings. We hope to improve accuracy in the future by incorporating the
one-to-one bias model introduced by De Beule et al. (2006).

The extent to which accuracy can be improved remains to be seen. We are
currently trying to improve the model by investigating the effect of changing pa-
rameter settings and modifying methods. We have described a different evalua-
tion mechanism for the feedback process, changing the initial association score
for improving the principle of contrast and the model of De Beule et al. However,
the effectiveness of the social symbol grounding process is not only realised by
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the learning mechanisms and the quality of non-verbal interactions, but also by
environmental constraints and population dynamics.

Regarding the former, we described the problems in sharing the context.
More sophisticated methods for checking the ‘focus’ of attention might be devel-
oped to improve setting a common ground. This way, an agent might take into
consideration what the other agent sees (and perhaps even knows). Hence, they
might need something like a Theory of Mind (Premack & Woodruff, 1978). In
addition, to allow better generalisations toward human societies, we need to per-
form comparative experiments using other platforms, such as the Talking Heads
simulator (Vogt, 2005).

Regarding the population dynamic, the world is a spatial environment and
agents are distributed over the entire world, though clusters (of agents and lan-
guage) may emerge in the population.® Since agents move around, they will en-
counter new agents who speak another language, which has a negative effect on
accuracy. The rate of population flow, their distribution in the world and the speed
with which they can move will influence accuracy. Interestingly, though, language
contact also seems to allow language diffusion (unless the language changes rap-
idly), which could explain how large language communities form. Further studies
should investigate more thoroughly what exactly is happening.

In future experiments, we plan to extend the simulations, such that they are
integrated with evolutionary, individual and social learning. Regarding the lat-
ter, we intend to extend the model with the social learning of skills where skills
are transmitted using language. To accomplish this, the agents will communicate
parts of their decision process as evaluated by their controller. As mentioned, the
controller is a decision Q-tree that can be adapted using reinforcement learning
(Gilbert et al., 2006). The idea is that agents adapt their DQTs by inserting new
nodes based on the heard decision process of other agents, thus allowing them to
align parts of their DQTs with those of others. This way, communicated meanings
become more meaningful regarding the agents’ survival, therefore surmounting
true (social) symbol grounding (Ziemke & Sharkey, 2001)

Conclusions

In this paper we explore how the social symbol grounding problem can be investi-
gated using large scale multi-agent systems to evolve social and other behavioural
skills to survive in a complex environment over extended periods of time. In par-
ticular, we investigate a novel hybrid model of language learning that involves joint
attention, feedback, cross-situational learning and the principle of contrast.



Social symbol grounding and language evolution

51

The experiments show that — although the system does not work optimally
— levels of communicative accuracy better than chance evolve quite rapidly in
this system. In addition, they show that accuracy is mainly achieved by the joint
attention and cross-situational learning mechanisms and that feedback and the
principle of contrast do not contribute much. However, further experiments using
different parameter settings, platforms and learning mechanisms are required to
generalise these findings.

The research to be carried out with the New Ties platform has only just started
and, to increase the number of related studies, the New Ties platform has been
made publicly available.” We encourage other researchers to use this platform —
which we think allows the study of symbol grounding in a social context — and
challenges will be published to set out benchmark experiments. One way to ex-
tend the current model is to allow populations using language to learn behavioural
skills from each other. This would take social symbol grounding to a higher level.
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Notes

1. New Ties stands for New Emerging World models Through Individual, Evolutionary and So-
cial learning. See http://www.new-ties.org.

2. Note that Peirce used a different terminology than that adopted here. He used object, inter-
pretant and representamen to denote what we call referent, meaning and form, respectively. The
adopted terminology is more common in modern cognitive science.

3. The current state of the project is that most parts have been implemented and tested, and
preliminary experiments are being carried out.

4. The social bond is based on the frequency with which two agents have interacted with each
other.

5. In Divina and Vogt (2006) we have investigated the effect of the number of feature channels
on the level of accuracy. The results have shown that, if the agents perceive up to 6 features, ac-
curacy evolves to a lower level and then more or less stabilises, because additional features, such
as age, are not always observable for some objects.
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6. Methods are being developed to discover clusters in the population regarding similarities in
language and controllers.

7. http://www.new-ties.org.
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How many words can my robot learn?

An approach and experiments with one-class learning
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This paper addresses word learning for human-robot interaction. The focus is on
making a robotic agent aware of its surroundings, by having it learn the names of
the objects it can find. The human user, acting as instructor, can help the robotic
agent ground the words used to refer to those objects. A lifelong learning system,
based on one-class learning, was developed (OCLL). This system is incremen-

tal and evolves with the presentation of any new word, which acts as a class

to the robot, relying on instructor feedback. A novel experimental evaluation
methodology, that takes into account the open-ended nature of word learning,

is proposed and applied. This methodology is based on the realization that a
robot’s vocabulary will be limited by its discriminatory capacity which, in turn,
depends on its sensors and perceptual capabilities. The results indicate that the
robot’s representations are capable of incrementally evolving by correcting class
descriptions, based on instructor feedback to classification results. In successive
experiments, it was possible for the robot to learn between 6 and 12 names of re-
al-world office objects. Although these results are comparable to those obtained
by other authors, there is a need to scale-up. The limitations of the method are
discussed and potential directions for improvement are pointed out.

Keywords: human-robot interaction, external symbol grounding, word learning,
one-class learning, experimental methodologies

Introduction

The robotics community is increasingly involved in designing and developing
user-friendly robots, that is, robots that are flexible, adaptable and easy to com-
mand and instruct (Breazeal & Scassellati, 2000; Chatila, 2004; Fong, Nourbakhsh
& Dautenhahn, 2003; Seabra Lopes & Connell, 2001b). A user-friendly robot must
be prepared to adapt to the user. This adaptation includes the capacity to take a
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high-level description of the assigned task and carry out the necessary reasoning
steps to determine exactly what must be done. Reasoning capabilities such as ac-
tion sequence planning or logical inference are, by definition, based on manipulat-
ing symbolic representations.

User-friendliness also includes understanding and using the communication
modalities of the human user. Spoken language is probably the most powerful
communication modality. It can reduce the problem of assigning a task to the ro-
bot to a simple sentence, and it can also play a major role in teaching the robot
new facts and behaviors. There is, therefore, a trend to develop robots with spoken
language capabilities (Levinson, Squire, Lin & McClain, 2005; Seabra Lopes, 2002;
Seabra Lopes, Teixeira, Quinderé & Rodrigues, 2005; Steels & Kaplan, 2002; see
also several reports in Seabra Lopes & Connell, 2001a).

This paper addresses word learning for human-robot interaction. The learn-
ing paradigm of choice for this work is one-class learning. An incremental learn-
ing system based on Support Vector Data Description (Tax, 2001) was developed
to support the grounding of word meanings. Given the open-ended nature of
word learning, this system is designed to support the concurrent/opportunistic
learning of an arbitrary number of classes/words. Through mechanisms of shared
attention and corrective feedback, a human user, acting as an instructor, can help
the robot ground the words used to refer to real-world office objects that it finds
in its environment. A novel experimental evaluation methodology is proposed for
word learning. This methodology took two main considerations into account. On
the one hand, word learning is an open-ended domain. On the other hand, an
agent’s vocabulary will be limited by its discriminatory capacity which, in turn,
depends on its sensors and perceptual capabilities. This methodology can be useful
for comparing the word learning capabilities of different agents and for assessing
research progress on scaling-up to larger vocabularies.

Situating the problem

Symbol and language grounding

Both reasoning and language processing involve the manipulation of symbols. By
symbol we mean a pattern that represents some entity in the world by association,
resemblance or convention. Association and resemblance arise from perceptual,
sensorimotor and functional aspects while convention is socially or culturally
established.
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The advent of computers encouraged people to start developing “intelligent”
artifacts, including artifacts with human-level intelligence (Turing, 1950). As rea-
soning and language are key components of intelligence, the first few decades of
research on artificial intelligence (AI) focused on first-order logic, semantic net-
works, logical inference, search techniques and natural language processing. Sym-
bol systems in AI were theorized by Simon and Newell in successive publications
since the 1970s, and became the dominant model of the mind in cognitive science
(see the survey and critical analysis of Anderson & Perlis, 2002).

These symbolic representations were amodal in the sense that they had no
obvious correspondence or resemblance to their referents (Barsalou, 1999). As
aspects related to perception and sensorimotor control were largely overlooked,
establishing the connection between symbols and their referents remained an
open issue. The problem of making the semantic interpretation of a formal symbol
system intrinsic to that system was called “the symbol grounding problem” (Har-
nad, 1990). Eventually, the limitations of classical symbolic AT led to a vigorous
reaction, generally known as “situated” or “embodied” Al and, in particular, to the
“intelligence without representation” views of Brooks (1991).

In the meantime, the resurgence of connectionism led various authors to pro-
pose hybrid symbolic/connectionist approaches. In particular, Harnad (1990) pro-
posed a hybrid approach to the “symbol grounding problem,” which consists of
grounding bottom-up symbolic representations in iconic representations (sensory
projections of objects) and categorical representations (learned or innate con-
nectionist functions capable of extracting invariant features from sensory projec-
tions). Elementary symbols are the names of these categories. More complex rep-
resentations are obtained by aggregating elementary symbols.

The increasing concern with perception and sensorimotor control, both in the
AT and robotics communities, was paralleled in cognitive science. Barsalou (1999)
develops a theory on “perceptual symbol systems,” which takes up the classical
(perceptual) view of cognition. A “perceptual symbol” is viewed as an unconscious
neural representation that represents some component of perceptual experience.
Related perceptual symbols become organized into a kind of category or concept,
called a simulator. The simulator is able to produce limitless simulations (conscious
mental images of members of the category) even in the absence of specific percep-
tual experience. Simulators can be aggregated in frames to produce simulators for
more complex categories. Linguistic symbols are viewed as perceptual symbols for
spoken or written words. As linguistic simulators develop, they become associated
with the simulators of the entities to which they refer.

Taking a broader perspective, Clark (1997) sees control of embodied action as
an emergent property of a distributed system composed of brain, body and envi-
ronment. However, Clark rejects radical anti-representationalist approaches and
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accepts the need for representations geared to specific sensorimotor needs. He also
emphasizes the importance of external scaffolding, that is, the support provided to
thought by the environment and by public language.

A distributed view on language origins, evolution and acquisition is emerging
in linguistics. This trend emphasizes that language is a cultural product, perpetu-
ally open-ended and incomplete, ambiguous to some extent and, therefore, not
a code (Love, 2004). The study of language origins and evolution has been per-
formed using multi-robot models, with the Talking Heads experiments as a nota-
ble example (Steels, 2001). Steels and Kaplan (2002) have reported a related robotic
approach to language acquisition. Given that language acquisition and evolution,
both in human and artificial agents, involve not only internal, but also cultural,
social and affective processes, the underlying mechanism has been called “external
symbol grounding” (Cowley, 2007a).

The symbol grounding problem was originally formulated as a problem of
formal symbol systems and classical AI (Harnad, 1990). However, most research
on symbol grounding has been taking place within cognitive science, usually with
a strong cognitive modeling flavor and, therefore, with concerns for psychological
plausibility (Cangelosi, 2005). However, it is becoming necessary to study symbol
and language grounding from an engineering perspective, that is, having in mind
the development of machines with reasoning and language skills suitable for prac-
tical applications. The main criterion here is no longer the psychological plausibil-
ity of the approaches but their utility. This is consistent with a modern view of AI,
which no longer concentrates on solving problems by simulating human intel-
ligence, but rather on developing practically useful systems with the most suitable
approaches.

Word learning

This paper addresses word learning with a motivation coming from the area of
human-robot interaction. Word learning is a basic language acquisition task and,
therefore, relies on external symbol grounding mechanisms. For artificial agents,
the problem is designing suitable mechanisms for this. Cognitive models and ro-
botic prototypes have been developed for the acquisition of a series of words or
labels for naming certain categories of objects. The next paragraphs provide an
overview of some of the main published models and prototypes.

Harnad, Hanson, and Lubin (1991, 1995) study categorical perception effects
(within-category compression and between-category expansion) with a three-lay-
er feed-forward network. The work involved the sorting of lines into three catego-
ries (“short,” “middle,” “long”). Plunkett and collaborators (Plunkett, Sinha, Moller
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& Strandsby, 1992; Plunkett & Sinha, 1992) use a dual-route connectionist archi-
tecture with auto-associative learning for studying language production and un-
derstanding. Retinal and verbal information were present in both input and output
layers, and the network had two hidden layers. After training, the network could be
used both for language generation (object category name, given visual perception)
and understanding (object visualization given the name). Sales and Evans (1995)
used a dual-route architecture based on “weightless artificial neurons” They claim
that their system can easily acquire 50 grounded nouns, although the demonstra-
tion is limited to three object categories (“apple,”“jar” and “cup”).

Roy and Pentland (2002) present a system that learns to segment words out
of continuous speech from a caregiver while associating these words with co-
occurring visual categories. The implementation assumes that caregivers tend to
repeat words referring to salient objects in the environment. Therefore, the system
searches for recurring words in similar visual contexts. Two-dimensional histo-
grams for multiple views for representing each object and a chi-squared distance
metric were used for comparing objects. Word meanings for seven object classes
were learned (e.g., a few toy animals, a ball.)

Steels and Kaplan (2002, see also Steels, 2001) use the notion of “language
game” to develop a social learning framework through which an AIBO robot can
learn its first words with human mediation. The mediator, as a teacher, points to
objects and provides their names. The robot uses color histograms and an in-
stance-based learning method to learn word meanings. The mediator can also ask
questions and provide feedback on the robot’s answers. Names were learned for
three objects: “Poo-Chi,” “Red Ball” and “Smiley” While Harnad (1990) argued for
bottom-up grounding of symbolic representations into categories, Steels and Ka-
plan show, with concrete robotic experiments, that unsupervised category forma-
tion may produce categories that are completely unrelated to the categories that
are needed for grounding the words of the used language. They therefore conclude
that social interaction must be used to help the learner focus on what needs to be
learned. This is in line with previous linguistic and philosophical theories, includ-
ing the Sapir-Whorf thesis (Talmy, 2000; for a related recent study, see Yoshida &
Smith, 2005).

Levinson et al. (2005) describe a robot that learns to associate meanings using a
cascade of hidden Markov models. After about 30 minutes of training, the robot is
able to associate linguistic expressions with four objects: a green ball, a red ball, a toy
dog and a toy cat. The linguistic expressions designate two abstract categories (“ani-
mal” and “ball”) and four concrete categories (“green ball,”“red ball,”“dog” and “cat”).

Yu (2005) studies, through a computational model, the interaction between
lexical acquisition and object categorization. In a pre-linguistic phase, shape (histo-
grams), color and texture (Gabor filters) information from vision is used to ground
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word meanings. After the application of PCA, Gaussian mixtures are used to cluster
the category description. In a later phase, linguistic labels are used as an additional
teaching signal that enhances object categorization. A total of 12 object categories
(pictures of animals in a book for small children) was used for experiments.

Greco, Riga, and Cangelosi (2003) study grounding transfer, that is, the pro-
cess of building composed symbolic representations from grounded elementary
symbols, as originally proposed by Harnad (1990). They present two simulations
based on connectionist architectures: one with four shape categories, four texture
categories and four composed categories, and the other with three color categories,
three shape categories and nine composed categories.

This survey includes quite different approaches, at all levels (e.g., embodiment,
teaching/mediation, complexity of the named objects, feature extraction, learning
method, number of training examples, learning time.). Nevertheless, they all seem
to be limited in the number of classes or categories that can be learned (this num-
ber varies between 3 and 12 in the cited works). This limitation seems also to affect
incremental/lifelong learning systems not specifically developed for word learn-
ing or symbol grounding. That is the case for Learn++ (Polikar, Udpa, Udpa &
Honavar, 2001) and EBNN (Thrun, 1996). Steels and Kaplan (2002) and Cangelosi
(2005) have already pointed out the need for scaling up the number of acquired
categories for symbol/language grounding.

As can be seen from the survey, researchers have focused on naming visu-
ally observable concrete objects. This will also be the focus of the present paper.
Interestingly, in the earliest moments of child language development, most of the
vocabulary consists of common nouns that name concrete objects in the child’s
environment, such as food, toys and clothes. The rest includes routine social
words, proper nouns, animal sounds, and almost no verbs or function words. The
over-representation of common nouns (and corresponding under-representation
of verbs) can be observed until the third birthday. Gillette, Gleitman, Gleitman
and Lederer (1999) show that the more imageable or concrete the referent of a
word is, the easier it is to learn. So concrete nouns are easier to learn than most
verbs, but “observable” verbs can be easier to learn than abstract nouns. In learning
words, children show several systematic attentional biases. For concrete solid ob-
jects, there is a bias towards generalizing object names to other instances based on
shape (Gershhoft-Stowe & Smith, 2004; Samuelson & Smith, 2005; Smith & Samu-
elson, 2006). Concerning developmental evolution, vocabulary starts with about
10 words around the age of one, increases to about 300 words in the second year
and continues increasing steadily until adolescence (Bates, Thal, Finlay & Clancy,
2002; Crystal, 1987). The average vocabulary for adults is in the order of several
tens of thousands. Early categories associated to words are often not consistent
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with the categories of adults. It has been observed that, in later lexical development
(ages of 5 to 14), categories are gradually reorganized to converge to the categories
of adults (Ameel, Malt & Storms, 2006).

Learning requirements

Language grounding is highly dependent on the techniques and methods being used
for learning. Learning a human language will require the participation of the human
user as teacher or mediator (Seabra Lopes & Wang, 2002; Steels & Kaplan, 2002).

A learning system in a robot should support long-term learning and adapta-
tion, as is common in animals and, particularly, in humans. For that purpose, the
learning system should exhibit several basic properties (Seabra Lopes & Wang,
2002), namely:

- Supervised — to include the human instructor in the learning process. This is
an essential property for supporting the external/social component of symbol
grounding.

- On-line — so that learning takes place while the agent is running.

- Opportunistic — the system must be prepared to accept a new example when
it is observed or becomes available, rather than at pre-defined times or accord-
ing to a pre-defined training schedule. This is another essential property for
complying with the dynamics underlying external grounding.

- Incremental — it is able to adjust the learned descriptions when a new example
is observed.

- Concurrent — it is able to handle multiple learning problems at the same time.

- Meta-learning — it is able to determine which learning parameters are more
promising for different problems, ensuring each problem is handled efficiently.

With respect to the specific learning technique or paradigm, symbol grounding
involves finding the invariant perceptual properties of the objects or categories
to which symbols refer (Barsalou, 1999; Harnad, 1990). This suggests that learn-
ing of symbol meanings should be (predominantly) based on positive examples.
Additionally, it should be noted that it is not easy to provide counter-examples in
open-ended domains like word learning. Learning from positive examples is the
basis for the one-class learning paradigm (Japkowicz, 1999; Tax, 2001), which was
adopted for the work described below, and in some previous work (Wang & Seabra
Lopes, 2004).
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Architecture

The whole system comprises two main components (Figure 1), namely the artifi-
cial agent (for historical reasons here called the Student) and its World (including
the human Instructor). The agent architecture itself consists of a perception sys-
tem, an internal lifelong learning and classification system (OCLL) and a limited
action system. At present, the action system abilities are limited to reporting the
classification results back to the Instructor. Since the current agent perceives and
acts on the physical world, it will also be referred to as a robot.

WORLD THE STUDENT
PERCEPTION SYSTEM OCLL SERVER
DATA
» FEATURE Sulelbicd=
SCENE p VISION | ) EXTRACTION ¢
-;l LEARNING
SYSTEM
. | RECENVE USER
”| INSTRUCTIONS
LEARNT
SVDDs
< ACTION SYSTEM
>
INSTRUCTOR SEND SYSTEM| ¢ CLAg?g:_I[E:\’«nTION
RESPONSE

Figure 1. System Architecture

Instructor and the world

The world includes the user, a visually observable area and real-world objects (e.g.,
pen, stapler, mobile, mouse) whose names the instructor may wish to teach. The
user, who is typically not visible to the robot, will act as instructor or mediator. As
instructor, he or she has the role of communicating with the robot. Using a simple
interface, the instructor can select (by mouse-clicking) any object from the robot’s
visible scene, thereby enabling shared attention. Then, the instructor can perform
the following actions:
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- Teach the object’s class name for learning

- Ask the class name of the object, which the robot will determine based on
previously learned knowledge

- If the class returned in the previous case is wrong, the instructor can send a
correction.

The student

The student robot currently is a computer with an attached camera.! The computer
runs the visual perception and learning/classification software as well as the com-
munication interface for the instructor. The tasks of the perception system include
capturing images from the camera, receiving instructions from the user (sending
objects for either learning or classification) and extracting object features from
images (Figure 1).

Once the user points the mouse to the desired object in the image, an edge-
based counterpart of the whole image is generated.”? From this edges image, the
boundary of the object is extracted taking into account the user-pointed position.?

The boundary image contains all pixels located at the boundary edges of the
object. Figure 2 illustrates the stated stages of pre-processing to extract the bound-
ary image of the object class Stapler. At this point, the instructor can check whether
the extracted boundary image adequately represents the object and decide wheth-
er to use it for learning or classification.

Objects should be described to the learning algorithm in terms of a small set
of informative features. A small number of features will shorten the running time
for the learning algorithm. Information content of the features will determine the
learning performance. For visual object recognition in an artificial/robotic sys-
tem, it seems crucial that features capture the object’s shape. As mentioned earlier,
children show a strong attentional bias towards shape when learning names of
artifacts. Moreover, shape should be captured independently of position and ori-
entation in the scene.

Figure 2. Image pre-processing stages in extracting the boundary of the object Stapler

from the original image.
(Left: the original scene; center: the edges image; right: the boundary image of Stapler)
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To meet these requirements, a feature extraction strategy was devised that cap-
tures the variation of the distance of boundary pixels to the center of the object.
For this purpose, the smallest circle enclosing the object is divided into 36 sections
of 10°. Each section i contains a number of boundary pixels with angle 6, such
that 10x (i—1) < 6, < 10x . The average distance of these pixels to the center of
the circle, a radius R, is computed. Based on the R; values, the following features
are then computed:

- Radius average, R — the average of all R..

- Radius standard deviation, S — again computed over all R..

—  Normalized radii, r,— this is a vector containing the normalization of all R,
values with respect to the average radius R, but rotated to make it orientation-
invariant. It is computed in two steps:

- First, the normalized values are computed as r,=R/R.

- Then, all values are rotated in the vector in such a way that highest values
are at the center, according to a local average measure. Specifically, a given
section i will be at the center if the average of all values T with j=i—4,...,
i+4,is the highest.

- Normalized radius standard deviation, s — computed over all r,

- Block averages, B, — the normalized radius values are divided into six blocks;
for each block k, where k=1, .., 6, B, is defined as the average of all r, values, for
i=(k-1)x6+1,...,kx6.

This feature extraction strategy provides 45 features to the learning algorithm. The
first 2 features (R and S) provide size information. The remaining 43 normalized
features capture the shape of a segmented object, invariant to its size, translation
and rotation. Figure 2 (left) shows a scene with three objects (a stapler,a pen and a
ball). Figure 3 shows the normalized radius vectors for the three objects.

This method is an original proposal of the authors; one of its main advantages
is that it is simple to implement. The histogram approach of Roy and Pentland
(2002), of which we were initially unaware, although quite different, also seems
straightforward to implement. We intend to compare the two approaches in the
near future.

The communication between the student robot and human instructor is sup-
ported by the perception and action systems (for instructor input and robot feed-
back, respectively). At present, the communication capabilities of the robot are
limited to reading the teaching options (teach, ask, correct) in a menu-based in-
terface and displaying classification results. In the future, simple spoken language
communication will be supported.
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Figure 3. Normalized and rotated radius feature vectors for the three objects in Figure 2

Learning and classification capabilities are provided to the agent using a cli-
ent-server approach. A new learning server, implemented as a separate process,
performs both lifelong learning and classification as requested by the user. Its im-
portance in this work is shown in the next section, which presents its design and
functionality.

One-class lifelong learning

As mentioned above, one-class learning is an interesting candidate learning par-
adigm for such an open-ended domain as word learning. Tax (2001) describes
and experimentally compares a large number of methods from the perspective of
one-class learning, including Parzen density estimator, nearest neighbor, autoas-
sociators, SVDD, LVQ, PCA, SOM, k-means and k-centers. One of the preferred
methods is Support Vector Data Description (SVDD), a method that shares its
foundations with the support vector classifier (Vapnik, 1995). It shows one of the
best performances, provided that the training instances are not too few (e.g., less
than 10). Usually, the performance on the training set is a useful indication of the
performance on the test set. The performance is especially good when the training
distribution is different from the target distribution. Furthermore, SVDD is par-
ticularly good at avoiding overfitting. Finally, the evaluation time is very small. We
therefore selected SVDD as the base for the developed OCLL* system.

OCLL decomposes into two concurrent threads of processing (Figure 4). The
main thread, supports communication with the learning client (the agent) and also
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runs the classification routines. The other, the learning thread, determines learn-
ing parameters and runs the SVDD algorithm. Having separate threads for learn-
ing and classification allows the OCLL server to execute client requests for clas-
sification and save new data for learning, while the learning thread concurrently
handles learning.”

LEARNING THREAD
MAIN THREAD
| WAIT UNTIL
goo-mmmmeenan- » THERE IS MORE
CHECK CLIENT ! : DATA FOR
MESSAGE | LEARNING
Ll
1
: :
! DEFINE
! PARAMETER
REQUEST ] CONFIGURATIONS
FOR :
i
CLASSIFICATION ! Y
i SELECT BEST
| PARAMETERS

CONFIGURATIONS

y X USING 10-FOLD

CLASSIFICATION STORE DATA CROSSVALIDATION
ROUTINE FOR LEARNING
GENERATE SVDD
v WITH BEST
RETURN RESULTS PARAMETERS
TO CLIENT l
STORE THE

LEARNED SvDD

- 3

Figure 4. Flow chart of OCLL (dashed line indicates sequencing across the two different
threads)

Learning

In the normal case, SVDD is trained only with positive instances of the target
class. It tries to form a hypersphere around the data by finding an optimized set of
support vectors. These support vectors are data points on the boundary of a hyper-
sphere whose center is also determined through optimization. The hypersphere’s
center is assumed to represent the center of the data distribution itself. If outliers
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(negative instances) are available, they add to the performance of SVDD since,
during optimization, an even tighter boundary around the data can be obtained.
An introduction to SVDD’s underlying mathematics is given in the Appendix.

The configuration parameters to be supplied to the SVDD algorithm are the
percentage of training objects that can be considered as outliers (for better bound-
ary description and over-fitting avoidance), FRACRE], and the width parameter
of the Gaussian kernel, s (used to map the data into a more suitable space). OCLL
tries several values of FRACRE] and s and uses those with the highest performance
for learning the final class description.

In the current implementation of OCLL, values of FRACRE] range from 1% to
11% of the training data, with an interval of 2%. This means that a total of 6 values
will be tested. The maximum and minimum distance between any two training
objects determines the range of values of the width parameter (for a thorough
explanation on the range of values and the choice of s refer to Tax, 2001):

min”xi—xj" <s< max”xi—xj"

Since the magnitude of object features can vary significantly, the above range of
values of s is divided into 10 parts on a logarithmic scale. This leads to 11 pos-
sible s values. In total, there are 66 combinations of values of FRACRE]J and s for
evaluation.

OCLL performs cross-validation to determine the best configuration. Specifi-
cally, for each parameter setting, 90% of the examples (randomly selected) are used
for training and the remaining examples are used for performance evaluation. This
is repeated 10 times, and the average performance is retained.® The following per-
formance measure, which combines precision and recall values, is used:

2-P-R

P+R
where, P=CTP/TP is precision, R= CTP/TE is recall, CTP is the number of correct
target predictions, TP is the number of target predictions and TE is the number of
target examples.

As mentioned previously, learning is incremental and supervised. Thus, when
an object is misclassified, the instructor has the option of providing the correct
class, so that class descriptions can be improved. Misclassification in this case can
be of two types: either the object is inside the hyperspheres of several classes and
OCLL chose the wrong class, or the object is outside the hyperspheres of all known
classes. Given a correction from the user, OCLL will identify and retrain the class
descriptions needing correction. Specifically, OCLL will add the misclassified ob-
ject as outlier for retraining the classes whose hyperspheres contain the object.
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Classification

In the standard application of SVDD class descriptions, a new object is classified
as belonging to the target class if it is determined to be inside the hypersphere of
the class. Using this criterion in OCLL, more than one class or none of the classes
might be identified as the target, and a classification decision would be impos-
sible to make. For this reason, a more suitable criterion has been adopted. In par-
ticular, a distance metric, called “Normalized Distance to the Center” (NDC) was
introduced. For a given object z, NDC(z) is the distance of z to the center of the
hypersphere given as a fraction of its radius. It captures the relative closeness of the
object from the center of each class and, therefore, enables comparison of its mem-
bership to different classes. For a particular class, the lower the value of NDC(2),
the closer the object is to the centre of that class. Of all the classes that have been
learned, the one with the lowest NDC(z) will be considered as best class candidate
for object z. However, if the lowest value of NDC(z) is greater than 2.0, the object is
considered to be clearly outside any of the current class descriptions and thus not
belonging to any class.

Experimental methodology

The word learning research surveyed above has some common features. One of
them is the limitation on the number of learned words: the described approaches
have been demonstrated to learn up to 12 words.

The other common feature is the fact that the number of words is pre-defined.
This is contrary to the open-ended nature of the word learning domain. Then,
given that the number of categories is pre-defined, the evaluation methodology
usually consists of extracting certain measures on the learning process, such as
semantic accuracy (Roy & Pentland, 2002), classification success (Steels & Kaplan,
2002), word-meaning grounding accuracy and object categorization accuracy (Yu,
2005). Some authors plot this type of measures versus training time. As the num-
ber of words/categories is pre-defined, the plots usually show a gradual increase
of these measures and the convergence to a “final” value that the authors consider
acceptable.

Robots and software agents are limited in their perceptual abilities and, there-
fore, cannot learn arbitrarily large numbers of categories, particularly when per-
ception does not enable the detection of small between-category differences. The
following aspects of a long-term category learning process should therefore be
considered:
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- Evolution: Depends on the ability of the learner to adjust category representa-
tions when a new word is introduced.

- Recovery: The discrimination performance will generally deteriorate with the
introduction of a new word. The time spent in system evolution until correct-
ing and adjusting all current categories defines recovery. Recovery is based on
classification errors and corresponding corrective feedback.

- Breakpoint: Inability of the learner to recover and evolve when a new category
is introduced.

A well-defined teaching protocol can facilitate the comparison of different ap-
proaches as well as the assessment of future improvements. With that in mind,
along with the evolution, recovery and breakpoint aspects just described, the
teaching protocol of Figure 5 is proposed.

introduce Class,j;

n=1;
repeat
{
introduce Class,;
k=0;
repeat
{
Evaluate and correct classifiers;
k<k+1;

} until ( (average precision > precision threshold and k>#) or
(user sees no improvement in precision) );
n<n+l;
} until (user sees no improvement in precision).

Figure 5. Teaching protocol used for performance evaluation

This protocol is applicable for any open-ended class learning domain. For every
new class the instructor introduces, the average precision of the whole system is
calculated by performing classification on all classes for which data descriptions
have already been learned. Average precision is calculated over the last 3 x  classi-
fication results (n being the number of classes that have already been introduced).
The precision of a single classification is either 1 (correct class) or 0 (wrong class).
When the number of classification results since the last time a new class was intro-
duced, k, is greater or equal to n, but less than 3 x 1, the average of all results is used.
The criterion that indicates that the system is ready to accept a new object class is
based on the precision threshold. However, the evaluation/correction phase con-
tinues until a local maximum is reached.
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Experimental results

Experiments were conducted according to the protocol proposed above. The set
of words (object category names) and the set of training objects were not estab-
lished in advance. As categories were learned, new objects were fetched from the
surrounding office environment and used to introduce new categories. In the first
experiment (already presented in Seabra Lopes & Chauhan, 2006), new categories
were introduced in the following sequence:

Pen - 5 different pens were used for teaching
Stapler - 1 object of this class

Ball - 2 circular objects

Mobile - 3 objects

Key - 2 objects

Box - 2 objects

TiltedCup - 1 object

Rubber - 1 object

CoffeeCup - 1 object

StapleRemover - 1 object

In later experiments, these objects and categories were used again, in different se-
quences. In some experiments, it was possible to introduce two additional catego-
ries, bringing the total to 12:

ScrewDriver - 1 object
Plug - 1 object

Figure 6 shows instances of the used object classes. Natural light variation sig-
nificantly affects the quality of the images collected from the camera, because the
scene is just in front of a window.

Obtained results are graphically presented in Figures 7 and 8. They respec-
tively show the evolution of classification precision and learning efficiency against
the number of question/correction iterations. Efficiency is defined as the ratio be-
tween the obtained classification precision and the precision of a random classifier.
In each iteration, the precision of the random classifier is computed based on the
number of currently introduced classes. Points of high instability of the measures
in Figures 7 and 8 in most cases indicate the introduction of a new class.

Classification for an object of the first class (pen) was correct in the first at-
tempt. This means a single iteration was enough to reach a precision of 100%.
Similarly, for the second class, in the minimum number of iterations (at least n
iterations for n classes, as defined above) maximum precision was obtained. On
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Figure 6. Instances of object classes used in experiments

the introduction of the third class (ball), although starting at 100%, precision
continuously dropped to 50%, before it recovered to a value above the threshold.”
For the next classes, the pattern remained similar: precision degrades at the intro-
duction of the new class and then recovers after a number of question/correction
iterations.

On the introduction of the 10th class (staple remover), precision started at
100%, then dropped to values between 20% and 50%, remaining there for many
iterations. As can be seen at the end of the graphs of Figures 7 and 8, classifica-
tion precision and learning efficiency seem to have stabilized. No considerable
improvement in these measures could be noticed over time. Here the instructor
concluded that, on the extracted set of features and for the above set of classes, the
learning capacity of the student had reached its breakpoint.

It should be noted that, most of the time, learning efficiency is above 2.0, and
its average is 4.3. This means that precision is significantly above the random clas-
sifier precision throughout the whole experiment. Another important observation
can be made. While classification precision seems to follow a decreasing trend as
the number of introduced classes increases, learning efficiency follows an increas-
ing trend almost until the breakpoint class.

In OCLL, each correction leads to the introduction of new positive and nega-
tive examples. For each new class introduced, Figure 9 shows the total number
of outliers and positive examples added to the system to achieve the precision
threshold. It can be seen from this figure that introduction of the last two classes
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Figure 7. Evolution of classification precision versus number of question/correction
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Figure 8. Evolution of learning efficiency versus number of question/correction itera-
tions

adds high numbers of outliers as well as positive examples. In comparison to the
initial eight classes, the number of misclassifications after the 9th class was intro-
duced shows a substantial increase. In other words, it became increasingly difficult
for the system to reach the precision threshold. Eventually, on the 10th class the
system reached its breakpoint. A collective analysis of Figures 7-9 shows an as-
sociation between the number of iterations required for reaching the precision
threshold and the number of outliers and positive examples needed before the
system reached the precision threshold. For the first eight classes, the system shows
fast evolution of precision and efficiency. The number of examples and outliers
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Figure 9. Number of outliers and positive examples added after each new class was intro-
duced in the experiment of Figures 7-8

that was necessary to add after introducing those classes are also relatively few.
On the other hand, for the 9th and 10th classes, it took a long time to reach the
precision threshold (not achieved after introducing the 10th class) and the number
of outliers and target examples introduced to the system showed a sharp increase.

Table 1 shows the number of outliers and positive examples stored for each
class after the system reached the breakpoint. As can be observed, the number of
outliers in some classes (Box and TiltedCup) far outweighs the number of target

examples.

Table 1. Final number of target and outlier examples in each class (for the experiment of

Figures 7-8)

Object class Target Outliers
Pen 17 18
Stapler 24 1
Ball 30 7
Mobile 27 1
Key 22 1
Box 14 49
TiltedCup 17 40
Rubber 24 1
CoffeeCup 19 1
StapleRemover 14 9
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Figure 10. Evolution of average classification precision in the performed experiments.

The horizontal axis is the number of question/correction iterations and vertical axis is
precision. The number of introduced words is respectively: 10, 12, 6, 12,7 and 7 (Figure 7
and then Figure 10 from top to bottom)
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Tax (2001) observed that introducing a few outliers to the training data results in
better class descriptions for one-class classifiers, but introducing too many dete-
riorates learning performance. For the first introduced classes, classification preci-
sion improved very quickly, which supports the idea that, when using few outliers,
SVDD class descriptions do describe the data better than just with positive in-
stances. However, in the long run, the number of outliers in the training data may
become higher than the number of target examples. This may also limit the num-
ber of classes that the system will be able to learn.

The experiment was repeated several times (Figure 10). The object classes (and
therefore the words) were the same, although some of the instances were different.
The experimental set up also varied slightly, since the camera is now at a greater
distance from the objects, which implies less resolution. In the first three of these
experiments, the same sequence of introduction of new classes was used. Break-
point was detected after 6 introduced classes in one case (109 iterations) and after
12 classes in the other two cases (239 and 279 iterations). Two additional experi-
ments were carried out for different (randomly generated) sequences. In both, it
was possible to reach only 7 classes (203 and 217 iterations). These experiments
(Figure 10) are in line with the observations already discussed for the initial ex-
periment.

Summary and discussion

This paper addresses word learning for human-robot interaction. Instead of fol-
lowing a computationalist approach strictly focused on finding invariances for cat-
egory learning, a more integrational approach was adopted, which is in line with
previous work in our group (Seabra Lopes, 2002; Seabra Lopes & Connell, 2001b;
Seabra Lopes et al., 2005). In this approach, the robot’s user is explicitly included
in the language acquisition process. Through mechanisms of shared attention and
corrective feedback, the human user, acting as instructor or mediator, can help
the agent ground the words used to refer to objects that it finds in its environ-
ment. This is consistent with current views on distributed cognition, distributed
language and external symbol grounding (Cowley, 2007a).

The present work was carried out with a particular concern for the fact that word
learning is an open-ended domain. This means it cannot be realistic to address the
problem as if there is a pre-defined set of words, although that is the typical approach
to the problem. A vocabulary can grow as long as the perceptual and cognitive abili-
ties of an agent allow it to grow. In characterizing vocabulary growth, aspects of evo-
lution of category representations, recovery from confusion after the introduction
of new words and breakpoint are important. Based on these considerations, a novel
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experimental methodology was proposed for evaluating a word learning method,
from the first acquired words until the limits of the method. This methodology can
be useful for comparing the word learning capabilities of different agents as well to
assess research progress with respect to scaling-up to larger vocabularies.

While not strictly focused on the problem of finding invariances for category
learning, this problem was addressed with a new approach based on the one-class
learning paradigm and, in particular, on support-vector data descriptions. More
importantly, the learning aspects were also addressed at a more integrational level.
A learning module, OCLL, acting as “learning server” for category formation and
evolution, was implemented and integrated in the agent. The way OCLL works has
several important properties: It is supervised, on-line, opportunistic, incremental,
concurrent and capable of meta-learning. Since all of these properties are required
for the learning computations, some of them (e.g., supervised, opportunistic) are
crucial to support the dynamics of external symbol grounding.

The proposed experimental methodology was used to evaluate the perfor-
mance of the agent on learning the names of several real-world office objects.
From the conducted experiments, it can be concluded that the agent has the ability
to incrementally evolve to include each new word presented. Classification preci-
sion falls after the introduction of new words, but quickly recovers by correcting
the classifiers so that the boundaries of the respective class descriptions get modi-
fied to separate out all the different classes.

As the number of words increases, the training becomes more difficult and
some class descriptions have to be corrected many times before the precision
threshold is achieved. Eventually, the learning capacity of the agent reaches its
breakpoint. In the different runs of experiments, this happened between the 6th
and the 12th word. Although the different published works on word learning are
not directly comparable to each other or to the above presented work (due to their
many specificities), the results reported above are comparable to results previously
reported by others with respect to the number of learned words.

These results raise several issues for discussion. The main issues are concerned
with the existence of a breakpoint in the word learning capacity of a robot. The
existence itself seems easy to accept. Robots are limited in their perceptual (sen-
sors, sensor fusion, active sensing) and sensorimotor abilities and, therefore, can-
not learn arbitrarily large numbers of categories, particularly when perception and
action do not enable them to detect small between-category differences.

The fact that the breakpoint occurs no later than the 12th word is more prob-
lematic. A robot with such a limitation will not be of any use in environments that
require language-based interaction with users. Why can’t these systems learn more
words and categories? In particular, why can’t they learn more concrete object cat-
egories and names?
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A combination of the following factors may explain the limitation:

- sensor limitations

- lack of active sensing/animate vision

- lack of physical interaction with the target objects

- lack of consideration of the affordances of objects

- limited interaction between the learning agent and the human caregiver
- inappropriate perceptual abilities and representations

- inappropriate category learning methods.

With respect to sensing, our agent is very limited. A single camera enables percep-
tion of target objects, and it remains in a fixed position over the objects. There is no
possibility either for active/animate sensing or for sensorimotor experience with
the objects. This limitation is common to most existing prototypes and models.
The most notable exception is reported by Roy and Pentland (2002), who use a
robotic arm and a turn-table to capture multiple views of each object. None of the
surveyed systems uses physical interaction with objects to categorize them.

Moreover, because of these limitations, neither our system nor the surveyed
systems are able to take into account the affordances of objects, that is, the ac-
tions and uses that they afford. Interestingly, an early explanation for the shape
bias, observed in children when learning concrete object names, was based on the
conjecture that shape would be a strong determiner of affordances (Rosch, 1973).
This is currently a subject of investigation (Gershhoff-Stowe & Smith, 2004). Gib-
son (1979) also stressed the importance of affordances in visual perception. An
early robotic model that categorizes affordances (the produced categories are here
called proto-symbols) and uses them to guide navigation was described by Mac-
Dorman, Tatani, Miyazaki and Koeda (2000).

Our approach explicitly includes the human user as instructor or mediator
for the word learning process. However, in the current version, the initiative for
interaction between the instructor and the artificial agent is always on the instruc-
tor’s side. In the foreseeable future, we intend to integrate a robotic arm into the
agent and assign it goals. In this richer scenario, the agent may also wish to ask
for instructor’s help to the language acquisition process. This results in a mixed-
initiative interaction that allows for dual control and mutual gearing, as observed
in the relation between infant and caregiver (Cowley, 2007a, 2007b).

The limitations discussed so far are concerned with the “external” component of
language acquisition and symbol grounding. Meanwhile, the internal mechanisms
should also be significantly improved. The learning approaches that have been used
until now in most systems are either connectionist or instance-based. In the work re-
ported above, one-class learning with support-vector data descriptions was used. All
these approaches take as input collections of feature vectors representing training
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instances. However, it has been pointed out that feature vectors are not always the
best representation for learning (Aha & Wettschereck, 1997). This is particularly the
case when instances can be split into components leading to a structured/relational
representation. Object categorization based on shape, as we have implemented (and
is the key bias in children as well), could be better handled with relational instead of
vector-based representations. That is also the assumption underlying the cognitive
theory of recognition-by-components (Biederman, 1987). These ideas link to some
of the literature on symbol systems and symbol grounding. For instance, the theory
of “perceptual symbol systems” (Barsalou, 1999) emphasizes that a perceptual sym-
bol represents a schematic component of a perception, and not a holistic experience.
Also, the “Symbolic Theft Hypothesis” (Cangelosi & Harnad, 2000) emphasizes that
complex categories can be learned more efficiently from more basic categories than
directly form sensor data. Based on all these considerations, we believe that adopting
component-based/relational representations is a promising research path. In this
approach, more complex, composed categories would represent individual physical
objects instead of primitive categories, as is usually the case.

As can be seen from this discussion, there is plenty of work for the robotics,
AT and cognitive science communities concerning the development of artificial
agents able to acquire extended vocabularies. Our own work will focus on improv-
ing the internal mechanisms, as well as extending the sensorimotor and interac-
tion capabilities of the robot.

Notes

The Portuguese Research Foundation (FCT) supported this work under contract POSI/SRI/
48794/2002 (project “LANGG: Language Grounding for Human-Robot Communication”),
which is partially funded by FEDER. The authors would like to thank Stephen Cowley, Karl
MacDorman and Armando Pinho for enlightening discussions and anonymous reviewers for
many constructive and helpful comments.

1. An IEEE1394 compliant Unibrain Fire-i digital camera is being used.

2. The implementation of the canny algorithm, from the publicly available openCV library of vi-
sion routines, is used for edge detection. Other openCV functions have been used in the imple-
mentation. See http://www.intel.com/technology/computing/opencv/index.htm.

3. This is performed using a region growing algorithm.
4. The name derives from “one-class lifelong learning”

5. The OCLL server is a C++ program which runs as a single Linux process divided into two
threads. An implementation of SVDD for MATLAB is in the dd-tools toolbox (Tax, 2005) pub-
licly available at http://www-ict.ewi.tudelft.nl/~davidt/dd_tools.html. Therefore, in practice, the
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SVDD algorithm runs in a separate MATLAB-based process on request of the learning thread
of OCLL. The main thread saves any new training data in a file and informs the learning thread
to process it. When there is no new data to process, the learning thread is waiting on a sema-
phore. When new data is received, the learning thread calls SVDD on the MATLAB process and
waits until SVDD returns. The MATLAB process stores the learned class description in a file.

6. For this reason, the instructor must provide at least 10 examples for learning to start.

7. In these experiments, the precision threshold was set to 0.667. This ensures that, in a stable
situation, there will be at least twice as many correct answers as incorrect answers, which intui-
tively appears to be a suitable baseline for acceptable performance.
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Appendix — Mathematical background

SVDD forms a hypersphere around the data by finding an optimized set of support vectors.
These support vectors are data points on the boundary of a hypersphere whose center is also
determined through optimization. The optimization process, that determines the center and
support vectors, attempts to minimize two errors:

- Empirical error — percentage of misclassified training samples.

- Structural error — defined as R?, where R is the radius of the hypersphere, must be
minimized with respect to center a and constraints " X;—a " 2< R for every training
object x.

In the ideal case (no noise), all training objects can be included in the hypersphere and therefore
the empirical error will be 0. In practical applications, however, this may result in over-fitting.
Better results can be obtained with not much extra computational expense if a kernel is in-
troduced to get a better data description (Tax, 2001). In addition, if a set of outliers (negative
instances) is known, it adds to the performance of SVDD since, during optimization, an even
tighter boundary around the data can be obtained. From (Tax, 2001), the final error L to be
optimized is given as:

L= ;aiK(xi, xj) - %aiajK(xi, xj)
with the following constraints on Lagrange multipliers:

Vi, 0 < a,<C

Yo,=land a=Yayx,
C gives the tradeoft between the volume of the description and the errors. The kernel K maps
the data into a more suitable space. Although the choice of kernel is data dependent, in most ap-
plications a Gaussian kernel will produce good results. Tax (2001) gives a thorough explanation
of the performance benefits of this kernel. It is defined as:

_lxi_x'|2
K(x;, x;) =exp —LSZ

where s is the width parameter of the kernel.

Class descriptions provide the support vectors and their respective «; and s. In the
standard application of SVDD class descriptions, the criterion for classifying any new object z as
target is:

2a.K(z,x,) > % (B-R)?

where, B=1+ ZaiajK(xi, xj) and R is the radius.
In OtLL, given the need to decide which class is more suitable for a particular in-
stance, it was necessary to define the following normalized distance metric:

B—ZthiK(z,xi)
NDC(z) = d
R
NDC (Normalized Distance to the Center) is the distance of an object z to the center of the
hypersphere given as a fraction of its radius R.
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Taking a distributed view of language, this paper naturalizes symbol grounding.
Learning to talk is traced to — not categorizing speech sounds — but events
that shape the rise of human-style autonomy. On the extended symbol hypothesis,
this happens as babies integrate micro-activity with slow and deliberate adult
action. As they discover social norms, intrinsic motive formation enables them
to reshape co-action. Because infants link affect to contingencies, dyads develop
norm-referenced routines. Over time, infant doings become analysis amenable.
The caregiver of a nine-month-old may, for example, prompt the baby to fetch
objects. Once she concludes that the baby uses ‘words’ to understand what she
says, the infant can use this belief in orienting to more abstract contingencies.
New cognitive powers will develop as the baby learns to act in ways that are
consistent with a caregiver’s false belief that her baby uses ‘words’

Keywords: agency, distributed cognition, distributed language, early child
development, epigenetic robotics, intersubjectivity, language acquisition,
symbol grounding

Introduction

Church, Turing and Chomsky emphasised resemblances between human ut-
terances and formal symbol strings. By focusing on syntax, they found striking
parallels between language users and physical symbol systems. In the long run,
however, recognition of semantic differences led to the demise of purely sym-
bolic models. First, since form-based simulations throw no light on understand-
ing (Searle, 1980), they are of limited use in modelling mind. Second, in spite of
Turing’s (1950) exhortations, it is difficult to design machines that learn linguistic
forms. As a consequence, the external grounding of understanding has come to be
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recognised. To solve the symbol grounding problem (SGP), representations must
connect with both classes of referent and the appropriate word-forms (Harnad,
1990). While some action needs no symbols (e.g., Brooks, 1999), agents that inter-
act with an environment can develop symbol-systems that give flexibility to their
perception and action. Much can be gained from using action-guided representa-
tions (Anderson, 2003a, 2003b).

In their review of attempts to solve the SGP, Taddeo and Floridi (2005) con-
clude that representational, semi-representational and nonrepresentational mod-
els can all make symbols seem value-laden. However, this impression relies on hu-
man interpretation, because the manipulation of the symbols is hard-coded. This
“semantic commitment,” they conclude, means that the SGP remains unsolved.
Even less progress has been made in mapping symbols to verbal patterns. To
ground formal properties of a burst of speech (e.g., pferd), agents need to catego-
rise human expression.! It is, however, difficult to derive word-forms from natural
speech. Further, when approached from a practical perspective (Seabra Lopes &
Chaudhun, 2007) words and perception are dealt with together. Simpler solutions,
it seems, use human teaching rather than categorisation. Further, it has been found
that formal patterns can warp the perception of even artificial agents (e.g., Cange-
losi et al., 2002; Steels & Belpaeme, 2005). Today, therefore, there is growing inter-
est in semiotic approaches which, it is hoped, can overcome the limits of formal
modelling.

Naturalising symbol grounding

Instead of focusing on the logic of symbol grounding, I aim to naturalise the prob-
lem. By taking a developmental view, I show how infants ground action-guided
representations into language in its broadest sense. While working conceptually,
my objective is to encourage engineers to build language-using robots. In reinter-
preting empirical work, I trace human symbol grounding to the agent’s history of
co-ordinating with others. Thus, newborns have become quite different kinds of
agents by the time have developed into infants who are able to ground representa-
tions into objects. This agency is further transformed by the time that they come to
hear utterances as ‘words’ As agency changes, moreover, so do the functions of ex-
pression. While small babies rely on affect-based dynamics, coordinating prompts
them to use human signals in ways that impose norm-based structure on the
world.? Thus, around their first birthday, infants may begin to use sound-patterns
that are heard as, for example, milk or gone. Using their grasp of situations, they
rely on adults to interpret their utterances. Learning to talk thus occurs as infants
and caregivers become skilled at acting under dual control (Cowley et al., 2004;
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Cowley, 2006a). Over time, dependence on innate biases gives way to increased
use of body-world co-ordination and, later, to reliance on a nascent self.

Naturalising the process of symbol grounding emphasises how brains and
bodies are co-ordinated during joint behaviour. While the importance of social-
coordination is often recognised, it is often forgotten that the body enacts language
(and other expression). Indeed, infant behaviour is compatible both with Can-
gelosi’s (2006) emphasis on social factors and with Steels and Belpaeme’s (2005)
emphasis on how a robot can learn to integrate co-ordination with perception
(cf. MacDorman, 1999). Further, if social co-ordination anchors robot categories,
similar processes may well alter human agency. Below, I suggest that the affective
properties of utterances prompt infants to apply new kinds of leverage to caregiv-
ers. In emphasising how activity is co-ordinated (see Spurrett & Cowley, 2004), I
stress that babies use culturally evolved patterns. While initially relying on affect,
they come to grasp how values and beliefs play out in a range of situations (e.g.,
“Be quiet!”). Interaction gives way to co-action that provides a basis for speech-
mediated communication and, later, context-free conversation. Pursuing this, I
reinterpret old findings against a new perspective. By appealing to the concept of
distributed language, I show how human agency arises from events under the dual
control of mother and caregiver. This allows the division of symbol grounding into
phases. While infants initially align behaviour to the sound-patterns of a commu-
nity, they later develop ways of acting that sustain belief in language (and words).
After summarising this as the extended symbol hypothesis, I sketch later changes
and explain how the model applies to machines.

Distributed Language

Following Saussure (1916), linguists often conceptualise language in terms of ‘use’
Instead of regarding talk as behaviour, they posit code-like forms (or signs) as
constituting language’ While this view arose in contesting 19th century work, its
logic permeates most 20th century theory (Matthews, 2001). The code view char-
acterises Saussure’s (1916) view of language-systems (langues) and dominates ap-
peals to habits (Bloomfield, 1933), utterances (Harris, 1951), functions (Halliday
& Matthieson, 1999; Martinet, 1960) and form-based systems (Chomsky, 1965;
Jackendoft, 2002; Lakoff & Johnston, 1980; Pinker, 1994). In each theory, language
is identified with formal units. As in folk psychology, language is reduced to ver-
bal patterns whose forms are independent of history, affect and motor activity
(viz. acts of utterance).’ Code models thus distinguish the patterns that are repre-
sented (forms) from the representing agent. In so doing, they posit that cognition
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is separable from embodied action and perception. This epistemic conception of
mind (Cowley & Spurrett, 2003) enables language to be modelled in terms of in-
put/output processes. However, the price paid for this, is high: it implies that how
babies act, feel and move has no relevance for learning that exploits (what we call)
linguistic forms.

On the distributed view, language is embodied, individual and cultural (Cow-
ley, 2006a). Agents can reflect on the significations of words or, in 19th century
terms, draw on historical facts. With time, we learn to reflect on words and, by
so doing, to stabilise their value. We thus resemble linguists who, as Paul (1891)
observes, rely on how words are “historically derived” (p. xlviii). Language thus
permits reflection, unites individual and cultural experience and, as a result, has
a constitutive role in behaviour. In recent terms, language links a meshwork of
heterogeneous elements (e.g., utterances, texts, pop songs) that emerge as a result
of creative drift. As DeLanda (1997, p. 39) says of towns, language is an “inter-
locking system of complementary... functions” that are spread across space and
time. In language, bodies connect a meshwork whose basis is simultaneously so-
cial, historical and individual. Like a city, language grows as well-established struc-
tures like hierarchies and paradigms come to be articulated in new ways. Most
notably, in the last few thousand years, artefacts that include writing instruments,
documents, books, and computers have transformed oral practices (Donald, 1991;
Clark, 1997). These too interlock cultural patterns while remaining subject to the
constraints of human evolution and development.

In a distributed meshwork, no appeal is made to external languages.* When
learning to talk, infants have to discover ways of integrating their own feeling and
moving with that of others. They develop skilled behaviour that extends already
grounded symbols. Much depends on how these action-guided representations
affect the infant’s developing brain. Intrinsic motive formation (Trevarthen, 1998;
Trevarthen & Aitken, 2001) exploits how caregivers spread information in get-
ting babies to attend to aspects of the environment. Far from facing a problem
of symbol grounding, action-grounded symbols function as cognitive resources.
Higher order structures develop out of joint activity that connects an infant’s
lower-order representations with how adults enact what they are trying to do. In
line with Davidson (1986) and the later Wittgenstein (1953), language is an in-
trinsic part of our cultural life. At the neural level, perception and action connect
mammalian representations (symbols) with systems that motivate acting (and
thinking). Over time, infants come to hear sounds that can be analysed formally
even if, early on, they rely heavily on their affective value. Language is hybrid or,
in Love’s (2007) terms, both analogue and digital (i.e., categorical). Indeed, this
dual nature is crucial in learning both to talk and to acquire many other skills.
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In reporting conversational events, for example, we can describe how words and
tone contribute to their particular sense. Both features matter because our word-
ings depend on both the words actually spoken and displays of affect. Language
uses cognitive dynamics that alter how others feel, think and act. While verbal
patterns constrain language and sense-making, their roots lie in micro-temporal
dynamics.”

There are many reasons for adopting a distributed view. First, talk is both dy-
namical and dependent on rate-independent switches. While the ability to repeat
what we hear depends on patterns, dynamics are needed to render incomplete
information into a new structure. Second, this is compatible with the physics of
symbols (Pattee, 2001). Far from needing to implement rules, infants can become
rule-followers by drawing on real-time dynamics. Their future action may depend
on, not represented wordings, but a history of co-ordination. To engage with lan-
guage, infants’ bodies and brains may attune to contingencies that are normatively
constrained. Third, natural history can draw on a co-evolutionary process. Rather
than posit a syntactic ‘core’ to language, weight falls on sensorimotor toil (Cange-
losi et al., 2002). Learning to talk is thus grounded in how affect shapes the dyad’s
use of biomechanics. Fourth, linguistic ‘forms’ become entities guaranteed, not by
brains, but talk about talk (and how this linguistic reflexivity is institutionalised
in dictionaries, grammars, spell-check programs, etc.). For the modeller, this has
advantages. Artificial agents can use programs, spreading activation and extend-
ed symbol systems that use a history of co-ordination. New importance falls on
building machines that, like infants, align to human expectations. Although the be-
havioural capacities for meaning-making “appear to be symbolic” (Harnad, 1990,
p. 337; my italics), their basis may lie in co-ordinated dynamics. Fifth and finally,
the distributed perspective fits conversational facts. For example, Cowley (1997)
describes an utterance “marrone” that is heard as “how can that possibly be chalk?”
While based on neither the syntax nor semantics of marrone (Italian for ‘brown’),
an exquisitely timed vocal duet enacts understanding. Just as in using an abacus,
bodies exploit both dynamics and relations between virtual resources (words or
numbers). To discover verbal patterns, an infant does not rely on hearing words,
but on how adults grasp what the infant and adult are doing together.

Co-action and the emergence of the person
A physical symbol system changes its powers, first, by altering how it operates on

symbols that stand in for aspects of the world. Second, it uses these operations (in-
cluding perception and action) to re-categorise the perceived environment. This
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same logic applies in grounding symbols into, say, a simulated mushroom world
or displays of colour. Applied to verbal patterns, however, a different logic applies.
This is because, the multidimensional and fluctuating complexity of the speech
stream relates indirectly to word-forms. Symbols are not simply grounded in the
real-world objects, events, and relations they are supposed to represent but also in
the continuous vocal fluctuations that contribute to co-action. Indeed, it is gratu-
itous to assume that babies use speech to develop explicit representations of lin-
guistic forms. While signals (e.g., Morse code) could be used to develop something
like a notation, speech lacks the necessary salient units.® Empirically, it consists
neither of words nor phonological units but is, rather, a fluctuating set of multi-
dimensional patterns (Port & Leary, 2005). Segmental structure is an analytical
product and, for a baby, less salient than prosodic and voice quality patterns. Why
should an infant seek out speech sounds? It is thus more parsimonious to seek the
bases of learning to talk in expressive dynamics. Because language spreads across
bodies, infants can use caregiver affect together with how, in real time, adults con-
strue the ways in which infants express themselves.

Multimodal expression not only makes certain patterns salient but also im-
bues them with expressive value. Caregiver expression, moreover, prompts babies
to change behaviour and develop their own motivational systems. Given the dis-
tributed nature of language, they can derive their powers from co-ordinating with
caregivers who integrate verbal, vocal, visible and tactile expression with what is
happening. Full-bodied resources serve, initially, in learning to inhibit crying and,
later, to track and use features such as caregiver smiles and frowns. Affect thus
enables babies to identify the likely results of their response to the caregiver’s ex-
pression. While this social learning occurs under dual control, it is otherwise com-
patible with Piaget’s view of sensorimotor development. Neural structures can be
said to arise from processes of accommodation that develop as an infant copes with
the environment. Agency changes as the infant exploits physical patterns. When
learning under dual control, caregiver reactions to infant appearance and behav-
iour prompt the baby to use what Piaget would call assimilation in developing a
“sense of persons” (Legerstee, 2005). Events depend on cycles of orientation and
re-orientation where behavioural invariances are less salient than affect and tim-
ing. Moments feature vocalisations that are accompanied by smiles and frowns
among other things. These come to be associated with contingencies that will both
influence current activity and, in the long term, alter infant motive formation.”
Strange as it may sound, infants exploit what they learn about social situations and,
specifically, the “setting” They come to exploit what caregivers believe, for example,
as they accede to demands for silence. In human symbol grounding, therefore,
much depends on the caregiver’s way of presenting situations. This, in turn, affects
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motive formation, ensuring that social development occurs slowly. For the pur-
poses of this paper, social development is most usefully viewed as falling into two
stages:

- infants align behaviour to sound patterns favoured locally
- they develop ways of acting that sustain belief in language (or words)

By the time children enter school, they treat words as indexing (relatively) stable
meanings. Below, however, I focus on the earliest phases.

Learning to talk depends on a distributed linguistic meshwork in which senso-
rimotor activity becomes sensitised to both affect and shared use of social norms.
The infant develops skills by orienting to caregiver behaviour and, later, discovers
that others believe in words.® Early on, brains need only sustain action that can
be described by the code metaphor. To say, more (or bikkik gon), the child neither
needs phonological nor semantic representations but a capacity to use situated
experience in deciding how to vocalise. The baby integrates what can be perceived
with expressive action. Later, as a fully fledged person, it will take the circular view
that, as a member of Community X, it uses the words of Language X. First, how-
ever, the infant must learn to use situations to get what it wants. Since this depend
on how adults interpret utterance acts, the child uses the adults language stance
in mimicking vocal patterns. To adult ears, of course, it acquires Language X. In
fact, however, the baby uses vocalisation to connect contingencies with caregiver
expression and how de facto interpretation bears on social norms. The process falls
into the following stages:

- Living at a body-world boundary (0-6 weeks)
- Early self-implicating behaviour (6-12 weeks)
- Early self-directed behaviour (4-9 months)

- Early self-regulating behaviour (9-12 months)

Using inner motives (action-guided symbols) together with how caregivers strive
to control events, the baby constructs its agency. Dyads live a history of interaction
where routines emerge from shifting dual control. Perceptions of how adults enact
beliefs trigger infant movements based on the dyad’s previous experience. By four
months, infants begin to use culture in response to caregivers wants (e.g., hold your
tongue). Capacities for body-world interaction thus develop alongside social skills
as infants discover how expression can be used. The growing use of social norms
extends action-guided symbols.” Gradually, co-action enables the baby to motivate
the caregiver to re-structuring what they do. The dyad develop games or formats
while, in solitary settings, the child learns about the physical world. Towards the
end of the first year, the child connects its sense of persons with object knowledge.
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By linking norm-based patterns with actions on objects, it comes up with new
ways of engaging with the caregiver. It develops as a self-regulator who can be-
come skilled in getting others to do things.

Getting started

Caregivers attempt to stimulate co-action even with newborns. They seek to get
babies to respond like ‘little persons. This probably goes some way to explaining
Meltzoff and Moore’s (1981) finding that newborns respond in kind to a few hu-
man expressions. For example, minutes after birth, they can react mimetically to
tongue protrusions (Kugiumutzakis, 1999). The function of these imitative capaci-
ties depends on the somatic marking of adult response. Affective comeback leads
to increased co-ordination where adults seek to re-evoke previous infant response.
At times, of course, this will prime the baby for future events. As with early tongue
protrusion, this is likely to depend, in part, on parental and cultural views. Given
its sensitivity to affect, the infant draws on contingencies. What a baby does in the
future depends on de facto judgments about events at the body-world boundary.

Babies are active systems. Newborns actively prefer speech that has voice
quality features correlated with their mothers and the rhythmical patterns of her
cultural group (Karmiloft & Karmiloff-Smith, 2001; Legerstee, 2005). They elicit
affective expressions that bear a cultural stamp. Although it is not clear when pa-
rental beliefs begin to shape behaviour, adult come-back soon begins to encourage,
reward and disappoint. By the age of three months, babies and adults exploit what
Trevarthen (1979) calls primary intersubjectivity. They become self-implicating by,
for example, developing personal characteristics and, even if blind, co-ordinating
movements to adult vocal rhythms (Tensberg & Hauge, 1996). For example, as
discussed below, they may draw on cultural signals to fall silent at an adult’s be-
hest. This is, perhaps, the breakthrough: the baby’s control systems pick up cul-
turally-specific cues concerning what is wanted. Infant biomechanics gradually
sensitise to how caregivers enact local norms. Drawing on operant conditioning,
their brains develop higher-level motives that control lower-level mimetic activity
(Trevarthen, 1998; Trevarthen & Aitken, 2001). Infants develop a style of autono-
my that depends on value-guided co-action.

Talking to babies: From co-action to alignment

Co-action is the basis for all social development. Unlike in much interaction with
the nonhuman world, rewards are associated not only with physical events but
also how these relate to culturally-valued contingencies. Thus the neural systems
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that drive infant action (and inhibition) become sensitised to cultural norms or
apparently arbitrary forms of signalling. While depending, in part, on hard-wired
systems such as those used in smiling and gaze, the result is situation-sensitive
action. Once co-action becomes established, events connect micro-timing, experi-
ence and, at times, caregiver interpretation. This ensures that the self-implicating
infant begins to act in ways typical of persons. For example, a routine that emerges
under dual control allows a three-month-old baby to stop crying (Cowley et al.,
2004). What happens arises as behaviour is co-ordinated across (at least) two time
domains. While the baby’s inhibitory response picks up on micro-features of in-
teraction, the caregiver structures events in the slow domain of deliberate action.
Further, this dual temporal structure gives co-action a flexibility that can prompt
a baby to sensitise to caregiver attributions. For example, in one family, adults may
reward infants who cry, say, in supermarkets. Many babies use contingencies to act
in ways that are rewarded in such settings.

Cultural norms (e.g., belief in fun and/or respect) both meet adult expecta-
tions (when it suits the baby) and help the baby to develop a personality. When
Trevarthen (1979; 1998) and Braten (1988) first noted the intrinsic motives of ba-
bies, they appealed to neural systems that sensitise to the doings of a caregiver-in-
the-niche. In contrast, Stern (1977) and Kaye (1982) sought to explain the events
in terms of attunement. Regardless of theory, however, the infant’s motives form in
response to its evaluation of social, cognitive and emotional aspects of co-action.
Dyads act according to preferences and motives that reflect what caregivers at-
tribute to infants. Thus, constraints, such as the caregiver’s beliefs, that are opaque
to the baby can shape the course of co-action. By integrating events across time-
scales, social learning sets off spiralling changes in infant reactions to, for example,
voice quality and prosody. If we consider twins, they begin to show distinctive per-
sonalities when, as infants, they become self-implicating. This is also when cultural
differences emerge (Cowley et al., 2004; Trevarthen, 1988). Caregivers interpret
previous experience of co-action through a cultural lens, and it affects their treat-
ment of babies. There is variability both within and across cultures with regard to
how caregivers respond to a baby judged to be sick, naughty or tired. Babies thus
learn from more than the words that can be heard. Further, while children under-
stand little, parents nurture intelligent response with speech that is also affective
expression (child-directed speech). The baby’s inner symbols are further extended
as the functional value of caregiver activity comes to be related to judgements
of infant understanding. Indeed, what is most extraordinary about human babies,
which are hyper-social by the standards of the animal realm, is that they come to
exploit signs of culture even before they act in self-directing ways.
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In the fourth month, infants typically begin to reach for objects. It is striking
that this self-directing behaviour develops in infants who have well-established
situation and culture-relevant skills. Self-directed activity develops in a self-im-
plicating infant who has already attuned to cultural settings. Thus while Western
caregiver-infants dyads may focus on fun, in Africa weight is also given to activity
around, for example, movements resembling song and dance (Cowley, 2003). This
is especially marked in the formats that, by the middle of the year, dominate a
baby’s social life (Bruner, 1978). Strikingly, however, this is also a period in which
attention to objects largely eclipses interest in social activity. Where possible, this
attention to objects helps babies learn about their tangible and oral properties.
While also gaining mastery of vocalisations (Oller, 2000), this may be independent
of social motives. Rather it seems related to sensorimotor skills (e.g., sitting and
crawling) and preferences for, say, what to suck. It should not be thought, how-
ever, that self-directing infants are asocial. Alongside body-world interaction they
continue to build formats for co-action. Caregivers, moreover, link norms with
biomechanics in, for example, seeking to prevent bad habits (e.g., eating sand). Selt-
directing babies are primarily focused on grounding symbols into the perceived
world. At the same time, how caregivers use expression to control what happens
influences the ways in which settings are seen.

At the end of the first year, children find new ways of exerting leverage on
caregivers. Once again, they exploit manifest attitudes but, in this phase, connect
these with the perceived properties of objects. Thus, in social-referencing (Campos
& Sternberg, 1981; Striano & Rochat, 2000), the caregiver’s dynamics may be used,
for example, in deciding whether to venture beyond a visual cliff. This self-regu-
lating behaviour, it seems, links object-perception with a history of social experi-
ence. Adult responses make the behaviour, in Cowley and Spurrett’s (2003) terms,
analysis amenable. It becomes possible to adduce new mentalistic reasons in ac-
counting for what the baby does (e.g., “He thought that it was dangerous”). In this
‘nine-month revolution’ (Tomasello, 1999), a baby becomes self-regulating. What
Trevarthen and Hubley (1978) call secondary intersubjectivity develops or, in our
terms, object perception connects with a sense of persons.

By their first birthday, children regulate activity by using (what adults call)
words and gestures. Adult analysis leads to behaviour change that, once again,
spurs learning. Further, since thinking involves the slow domain of wordings,
children find that inhibiting micro-activity opens up new opportunities. For ex-
ample, Cowley (2007) describes how Luke, a nine-month old, is induced to fetch
a plastic brick. Luke has skills in, for example, holding an object in mind (working
memory) and experiencing authorship (a feeling of conscious will). He can thus
concentrate on the object while using maternal movements to link sucking, gaze-
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following, turn-taking, crawling and grasping. After the brick falls from Luke’s
mouth, nine seconds of focused attention give him time to anticipate that reward
will accrue from fetching. As usual, the baby depends on both maternal micro-
expression and how she acts to induce understanding. Strikingly, Luke uses the
mother’s manifest belief that he will be able to grasp what she wants him to do. On
the slow time scale, Luke aligns to what she says (“Do you want to fetch that?”) by,
smiling and crawling off to get the brick. The example is of a kind that often con-
tributes to formats and, just as crucially, shows how caregiver movements enact a
language stance. If a ‘fetching game’ develops, over-attributions may even prompt
the mother to highlight sound-patterns (viz., “fetch”). The child thus becomes an
intention reader across repetitions by, literally, using biomechanics to sense what
can be done. Analysis-amenable behaviour emerges through the use of the other
person’s manifest goals.

According to this view, behaviour extends the form of co-action that emerged
at three months. What has changed is that the child is now motivated to integrate
self-implicating skills with capacities based in self-directed activity. As before, the
baby exploits biomechanics that arose during its history of co-action with others.
In short, children link their sense of persons with knowledge of what they can do
with caregivers. The rise of this triadic behaviour, then, further extends grounded
symbols. Infants link their doings to objects and real-time expression in ways that
align what they do to verbal patterns: When asked to fetch the block, the baby
fetches it. The approach proposed here is novel in providing an explanation that
depends, not on appeal to wordings, but to the child’s having learned to use situa-
tions in self-regulating ways.

All agree that such events emerge at this stage and, equally, that they are im-
portant in learning to talk. Where the distributed view diverges from others is in
presenting this as independent of speech sounds, a lexicon, or words and referents.
Nor is there any need for Tomasellos (1999) species-specific intention reading.
Rather, a child’s self-regulating powers depend on linking person perception with
what objects afford. This, of course, is not to deny that sound patterns can mark sit-
uations, events and, perhaps, objects. Indeed, in the following weeks, children may
supplement (apparent) understanding with acts of utterance and pointing. Given
role reversal (Tomasello, 1999, 2003) one-year-olds may make a “more” sound to
ask for cake (in English-speaking settings) or use “aah” to show surprise. Once a
baby is self-regulating, systematic use of sound patterns can bring many gains.
While still relying on how inner symbols are extended, a caregiver’s response to a
baby’s utterance-acts gives new information about how local norms constrain the
situation. As the child gains experience of what to expect, vocalisations can be used
more effectively. Eventually, it will learn to use them when referring to utterances
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made by both caregivers and its own self and, at this point, will be close to develop-
ing belief in words. Having used how caregivers integrate speech and action, align-
ing to verbal patterns will then reveal other levels of interactional structure. The
helpless infant uses such tricks in gradually becoming a ‘little person’

The extended symbol hypothesis

Learning to talk depends on motivated actions which are integrated, in increas-
ingly sophisticated ways, with norm-based expression. Thus, by the end of the first
year, a child can align to a few sound patterns used by caregivers. This depends, I
have argued, on a history of co-ordination that, by the fourth month, exploits the
co-ordinated workings of two brains. According to this view, contingencies that
link situations to brain-side events transform the child’s agency. Learning to talk
depends on how changing patterns of co-action extend the baby’s already ground-
ed symbols. This hypothesis can be summarised as follows:

1. Infants use biomechanics to exploit caregiver bodily movements that repre-
sent local norms (values, beliefs and practices).

2. Biomechanics link affect with caregiver expectations, beliefs and cultural
values.

3. Caregivers attribute sense to the biomechanical output: given affect, these be-
liefs can shape future behaviour.

4. Infants integrate a practical grasp of local norms with what caregivers want
and thus gain practical knowledge of situations.

5. Given dual control, just as the caregiver shapes the baby’s strategic signals, the
baby alters those of the caregiver.

6. A baby forms a motivation system; a caregiver uses its products to construct a
baby’s de facto understanding.

According to the extended symbol hypothesis (ESH), social development inte-
grates growth and learning with the social events that forge infant agency. Given
openness to culture and changing motivations, learning to talk is surprisingly
transparent. The baby depends, above all, on the use of affect to discover cultur-
al norms. Infants thus sensitise to situations in ways that exert leverage on adult
doings. Gradually, as adult goals change, infants develop their agency and, after
nine months, begin to align their doings to verbal patterns. Learning to talk thus
emerges under dual control. It depends on a baby’s changing motivations as well
as how caregiver attributions are enacted in real-time. What adults hear as first
words are, thus, based in how affect has shaped a history of co-actions that elicited
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manifest caregiver beliefs (and thoughts). For from being output from a neural
system, these words constitute a new form of jointly regulated behaviour.

Beyond the symbol grounding problem

The SGP can be addressed by making invariant features of an environment rel-
evant to action by symbol processing agents. While logical, this conceptualisation
throws little light on the grounding of social symbols. Infants extend already-
grounded symbols and, in so doing, have no need for speech sounds. Learning
to talk, in other words, does not depend on grounding symbols in verbal forms.
Rather, it is a consequence of how agency changes as infants become skilled in
co-acting. Much thus depends on the caregiver’s consistent use of the language
stance. Thus while (inner) symbols are physically grounded, early words are situ-
ationally sensitive actions. Far from representing speech sounds to themselves,
infants rely on biomechanics. Given that these shape motive formation the conse-
quence is that infants gradually become self-regulating agents. Avoiding the hard
task of grounding verbal forms, babies link experience to how caregivers enact
attributions and beliefs. The extended symbol hypothesis thus has striking impli-
cations for language-using robots. It implies, above all, that expression can trans-
form agency. Elsewhere, it is argued that attention be given to using multimodal
action to simplify cognitive problems (Cowley & MacDorman, 2006). This raises
the issue of whether robots can use learning to develop aspects of personhood
(MacDorman & Cowley, 2006).

In human symbol grounding, co-action transforms agency. By 12 months, in-
fants exploit situations to utter grounded wordings. Once children become self-
regulating, they can use these wordings to develop new wants (or goals). For ex-
ample, they may discover, as Luke had learned, that caregivers can be used to fetch
items. This, however, depends on acting in self-regulating ways by using sound
patterns that, broadly, make sense against another persons expectations. Eventu-
ally, using increasingly deliberate forms of action, children come to hear utterances
as made up of recurrent patterns of units that can get things done. As the trick gets
used, children begin to act as if they were users of a culturally evolved phonological
system (Worgan & Damper, 2007). Later, their brains will enable them to develop
mastery of constructions (Tomasello, 2003) while, in all likelihood, making use of
mimetic schemas (Zlatev, 2002). Even after the first year, adult attitudes and beliefs
will nudge children towards use of verbal patterns. Children, however, also learn
new skills. Above all, an emergent ability to repeat what they and others say will,
eventually, enable them to talk about talk (Taylor, 1997). In learning to hear words
an infant acquires routines like saying “What is that?” As Vygotsky (1986) noted, a
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similar process occurs as self-directed speech gradually becomes silent rehearsal.
Indeed, it is likely that developed forms of self-regulation use word-infected sym-
bols as the basis for new powers of verbal imagination. This, moreover, fits Viger’s
(2007) appeal to an acquired language of thought. In contrast to the claims of code
models, human language is grounded in the use of an emergent grasp of situations
to control vocalisations. Symbol grounding allows culturally-evolved norms (and
verbal patterns) to be used in forms of action that transform our cognitive powers.

Models and applications

The claim that babies gradually extend grounded symbols until they are heard to
be speaking has many implications. First, it becomes important to separate evo-
lutionary from epigenetic emergence because, implicitly, language and talk have
different histories. Conceivably, while verbal patterns derive from cultural selec-
tion, these vehicles are of no importance to infants. Accordingly, while it makes
sense to model the emergence of verbal (and phonological) patterns in popula-
tions, these units may be developmentally marginal. Those concerned with inter-
action, therefore, might gain much from building machines that use situations to
alter their powers. In principle, machines too could use co-action to align to social
norms (and, indirectly, words and values). According to this view of human sym-
bol grounding, the roots of utterance acts lie, not in verbal patterns, but in the
semantic properties of co-action. While the suggestion is, I think, novel, it is in
line with much contemporary thinking. First, following Humphrey (1976), there
is a wide consensus that human intelligence has a social basis which, for many,
depends on something akin to an extended phenotype (e.g., Dawkins, 1982; Dea-
con, 1997; Laland, Odling-Smee & Feldman, 2000). Developing such views, Ross
(2007) construes human signalling as unique in its capacity to impose structure
on the world. This digitality draws on compressed cultural information that may
appear, for example, in how a mother rebukes her child or a child’s attempt to
change her attentional focus. Similar lessons seem to be implied by Cangelosi’s
(2007) simulations which are said to show, for example, that ‘verb’is not an abstract
category. Rather, the term characterises signals that are “integrated with an agent’s
past history” in ways that shape behaviour. While emphasis on co-action is novel,
one must ask if artificial agents could use cultural contingencies. This would link
with the strategic emphasis of game theory and, specifically, the view that affect is
the main currency of social interaction (Ross & Dumouchel, 2004). Indeed, in hu-
man symbol grounding, affect prompts babies to use cultural constraints. Culture
is a supra-individual entity that,among other things, enables biological individuals
to become people.
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Infants neither possess nor learn quasi-verbal symbols. Rather, human sym-
bol grounding depends on learning to act strategically in the social situation.
Language functions, therefore, by enabling babies to develop into persons. Not
only is this learning emphasis compatible with Turing (1950) but it fits Dennett’s
(1991) view of selves. Beyond this, it throws light on, say, the achievements of Alex
the parrot (Pepperberg, 1999) and Kanzi the bonobo (Cowley & Spurrett, 2003;
Savage-Rumbaugh et al., 1998). Both learn by integrating complex biomechan-
ics with trainer use of the language stance. As a result, both become strikingly
person-like. Could artificial agents use co-action to produce similar outcomes?
This view of human symbol grounding thus suggests new issues for human-ro-
bot interaction and, above all, android science (MacDorman & Ishiguro, 2006a,
2006b). Stressing the importance of experience-prompted action,!’ Cowley and
MacDorman (2006) propose that human micro-responding could, in principle,
enable androids to discover social norms by using human displays of beliefs and
values. The distributed view of language thus has striking consequences for ro-
botics. Indeed, a system that mimicked babies would learn by connecting human
expression to the world. Integrated intelligence (Seabra Lopes & Connell, 2001)
could link material and semantic aspects of utterances. Indeed, by emphasising
contingency, models of encounters become relevant to robotics. Such machines
might encourage us to co-operate by acting to mimic how we respond to feelings
(Cowley & Kanda, 2005).

Conclusion

Symbol grounding is inseparable from Chomsky’s insight. Since human agents fol-
low rules that can be formulated (not mindless distributional analysis), language is
surely the source of productive, compositional and inference-bearing thought. Ty-
ing this to brain-centred models, Harnad (1990) argues that the underlying units
are explicitly represented. In his formulation of the symbol grounding problem,
therefore, the system maps real-word references onto the symbols on which rules
operate. In seeking to naturalise the issue, I have accepted Harnad’s view of how
agents ground symbols into objects. In relation to learning to talk, however, the
evidence suggests that the process proceeds quite differently. In human symbol
grounding, I have suggested, infants have no need for explicitly represented lin-
guistic forms (or words). Rather they rely on how caregiver construals enable them
to develop strategies for acting — and vocalising — in response to situations. The
symbols which ground objects are thus extended in ways that differ from those
needed to ground ‘linguistic forms. While we learn about the physical world by



100

Stephen J. Cowley

interacting with objects, human expression and affect mediate our dealings with
verbal patterns. Initially at least, babies learn to talk by using strategies that are
parasitic on the caregiver’s language stance.

Using Saussure’s view of forms, Bloomfield, Harris, Chomsky and Harnad all
accept the folk view that language is grounded in words. This, I have argued, is to
confuse an analytic claim with an empirical one. Like other behaviour, language is
based in action and perception. Specifically, as babies extend grounded symbols,
verbal patterns emerge in co-action where the behaviour of both parties orients to
local norms. Thus while formal models capture aspects of what the child masters,
the resulting language knowledge differs from what analytical models describe. As
Matthews (1967) argues in his review of Aspects of the Theory of Syntax (Chomsky,
1965), infants do not learn to talk by representing what formal models make ex-
plicit. Developing this view, I suggest that infants learn to talk by elaborating al-
ready-grounded symbols with respect to an expected response from a caregiver.
Implicitly, the verbal patterns that shape what they do arise, not from a single pro-
cess (e.g., natural selection, ontogenesis), but events that derive from several time-
scales. Far from explicitly representing verbal patterns, infants use expression as
a basis for constructing selves. When Luke fetches the block, he aligns to what is
said and, thus, enacts a semantic interpretation. In his world, he becomes a fetcher.

Far from solving the SGP, appeal to human symbol grounding shows the prob-
lem is more complex than previously thought. Indeed, if the extended symbol hy-
pothesis is correct, those who examine language grounding have been looking in
the wrong place. Human agents ground symbols into verbal patterns, not by cat-
egorising expression, but by prompting caregivers to make consistent use of the
language stance. As motivated co-ordination develops, infants slowly develop into
agents with the necessary powers. Just as to dance one need to become a dancer, to
talk, one needs to become a talking agent. This peculiar capacity depends, on the
one hand, on neural systems that shape motives and, on the other, on using affect
to become sensitised to expectations. Since human infants are transformed by what
situations (objects and people) afford, the grounding agent (a system) cannot be
separated from the behaviour that is grounded (language). This claim has important
implications for those who aim to develop semiotic models. It suggests that while
agents need to become action guided perceivers, it is likely that, for brains, there can
be no such thing as a pure symbol."! Words are a posteriori constructs that exist for
a self-regulating agent who acts to draw on the doings and beliefs of others.

For modellers, the perspective poses the issue of how agents learn to exploit
cultural constraints (especially nonverbal contingencies). Moreover, it posits that
human infants use verbal patterns to shape co-occurring actions. According to the
extended symbol hypothesis, however, words need never be explicitly represented.
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Rather, co-action serves in discovering verbal patterns that, later, shape both in-
ference-based reasoning and identity. Human subjects, then, are themselves the
products of how expressive dynamics connect bodies with the verbal patterns of a
cultural heritage. With Ross (2007), signals can function to repartition the world.
We are unlike other primates in that we learn to adopt and alter perspectives on
what is possible. The distributed view of language thus implies that population
models need to explore how the (putatively) co-operative emergence of verbal pat-
terns interacts with game theoretical models of human strategic signalling. The
question, then, is whether we can build robots that use human co-action in ways
that allow them to construct new levels of agency.

The extended symbol hypothesis has implications for epigenetic models.
Given a Piagetian heritage, these often focus on how learning and growth shape
interactions with a physically constrained world. Once language is viewed as a dis-
tributed meshwork, however, this seems unnecessarily narrow. Indeed, as argued
above, much depends on how each party adjusts to the other both biomechani-
cally and in the time domain of deliberate action. Inexperienced agents, I have
claimed, unwittingly use this process to exploit culturally-structured events. By
means of co-action they integrate aspects of social behaviour across several time
scales. For robotics, if the ESH is broadly correct, many aspects of human agency
or personhood may emerge as control systems integrate information from diverse
sources. In other words to recognise a range of sound patterns as what we can
write as pferd, we need neither phonological nor semantic categories. Rather the
agent must be a self-regulator who has developed in a world where what English
speakers call horses are salient during co-action.

Much can be gained from rethinking how infants extend the scope of already-
developed (physically grounded) symbols. In seeking to develop more plausible
views of child development, the two-stage model needs to be evaluated. Ideally,
this will be done by robotic modelling. First, it needs to be shown that culturally
constrained adult biomechanics can lead to significant changes in agency. In hu-
mans, then, one-year olds become agents who, occasionally, align their doings to
verbal patterns. Second, we need to explore the view that the capacity develops as
children come to act consistently with a language stance. They gain not only from
acting as if they knew words but also talking about language (and linguistic knowl-
edge). Humans need not learn natural languages because, oddly, it is enough to
imagine that these systems are already known (in a community). A child becomes
a person by coming to adopt the language stance. If this is plausible, the view has
many consequences for human nature. Among other things, the extended symbol
hypothesis offers new scope to models of how we can develop and sustain human
kinds of autonomy.
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Notes

* Among the many people who deserve thanks, I would like to give special thanks Karl F. Mac-
Dorman who got me hooked on symbol grounding. Since then, I have to thank David Spurrett
who kept the interest alive, Angelo Cangelosi who provided a way of linking up with a band of
enthusiasts, and Tony Belpaeme who did the tough part of organizing ESG2006. Equally, I am
very grateful to the participants who made the event worthwhile and the three anonymous refer-
ees who did their best to help me turn a rather unruly manuscript into a focused research paper.

1. This is the German equivalent of horse. I have chosen it to signal interest in grounding sym-
bols into ‘speech sounds’ (or linguistic form). This may be harder than grounding them into
referents.

2. Digital signals impose semantic structure on the world (Ross, 2007).

3. Not only are code models incompatible with empirical facts (Love, 2004, 2007), but they vio-
late autopoietic principles (Kravchenko, 2004) and, for Ross (2007), presuppose an individualis-
tic intelligence that is incompatible with natural selection.

4. Chomsky made a similar move by focusing on a narrow language faculty (Hauser, Chomsky
and Fitch, 2002). As on the distributed view, this gives biomechanics a major role in the events
of talk.

5. All behaviour is based in neural and bodily microdynamics. Their relevance to language is
well illustrated by debate about when, to some ears, utterances of “gravy” sounded unfriendly
(see, Eerdmans, Prevignano and Thibault, 2003). While some appeal to contextualization cues,
Thibault (2003) treats this as showing the indexicality of language, and Cowley (2006b) claims
that voice dynamics shape the feeling of what happens. The word gravy is just part of +/- 300ms
of speech.

6. Paul Vogt picks this out as the remaining “non trivial” problem for his models. He puts it
that there is currently no way of distinguishing utterances as forms from utterances as physi-
cal objects. On the view presented here, the baby depends exclusively on physical (not formal)
properties of expression.

7. Trevarthen and Aitken (2001) give an overview of the neural systems used in intrinsic motive
formation.

8. On a distributed view of language, children represent verbal patterns (off-line) only in talk
about what is absent (typically, after age 3). Before then, circumstances prompt them to vocalise.
Rather than using linguistic forms, they allow such patterns to constrain expression.

9. Those interested in modelling have given surprisingly little attention to social norms. Else-
where Cowley and MacDorman (2006) argue both that the interaction order is crucial to hu-
mans and that, to deal with this, natural and social norms need to be brought into a single
conceptual framework.

10. Following Kirsh and Maglio (1994), these “epistemic actions” contrast with actions that
bring the agent closer to its goal.

11. Kravchenko (2007) notes that Peirce shares this view.
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This paper compares the nascent theory of the ‘semiotic symbol’ in cognitive
science with its computational relative. It finds that the semiotic symbol as it is
understood in recent practical and theoretical work does not have the resources
to explain the role of symbols in cognition. In light of this argument, an alterna-
tive model of symbol internalisation, based on Vygotsky, is put forward which
goes further in showing how symbols can go from playing intersubjective com-
municative roles to intrasubjective cognitive ones. Such a formalisation restores
the symbol’s cognitive and communicative dimensions to their proper roles.

Keywords: language and thought, symbol systems, semiotics, internalisation

Two kinds of symbol systems

Neuroscientist and author of The Symbolic Species (1997), Terrence Deacon, has
argued that “there is probably no term in cognitive science more troublesome than
the word ‘symbol’ ” (2003, p. 117).! The problem, according to Deacon, hinges
on two notions of the symbol that have been appropriated by different branch-
es of the academy. The first notion is the computational (syntactic) account of
symbols known from the Physical Symbol System Hypothesis (PPSH), and the
second is the use of symbols as a means of understanding signification and ref-
erential systems, especially in language and other forms of communication. This
second semiotic appreciation of the symbol is based on the analysis of systems
of signs, and, in its modern forms, was developed in two different ways by the
French linguist Ferdinand de Saussure and the American pragmatist philosopher
Charles Sanders Peirce.

Deacon points out that while the two notions derive from the same intellectual
tradition, their development has been such that there is today a deep rift in the
conceptual schemes built around them. It may even be that the two notions are
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now, owing to their separate development, deeply incommensurable. Recent work
in cognitive science has, however, suggested that the two notions may be combined
or fused. This article will assess the present condition and future possibilities of
such a fusion.

The first part of this paper introduces the two theoretical approaches to sym-
bol systems. It then explores the latter semiotic approach to symbols in order to
investigate what resources it has to explain the sorts of cognitive processes tradi-
tionally addressed by symbolically-minded cognitive science. Finding this account
lacking, it then sketches a theoretical approach to how symbols developmentally
reshape minds. The paper concludes by drawing attention to some future research
directions for this vital but neglected area in cognitive science.

Physical symbol systems and cognition

The traditional cognitive science notion of what a symbol is, which we might call
the computational symbol, is found in similar forms throughout the cognitive sci-
ences? (especially linguistics, philosophy and psychology) and, as Deacon argues,
also in mathematics. This notion of the symbol has at its heart the idea that it can
support syntactically-based computational operations such as copying, deleting,
substituting, and combining.

All of these operations happen according to formal rules with no regard, at
base level, for semantics. This idea developed more or less simultaneously across
several disciplines and the development of this symbolic paradigm offered unique
resources to those thinking about cognition and promised to give an account of
mind in purely formal terms. Indeed, it once seemed at least plausible that a com-
plete account of cognition at the psychological level could be given in terms of a
formal treatment of systems of symbols, their instantiation in physical processes
and their manipulation according to systems of rules.

The main operationalization of the symbolic paradigm, called by Haugeland
(1985) GOFALI (or Good Old Fashioned Artificial Intelligence) assumed cognitive
architecture had to be understood in terms of symbols. With a theory of cognitive
architecture organised around the symbol, it was hoped that a fully materialist
account of the mind could be spelt out. Such a theory could make minds non-
mysterious parts of the physical universe, and according to some, make psychol-
ogy respectable.

The central reference point for the artificial intelligence understanding of a
symbol is Newell and Simon’s (1972) idea of a Physical Symbol System (PSS). Ac-
cording to Newel and Simon, the PSS hypothesis not only gave an account of how
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computational systems can solve well specified problems according to the purely
syntactic manipulations of tokens, but it laid out the necessary and sufficient con-
ditions for being an intelligent agent in terms of computational architecture. A PSS
can be specified, according to Harnad, in terms of eight conditions. It must have
(quoting Harnad):

1. aset of arbitrary “physical tokens” scratches on paper, holes on a tape, events
in a digital computer, etc. that are

2. manipulated on the basis of “explicit rules” that are

3. likewise physical tokens and strings of tokens. The rule-governed symbol-
token manipulation is based

4. purely on the shape of the symbol tokens (not their “meaning”), i.e., it is pure-
ly syntactic, and consists of

5. “rulefully combining” and recombining symbol tokens. There are
primitive atomic symbol tokens and

7. composite symbol-token strings. The entire system and all its parts — the
atomic tokens, the composite tokens, the syntactic manipulations both actual
and possible and the rules — are all

8. “semantically interpretable”: The syntax can be systematically assigned a
meaning, e.g., as standing for objects, as describing states of affairs (Harnad,
1990, p. 336).3

Fodor (1975;1987) championed the theoretical justification of a symbol processing
system as a theory of thinking principally to specify his computational Represen-
tational Theory of Mind (RTM). According to Fodor, a properly constituted theory
of the role of symbols in cognition, or in his terminology, Language of Thought (or
mentalese), is the foundation of a theory of thinking. He argued that tokens in
the language of thought were processed in a syntactic manner that respects only
their ‘shape’ or formal properties. A further role of the symbol in the RTM was to
bind together two apparently very different types of property: the truth-preserving
powers of reasoning and the intentional world-referring nature of thought.

Mental states were understood as relations to these physical symbols, and
mental symbols were thought to have intrinsic representational powers, at least
when embedded in the right sort of architecture. They also explained what we
really mean when attributing propositional attitudes to other agents, such as in
“Jones hopes that X;” or “Mary believes that Y. Such propositional attitudes were
essentially relations to mental symbols. So Jones was related by however his hope
mechanisms are instantiated to the symbols encoding the Proposition X, and Mary
by however her hope mechanisms are instantiated to symbols encoding Proposi-
tion Y. Symbols allowed us to explain both how reasoning happened and what
mental states are.
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An important implication was that mental states could thus be attributed
to content, and play out inferential episodes of thought in a rational way that —
according to Fodor — saved the central assumptions of folk psychology. Their
representational powers accrued because of the powers of these internal symbols.
As Fodor (1975) argued, “there is no internal representation without an internal
language” (p. 55). As Fodor makes clear, one of the chief benefits of this approach
is that it reduces the problem of semantics to formal operations (Fodor, 2003).

Yet Fodor’s notion of what it meant to have an internal language has proved
profoundly unsatisfactory. As Fodor has himself admitted, there is little hope that
the standard computational theory of symbols or anything much like it is going
to explain the sorts of domain general cognition which the human mind seems to
support so comprehensively (Fodor, 2000). And if it cannot give a good account of
why human beings are rational, it becomes difficult to see the advantages of such
a view.> Moreover, recent theories of cognition have made much of how the ma-
nipulation of symbols seems to be neither necessary nor sufficient for many prop-
erly cognitive episodes (Clark, 1997; Rowlands, 1999) and that much cognition is
better conceived of as an entirely non-representational and situated engagement
with the world (Brooks, 1991; Dreyfus, 2002). Such embodiment-based or enac-
tivist approaches are the major challenger to cognitivism and have promised to
give an account of cognition that makes no reference to symbols. Some cognitive
scientists who would see themselves within a broadly embodimentalist tradition
have, however, now started to question whether cognitive science could really do
without the concept of the symbol.

Semiotic symbol systems

A series of theorists (Cangelosi, 2001; Deacon, 1997; Steels, 1999; Vogt, 2003) have
recently adopted an alternative approach for understanding symbols. This has aris-
en in part as a way of dealing with some of the problems faced by the traditional
computational symbol.® Its primary focus is to treat the representational abilities,
first and foremost, of natural language and other derived and related semiotic sys-
tems and, in doing so, it is hoped, to show how a revived notion of symbol can
once again play a central role in cognitive science. The theoretical background
for the semiotic symbol which is most often invoked is taken from the work of the
pragmatist philosopher Charles Sanders Peirce.

Peirce (1897) developed a formal theory of the sign in respect to its repre-
sentational capacities, thus “a sign, or representamen, is something which stands
to somebody for something in some respect or capacity” (Peirce, 1955, p. 99). He
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typologised the different kinds of reference that could be established in communi-
cation systems, which can be boiled down to the following:

Iconic — A relation of similarity or resemblance, so in the standard example a
photograph represents something by virtue of looking like it. According to
Deacon’s gloss these simple relations can be understood as an over-generalisa-
tion of a learning mechanism.

Indexical — a relation of one-to-one reference or mapping, without similarity
between indicator and referent. Sinha (1988) emphasizes how such indexical
relations typically rely on causal connections, such as smoke indicating fire.
The vervet monkey call-system can be regarded as a paradigmatic “natural”
instance of an indexical communication system. (See Cheney & Seyfarth, 1992
for a detailed discussion of the vervet call system.)

Symbolic — A perceived relation between a sign, a referent and a concept or mean-
ing mediated by conventionality (as explicated below). Because symbols do
not generally stand in a one-to-one relationship with objects, an element of
interpretation is always required.

The interpretational element of symbols is a complex issue. Sinha (2004, pp. 223-
224) argues:

The conventionality of a true symbol rests on the shared understanding by the
communicating participants that the symbol is a token representing some referen-
tial class, and that the particular token represents a particular (aspect of) a shared
situational context, and, ultimately, a shared universe of discourse. Convention-
al symbol systems are therefore grounded in an intersubjective meaning field in
which speakers represent, through symbolic action, some segment or aspect of
reality for hearers. This representational function is unique to symbolization, and
is precisely what distinguishes a symbol from a signal. A signal can be regarded as
a (possibly coded) instruction to behave in a certain way. A symbol, on the other
hand directs and guides, not the behaviour of the organism(s) receiving the signal,
but their understanding (construal) or (minimally) their attention, with respect to
a shared referential situation.

Sinha emphasizes these complex interpretative aspects of the symbol to a much
greater extent than Deacon and many other current cognitive-semiotic theorists
who emphasise merely the proper instantiation of the internal triadic relationship
of a symbol (also derived from Peirce’s theory of signs). These allow us to decom-
pose a symbol into its component relationships which can be most simply ex-
plained in terms of (Ogden & Richards, 1923) often reproduced semiotic triangle
(Figure 1). According to this view, the symbol can be schematically reduced to a
set of relationships among three elements: the representamen (or sign-vehicle), the
object and the interpretant.”
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Figure 1. A semiotic triangle after (Ogden & Richards, 1923, p. 11).

Deacon’s theoretical innovation was to give meaning to the semiotic symbol
in terms of the implicit cognitive architecture that would be necessary to interpret
the abstract relationships embedded in systems of properly symbolic signs.
Whether a particular communication system is to be accorded the designation of
symbolic is, however, a controversial matter. For the purposes of this discussion, I
will define minimal symbol users as those who meet Deacon’s criterion of having
a cognitive architecture that can support the interpretation of conventional signs.
Such minimal-symbol-users might be capable of only very impoverished symbol
interpretation, according to Sinha’s criterion. Nevertheless, minimal symbol users
interpret signs which are embedded in a system of relationally-defined symbols.
Such minimal symbol users can be found in simulation work such as the artificial
agents found in Steels and Kaplan (1999) and Cangelosi, Greco and Harnad (2000).

It remains controversial, however, whether such minimal symbolic capabilities
should be linked to the cognitive powers that traditional physical symbol systems
are supposed to support. While the mechanics of semiotics might be of value in
analysing communicative relationships, why should they be of any use in analys-
ing cognition? In fact, attempts to work out the material basis to the formal rela-
tionships specified in Peirce’s triad have formed the theoretical underpinning of
some important recent projects which have attempted to explain symbol ground-
ing and in doing so have gestured toward explaining some of the novel powers of
human thought. While there are many such recent accounts, here I will focus on
one project, The Adaptive Language Games (or ALG) project developed by Steels
and his collaborators (Steels, 1999).

Can semiotic symbols play cognitive roles?

Paul Vogt’s (2002) The Physical Symbol Grounding Problem is the most sustained
attempt to show that the ALG framework can explain not only how symbols
are grounded but also why they should still be regarded as a central concept in
cognitive science. In this article Vogt implies that the semiotic symbol approach
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can solve the problems of symbolist cognitive science, or at least reduce them to
“technical” problems by showing how symbols are grounded in communication.

Vogt’s approach rests on solving the symbol grounding problem by propos-
ing a rapprochement between embodied cognitive science and some elements of
traditional cognitivism. He argues that symbolic structures can be used within the
paradigm of embodied cognitive science by adopting an alternative definition of
a symbol. In this alternative definition, the symbol may be viewed as a structural
coupling between an agent’s sensorimotor activations and its environment.

In Vogt’s (2002) paper a robotic experiment is presented in which mobile ro-
bots develop a ‘symbolic’ structure from scratch by engaging in a series of language
games. Through the language games, robots construct the means to refer to objects
with a remarkable degree of success. Although the underlying meanings (interpre-
tants) of a symbol may vary in different particular language games, agents eventu-
ally converge on a system of expressive forms (sign-vehicles) that allows them to
pick out referents. That is, the community of agents converge on the same expres-
sive means through communicational episodes, and these episodes in turn struc-
ture the agent’s internal categorisation of the objects they encounter. The dynamics
of the game allows a coherent system of semiotic symbols, in the minimal sense
described above, to be developed. This is the basic (yet impressive) result that has
been explored from the ALG perspective in a series of papers (Steels & Belpaeme,
2005; Steels & Kaplan, 1999). However, what is interesting for us here is whether
these results bear on the question of the role of symbols in thinking.

Vogt develops the basic approach in a discussion of Brooks’ earlier work on
intelligence without representation (Brooks, 1991). Questioning Brooks’ anti-sym-
bolic stance, he asks rhetorically:

But is it true? Are symbols no longer necessary? Indeed much can be explained
without using symbolic descriptions, but most of these explanations only dealt
with low-level reactive behaviours such as obstacle avoidance, phototaxis, simple
forms of categorization and the like (Vogt, 2002, p. 430).

Several theorists (Clark & Grush, 1999; Clark & Toribio, 1994) have raised similar
questions. Vogt’s preferred solution to the problem comes from a re-interpretation
of the symbol along embodimentalist lines. He argues that to overcome the symbol
grounding problem, the symbol system has to be embodied and situated. Brooks’
physical ground hypothesis states “that intelligence should be grounded in the in-
teraction between a physical agent and its environment. Furthermore, according
to this hypothesis, symbolic representations are no longer necessary. Intelligent be-
haviour can be established by parallel operating sensorimotor couplings” (2002, p.
432). Moreover, the way to accommodate symbols in the new situated-embodied
perspective is to view them as structural couplings, using Maturana and Varela’s
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(1970) concept. Such an approach is perhaps a reasonable theoretical direction
from which one might attempt to subsume symbols into the embodied systems
perspective, but is does beg the question of exactly what type of structural cou-
pling they are.

Vogt argues that “when symbols should be necessary to describe cognition,
they should be defined as structural couplings connecting objects to their catego-
ries based on their sensorimotor projections” (2002, p. 432). This definition, Vogt
notes, echoes Peirce’s view. Vogt goes on to present something like a standard the-
ory of internal representation with an embodimentalist twist:

Each interaction between an agent and a referent can activate its past experiences
bringing forth a new experience. The way these bodily experiences are represented
and memorized form the internal representation of the meaning. The actual in-
teraction between an agent and a ‘referent’ defines the functional relation (2002,
p.434).

But it seems the “symbols” so established are just associations between internal
sense and external reference and are constituted simply by establishing the right
sort of association. Such an associationist refiguring of the symbol, however, gives
us no way of understanding the difference between the symbolic mode of struc-
tural coupling and any other type of structural coupling, and raises the suspicion
that what is going on is the formal re-defining of an association as a symbol.®

The missing theory of thinking

The ALG approach promises a unification of several dimensions of cognitive sci-
ence theory. It holds the possibility of providing a mechanistic account of a series
of seemingly mysterious processes: how languages are born, how they are main-
tained, how agents can coordinate categories, and how cultural categories can
come into being and be shared across generations.

At first sight it would seem that proposing answers to these questions should
open doors to understanding the cognitive role of language. Nevertheless, in ex-
amining the ALG approach, it is clear that “symbols” generated in this way cannot
be shown, in a straightforward way, to support traditional cognitive properties.
The ALG approach is typically constituted to insulate language from forms of cog-
nitive activity other than categorisation. Despite its argument that language is cen-
tral to our cognitive adaptivity, the ALG approach actually fixes everything other
than the content of the categories in the agent’s architecture.

What is lacking is any sense of how such semiotic symbols play a role in cogni-
tive episodes beyond the picking out of referents in scenes; this is the main task for
the agents in all ALG-type experiments. What appears to be missing is the sense
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that symbols play any role in inferencing or organising non-linguistic behaviour.
The worry is that semiotic symbols have come unmoored from cognitive symbols
and that therefore our theorising about communicative capacities has come un-
moored from our theorising about cognition. But wasn’t this link precisely what
the semiotic symbol approach was supposed to theorise?

Perhaps there is much greater indebtedness than would first seem to be in the
ALG approach to the GOFAI framework. Although there is no explicit defence of
the idea in Steels’ work, there is still a ghost of GOFALI in the assumption that in
grounding symbols — via the components of the ALG — we can show that sym-
bols also support other cognitive properties. While the ALGs provide architecture
for linguistically grounding categories, they make no mention of how such archi-
tecture can help an agent to perform other cognitive work. This work seems to be
silent on the question of how a symbol system, language system, system of external
representations, or system of tools can play a role in reorganising underlying cog-
nitive activity. (For a recent review of the importance of the consideration of this
relationship, see Clark, 2006a)

Steels does acknowledge this problem in an article in which he states that the
ALGs tell “only the first part of the story. What we still need to show is how these
external representations may lead to the significant bootstrapping effect that we
see in human development, where representations (drawings, language, pretend
play) are a primary motor of cognitive development” (Steels, 2003, p. 14). This is
just right but the central problem remains of how to theorise this process.

The semiotic view of the symbol offers a way in which the symbol grounding
problem can be solved by offering a materialist explanation of how the dimensions
of signifier and signified, or alternatively Peirce’s triad of representamen, interpre-
tant and object, could come into relation. It does this by spelling out what it is, at
least minimally, for an agent to entertain a symbol and then showing how this can
be cashed out in agent-based simulations. But unless some account of how cogni-
tive architecture can emerge from its ability to interpret symbols is given, a theory
of semiotic symbols will never be a serious challenger to GOFAI The danger of de-
claring that the symbol grounding problem has been reduced to a technical prob-
lem is that it blinds us to the question of the role of semiotic symbols in cognition.

For rationalist and computational accounts of symbol systems, the role of the
symbol is to allow inferencing; in essence, an idealisation of thinking shorn of its
roots in the ongoing activity of the agent. But if semiotic symbols are held to play
inferential or any other type of cognitive roles there must be some theory of how
this happens. There appears to be a hidden assumption in Vogt’s work on semiotic
symbols to the effect that if it can be shown that symbols are grounded, then it can
be shown that symbols support truly cognitive properties. But this does not follow.
A theory of reference and signification is not a theory of inferencing.
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If semiotic symbols are to factor into our accounts of cognition, they face a
problem which is every bit as grave as the symbol grounding problem. Although
this problem has attracted much less attention than the symbol grounding prob-
lem has, it might be dubbed the new problem of symbols. How do semiotic symbols
come to play a role in thinking?

In what follows I will schematically develop what is needed. This explication
will refer to some cognitive modelling work previously reported in Clowes and
Morse (2005) that allows us to elaborate on the unique role of symbols in cogni-
tion, but it requires attention to how symbols are taken up to do cognitive work.
The approach is based on Vygotsky’s notion of semiotic internalisation.

Restructuring cognitive architecture through symbol internalisation

Here I present a hypothesis of how developing systems can restructure themselves
through the internalisation of symbols. This hypothesis both helps us make sense
of some previously reported simulation-based experiments (Clowes & Morse,
2005) and shows how this work may be linked to Vygotsky’s theory of the estab-
lishment of higher-cognitive functions (Vygotsky, 1997). Our simulation-based
experiments contained agents, embedded in a dynamic environment in which
objects could be moved around. Agents were evolved to move objects to target
locations within the environment in line with signalled instructions. The neural
architecture of the agents was such that they could adapt to re-trigger their own
signal reception mechanisms. In these simulations agents came to re-use this re-
triggering mechanism to control their own ongoing activity and perform self-reg-
ulative functions. Below I argue that this kind of self-regulative function explain
the proper cognitive character of the symbol.

According to the following analysis, I argue that we can schematise the three
stages of reorganisation that an agent must go through as it internalises symbols:

1. Completing a symbolically initiated action
2. Stabilising activity with symbols
3. Establishing activity regulation with symbols

Completing a symbolically initiated action

If we assume that children are not born knowing what symbols are or how to use
them,” we have to assume that they learn about symbols in action. Such a hypoth-
esis requires an outside-in understanding of the trajectory of symbols and their
role in the regulation and production of behaviour.
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However, we certainly should not assume that just because a child can respond
appropriately to the use of a symbol that he or she has a fully developed command
of symbol interpretation. Vygotsky’s colleague Luria (1961) described a mother
and child who were playing a game. The mother asks the child, “Where is Lenin?”,
and the child, having played the game before, points to a painting of Lenin on the
wall. Next, the painting of Lenin is moved and the mother asks again “where is
Lenin?” The child points at the place where the picture had hung.

The message should be clear. It is possible for the developing child to have an
incredibly imperfect grasp of the thoughts and activities that adults can structure
around symbols, and yet no understanding of the deeper interpretative relation-
ships at work. Yet the child is immersed in a world of symbols and some of the
most basic interactions with which the child will learn about the world are, from
the very first moment, symbolically structured.

In our simulations, agents are confronted with a similar task: to complete an
activity sequence which was initiated symbolically from without. As just discussed,
this does not mean that the agent needs to understand the meaning of the sym-
bol, if by “understand” we mean some high-level conceptual ability. Our simple
simulated agents have no such capacities. However, within acceptable criteria, the
agent can interpret the symbol in accordance with the expectations of the speech
community from which the symbol has been introduced. The first behavioural
regime the agent must go through is the establishment of a behaviour, or group of
behaviours (or cognitions) with respect to an instruction, or other form of speech
act. We call this the stage of minimal symbol interpretation.

Figure 2 shows the agent embedded in a series of ongoing interactions (the
large curving arrows). The arrows form a rough circle show that these agents are
engaged in a continual dynamic interaction with their environment.

In the diagram, some of these interactions are singled out for special attention.
These are the externally generated ‘words’ that the agents must interpret, and are
shown as square speech bubbles with arrows at the bottom of the diagram. To op-
erate as symbols even in the most minimal sense, these words must be interpreted.
Interpretation, at least in this base level language game requires an action. The
diagram depicts the neural aspects of these interpretations as thought bubbles, but
this is somewhat misleading. Interpretations here really consist of activities, for
example, moving objects around in the world. These dynamic interactions with the
environment accomplish much of the information processing, or cognitive work,
of an active perception system, which need not be interpreted as relying on ex-
haustive representational systems (Clark, 1997).

This schematic account of the first stage of symbol internalisation merely
requires that an agent be able to complete, in the required way, a symbolically-
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Figure 2. Completing a symbolically initiated action (minimal symbol interpretation).

initiated action. One might object that the kind of closely coupled action systems
that Luria observed between child and mother could just as well be described as
a loosely coupled action system with no real initiator. We could simply consider
the mother and child as continually completing, regulating and adapting to each
other’s activities as in an intimate dance (Cowley, 2007). Yet while the developing
relationship between mother and child is built on a whole series of such interac-
tions, the mother initiates their symbolic character (as Cowley also recognises). The
earliest symbolically-initiated actions are when the child completes the mother’s
action and are thus, as Vygotsky argued, outside-in. It is because symbols first ap-
pear for children in such intimate encounters and are only later taken-up by the
developing child to structure its own activities that we should understand the pro-
cess of symbolic development as one of internalisation.

Stabilising activity with symbols

Words are generally embedded in a series of affective regulation systems that sup-
port the construction of activities (Cowley, 2007; Trevarthen, 1991) and are often
used to initiate activities from the outside. Typically, these sorts of affective inter-
actions between mother and child provide a series of tacit supports and scaffolds
to the child’s developing activity system (Bruner, 1983). A whole series of largely
unconscious mechanisms seems to be at work in establishing some very basic so-
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cial psychological functions, such as triadic interactions (Leavens, 2006). In addi-
tion, of course, there are some very conscious interactions, as the mother seeks to
engage her child in aspects of the surrounding world.

Yet in the midst of these developing interaction systems, the child also faces
a problem. If symbolic regulation is to play a role in structuring the child’s own
autonomous activities, symbols must be wrested from their public source and appro-
priated for self-directed activity. Appropriation of symbols requires performance
without some of those social scaffolds. Accomplishing this task seems to require
the development of internal mechanisms which can take over the role of some of
these supports.

Vygotsky discussed similar problems in his writings on the question of the
differentiation of functions of egocentric speech (Vygotsky, 1986). As egocentric
speech develops towards properly self-regulative internal-speech, there is develop-
mental evidence that the child has difficulty in wresting this speech from its social
source. Vygotsky writes, “in the process of growth the child’s social speech, which
is multifunctional, develops in accordance with the principle of the differentiation
of separate functions, and at a certain age it is quite sharply differentiated into
egocentric and communicative speech” (cited in Wertsch, 1985, p. 117). In the first
stages of the development of using self-directed speech for control, as Wertsch
notes, Vygotsky “reasoned that one should find a lack of differentiation or even
thorough confusion between social and egocentric speech in young children’s ver-
bal behaviour” ( Wertsch, 1985, p. 118).

Vygotsky empirically tested this hypothesis of progressive differentiation with
three experiments, each of which was designed to test the child’s ability to dif-
ferentiate social from egocentric speech in action. Egocentric speech, according
to Vygotsky, is by definition involved in self-control functions. Yet social contact
was found to regulate the production of egocentric speech in a variety of experi-
mental conditions. Children use much less egocentric speech in situations where
they have less chance of being understood by others. Vygotsky explained this as
an initial difficulty with differentiating social from self-organisational functions.

Vygotsky frames the problem in terms of how a child has to learn to use self-
directed speech in the absence of adults or other children. This is difficult because
speech must be turned from its social function. The problem of gaining control of
these minimally-symbolic interpretation systems is also a problem for the agents
in our simulations (Clowes & Morse, 2005). This problem confronts the agents in
a number of forms.

First, there is simply the problem of developing and using a self-directed
loop. In our simulations, agents have the capacity to trigger themselves because of
their re-entrant architecture. However they initially switch this off because self-
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triggering interferes with their capacity to interpret signals generated from out-
side. Self-generated signals may be mistaken for external ones and upset the de-
veloping activity pattern. To take advantage of self-generated signals, agents must
learn to differentiate those that are self-generated from those that emanate from
outside. The problem of appropriating symbols to self-control manifests itself in
the agent simulations. As reported in Clowes and Morse, early generation agents
tend to turn off their internal loops until initial control regimes are stabilised.
When they turn the loop back on at a more advanced stage, there is some initial
drop in performance.

This is essentially a problem of self-organisation. The agent has developed in-
terpretations, responses and structural couplings that are cued by “good” informa-
tion, that is, information that the agent needs to achieve its goals. The advent of
self-directed signals requires the restructuring of an agent’s interpretation mecha-
nisms as these can destabilise behaviour. Such potential for destabilisation pre-
dicts a U-shaped curve in developmental episodes when self-signalling becomes
involved in self-regulation activity. However, regimes of self-stimulation begin to
make new modes of self-regulating activity possible. At this point, the agent’s self-
stimulating use of its own interpretation mechanisms reflects more of a potential
for activity than an actual new organisational regime of activity.

Figure 3 represents this transitional stage of development by showing a series
of internally-generated speech bubbles that can trigger interpretation processes,

Stage Two Sensorimotor Environment
loop

Agent f'

Figure 3. Learning to produce a symbol as a cue to action.
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and which can in turn trigger the production of internally-generated “speech,”
(hence the internal partial loops shown by the small curved arrows). This stage
of development implies a second type of cognitive architecture that develops as
the agent starts to use symbols to stabilise its activities. This phase of activity re-
ordering can begin once some symbol interpretation systems are in place. The es-
tablishment of action-based interpretation systems form a new platform on which
the agent constructs new modes of action and self-regulation.

This stage of development is an unstable and transitional point as most of the
agent’s self-directed signals can be regarded as noise, but noise that has the poten-
tial to become a new kind of self-directed activity. In this phase the agent is faced
with both problems and opportunities. As self-generated auto-stimulation loops
become stabilised, the agent has the possibility of organising its activities accord-
ing to new means of control that are established at a higher, semiotically generated,
order of abstraction.

Establishing activity regulation with symbols

In this third stage, agent organisation has gone beyond the simple need to establish
when an “utterance” comes from outside and when it is produced internally. It has
therefore differentiated for itself in practice inside and outside. This differentiation
allows new types of functional differentiation to take place. Now the agent is in a
position to capitalise on these newly developed internally-directed speech circuit
loops and to develop entirely new modes of activity. To do this, it needs to estab-
lish when auto-stimulation with words is useful and when it is unnecessary. In a
sense, it needs to establish mastery of the sensorimotor contingencies of its own
activity system.!? As Vygotsky pointed out, this sort of development requires the
progressive differentiation of functional systems that respond to externally-gener-
ated activity from those that respond to internally-generated activity.

In Figure 4, this is represented by the development of a new, functionally
differentiated and internal activity loop. Unlike in the previous control regime,
internally-generated loops do not simply capitalise on externally-generated and
supported activity systems, but they develop new activity systems. The functional
organisation of the activity of an individual agent has a logic that is not simply a
recapitulation of the logic of the group. Public systems of representation produced
socially are thereby turned to the agent’s own ends. This point of development
could be regarded as the point of completion of symbol internalisation, for the
agent has now built a new mode of symbolically-mediated self-regulation that is
essential to its ongoing activity.
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Stage Three Environment

Sensorimotor
loop

Agent

Figure 4. Establishing activity regulation with symbols.

Towards an understanding of semiosis in cognition

The theoretical model presented here and the experimental results presented
in Clowes and Morse (2005) give us the beginnings of an account of how the
internalisation of symbols come to reshape neural-dynamics. In contrast to other
accounts of semiotic symbols systems, these models illuminate the neglected cog-
nitive side of the semiotic symbol.

At a technical level, these models indicate one manner in which using external
symbols can reorganise the basic mechanics of regulating activity in a minimal
cognitive model. (Work is ongoing to understand this process in more detail.)
At a more abstract level, they give us a sense of how activities and the structural
couplings between agents and their environments can be stabilised around the
concrete anchors made available by semiotic systems. Nevertheless, there is much
work to do. This account represents only the beginnings of an understanding of
how symbol internalisation reorganises cognition in human beings. To deepen
this understanding we need to tackle the following questions:

1. How do words, and the external social representational systems in which they
are embedded make available the contingencies through which agents restruc-
ture themselves?
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2. What forces are at play in the internal dynamics of agents such that they can
appropriate these structures?

3. How do the external and internal systems interact in the ongoing restructur-
ing of agents?

The outside-in model forces us to treat explicitly how the representational struc-
ture of language allows an agent to shape its own cognitive architecture. I have
argued for the need to understand this process through a sequence of functional
changes. The first is how scaffolding (Bruner, 1983) gives way to semiotically-me-
diated joint control (Cowley, 2007) and how this in turn gives way to semiotically-
mediated self-control (as Vygotsky emphasized). This process has profound impli-
cations for the attentional systems of the developing child, its sense of self and its
agency; to understand this we need research on the unfolding functional changes
that underpin internalisation.
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Notes

1. Whereas this is an accurate summary of today’s state of affairs, we should add that the notion
of symbol has become vastly more problematic as traditional GOFAI approaches to cognitive
science have fallen into disfavour. The symbol has become a problem insofar as the more general
research programme has become increasingly problematic.

2. The symbols which we find in Al the philosophy of cognitive science and the generativist
tradition in linguistics, which sees the formation of sentences as formal manipulations of syntax,
share much in common. They are not, however, identical notions, and there is a nice discussion
of some of the subtle differences between them in Chapter 7 of (Rowlands, 1999).

3. I cited at length from Harnad here because his view seems to be a fairly canonical one about
what symbols are in the cognitive science community, even if there is not wide agreement on
whether his view on how symbols are grounded is correct.

4. A curious upshot of this idea in its classical form is that language is a subsidiary phenomenon
only made meaningful when it is translated into an inner language.

5. This is, of course, to leave aside the attendant problems of the seemingly unavoidable com-
mitment to conceptual nativism (Fodor, 1998).
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6. Actually, proposals for incorporating semiotic theory into the understanding of cognitive
organisation have some longstanding proponents (Sinha, 1988). Perhaps the recent resurgence
of interest in this area can be linked to the development of new techniques for modelling multi-
agent systems, some of which are discussed below.

7. 'The original terminology used by Peirce in characterising the triadic relationship was repre-
sentamen, interpretant and object. Vogt, Steels and his colleagues tend to use the terms form (or
word-form), meaning and referent (Vogt, 2003). I prefer to refer to the representamen as sign-
vehicle as this emphasises its role in conveying meaning.

8. In fact, if the main idea behind the semiotic conception of symbols is correct, properly the
identification of a symbolic relationship would be a difficult task to perform at the level of the
individual structural coupling of an agent and its environment. This is because the right sorts
of structural couplings are not defined by the individual relationships, but by the system of re-
lationships in which they are embedded. Vogt’s attempted definition is at the very least missing
a crucial feature.

9. As a number of theorists have argued, for example, (Clark, 2006b; Cowley, 2005; Sinha, 1988;
Vygotsky, 1986).

10. This use of terminology is a gesture toward the theorisation of active perception developed
in (O’Regan & Noé, 2001).
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The acquired language of thought hypothesis
A theory of symbol grounding

Christopher Viger
Department of Philosophy, University of Western Ontario

I present the symbol grounding problem in the larger context of a materialist
theory of content and then present two problems for causal, teleo-functional
accounts of content. This leads to a distinction between two kinds of mental rep-
resentations: presentations and symbols; only the latter are cognitive. Based on
Milner’s and Goodale’s dual route model of vision, I posit the existence of precise
interfaces between cognitive systems that are activated during object recognition.
Interfaces are constructed as a child learns, and is taught, how to interact with
her environment; hence, interface structure has a social determinant essential for
symbol grounding. Symbols are encoded in the brain to exploit these interfaces,
by having projections to the interfaces that are activated by what the symbols
stand for. I conclude by situating my proposal in the context of Harnad’s (1990)
solution to the symbol grounding problem and responding to three standard
objections.

Keywords: acquired language of thought hypothesis, content, dual route model
of vision, interface, language of thought, presentation, representation, symbol,
symbol system

Introduction

In posing the symbol grounding problem, Harnad (1990) put a new twist on
the old problem of accounting for intentionality or meaning within a material-
ist framework, a problem posed by the scholastic philosophers and reintroduced
in its modern form by Brentano (1874/1973). Very simply, materialism can only
account for mental content by appealing to material objects and the relations in
which they stand. How then can a materialist account for our thoughts about ab-
sent, abstract, or fictitious things! to which we either do not or cannot stand in any
material relation? There seem to be no resources left for the materialist.



128

Christopher Viger

Behaviourism and eliminativism are materialist ways of eschewing the mental
and thereby avoiding the problem; but because they avoid the issue rather than re-
spond to it, they are unsatisfactory accounts of our mental life. There is, however, a
way out for the materialist. The representational theory of mind (RTM), according
to which mental representations are physical particulars, likely neural structures,
is a materialist theory that offers a solution to Brentano’s problem. We can have
thoughts about unicorns or justice because we have a mental representation whose
content is unicornhood or justice,”> which is activated when we are thinking about
unicorns or justice. The computational theory of mind (CTM) supplements RTM.
According to CTM, thinking is similar to a computer performing syntactic trans-
formations of representations that nonetheless preserve their semantic properties,
such as truth.

RTM and CTM together offer a materialist solution to Brentano’s problem,
provided we can give a naturalistic explanation of the content of mental represen-
tations. So with RTM and CTM, Brentano’s problem is transformed into the seem-
ingly more tractable problem of giving a naturalistic account of mental content,
though this is not yet the symbol grounding problem Harnad posed. Attempted
solutions to naturalise content tend to be causal or teleo-functional accounts.® The
effort in forming these accounts goes into finding some physical relation that a
mental representation can stand in with just its extension, such as finding a rela-
tion between the symbol poG and all and only dogs. Surprisingly, there is no dis-
cussion of how a creature activating a mental representation can be aware of the
suggested relation. Harnad’s new twist? is to note that it is not a theory of content
tout court that is required, but rather a theory according to which symbols are
meaningful for the creatures that use them. If the proposed relation between a
mental representation and its extension is not one to which the creature is sensi-
tive, then any instantiation of that relation is irrelevant to the creature and there-
fore fails to explain the content of its thoughts.

I present two problems for causal, teleo-functional accounts of content
as they have been presented, which motivates a distinction between two kinds
of mental representations, presentations and symbols, of which only the latter is
cognitive. Based on Milner’s and Goodale’s dual route model of vision, I suggest
a cognitive architecture that explains how symbols could be encoded in the brain
so as to be meaningful for the creature in whose brain they reside. I conclude by
situating my proposal in the context of Harnad’s (1990) candidate solution to the
symbol grounding problem and responding to three standard objections.
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Problems for current causal and teleo-functional theories of content

Causal and teleo-functional attempts to naturalise content are problematic in two
ways. First, they take cases of direct sensory contact as basic and offer only promis-
sory notes about how to augment the account to include abstract content. Second,
they fail to explain how anything is meaningful for creatures. To elaborate, a direct
sensory contact view is worrisome for two reasons. One worry, as Akins (1996)
points out, is its reliance on a naive understanding of sensory systems as simple
property detectors. Akins argues that thermoreceptors are unlike thermometers
in that they do not function as objective temperature detectors; instead they pro-
vide us with relational information to help us meet our thermal requirements by
preventing us from getting too hot or too cold to the extent that that is possible.
Akins makes the case that sensory systems have to be understood in terms of what
they are doing for creatures, which is often not detecting objective properties and
so cannot explain the content of a mental representation of that objective property.
Indeed, there are many cases in which sensory systems do not provide accurate
representations and their evolutionary value is in not doing so (Viger, 2006a).

A second difficulty for accounts of mental content based on direct sensory
contact is that they fail to generalise to abstract content. But as we have just seen,
a main reason for endorsing RTM is to explain abstract content. If something is
present we can respond to it directly, without requiring a mediating representa-
tion. And if a representation isn't activated in direct sensation, direct sensing can’t
explain how a representation gets its content. It is when something is not or can-
not be present that we require a representation for it, such as when we engage in
abstract planning. This suggests that a different starting point is worth exploring,
one that can handle any kind of content. I am not denying that sensation has an
important role in explaining mental content: Our way of sensing the world almost
certainly influences our way of representing it. If we determine what our sensory
systems are doing for us, as Akins suggests, we may come to understand what is
meaningful for us, as Harnad requires. Indeed, I propose to develop just such an
account. What I am challenging is that it is in virtue of sensing something that our
mental representations have the content they do.

Presentations and symbols
To develop a theory of mental content by starting with instances of sensing some-

thing seems compelling since, for example, my staring at a tree can often ex-
plain why my thoughts are about it — why the tree often activates TREE in me.
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However, what needs to be explained is why that mental representation has the
content treehood for me. The reason the causal relation can appear to explain why
the symbol has the content it does is because of an equivocation between two
notions of mental representation. In the first, our sensory systems transduce in-
formation from something so that we can modify our behaviour — as in the case
of the tree. I refer to these kinds of mental representations as presentations. But
presentations are all stimulus-bound, so they are not the mental representations
that we use in most of our thinking, which is not stimulus bound. In the abstract
cases highlighted by Brentano, a mental representation stands in for something
that is not present. I refer to such mental representations as symbols.® 1t is the
content of symbols that requires explanation. Sensory contact can often explain
how something is present to us and why we activate the symbols we do. However,
an account of the content of the symbol is still needed, and it must respect the
grounding constraint that the symbol is meaningful for the creature in which it
is activated.

The dual route model of vision

Based on research using macaque monkeys, and human subjects both with and
without brain damage, Milner and Goodale (1995, 1998, 2004) propose that neu-
ral pathways from the primary visual cortex separate into two distinct and largely
encapsulated streams, one dorsal and one ventral. “[I]t seems likely that the visual
projections from primary visual cortex to the temporal and parietal lobes in the
human brain may involve a separation into ventral and dorsal streams similar to
that seen in the monkey” (Milner & Goodale, 1998, p. 2).

People with brain damage to the dorsal stream suffer from optic ataxia, a vi-
suomotor disorder that makes it difficult to reach for and grasp objects. These
people, surprisingly, can accurately report the location and orientation of the ob-
jects they fail to grasp. People with ventral stream damage suffer from visual form
agnosia; they are unable to recognise forms, objects and even orientations. Milner
and Goodale conclude that the dorsal stream guides real-time action in a dynamic
environment, such as reaching, grasping, and ducking, whereas the ventral stream
is for object recognition.”

The contrast between the streams is quite striking and reflects the distinct pur-
poses of each. For one thing, the dorsal stream is not subject to many of the illu-
sions that we experience via the processing in the ventral stream. For example, in a
three-dimensional version of the Ebbinghaus illusion,® subjects who see the centre
circles as being different sizes, nonetheless adjust their grip in reaching to grasp
them in the same way, as if they are the same size (Goodale & Milner, 2004). The



The acquired language of thought hypothesis

131

dorsal stream must be accurate in guiding behaviour, whereas the ventral stream’s
role is to “permit the formation of perceptual and cognitive representations which
embody the enduring characteristics of objects and their significance” (Milner &
Goodale, 1995) to guide more conceptual tasks. The point is to process informa-
tion in such a way that it can be used by other, nonvisual, systems, such as those
involved in generating inferences, planning, memory, and emotions. Visual recog-
nition extends beyond the visual module to thoughts and behaviours in some way
related to the visual stimulus. Indeed, successful object recognition often leads to
processing in other systems such as recalling previous experiences, or inferring
something about the behaviour of what is recognised. So the ventral stream must
interface with other systems in precise ways, and it is these interface sites® that are
the key to grounding symbols on my account.

Forming interfaces

A symbol allows us to think beyond our immediate circumstances by standing in
for something that is absent. Thus, a symbol must have the same cognitive effect
as the thing would have if it were present. But a visually present stimulus primes
an interface site, causing precise activations in many different cognitive systems.
And while dual routes of the sort identified for vision have not been demonstrated
for other sensory modalities, we do recognise objects using every modality. The
smell of freshly baked cookies may bring back memories and the associated happy
feelings of childhood; a high-pitched whine may recall the unpleasantness of the
dentist’s office, etc. So it is plausible that each sensory modality must interface with
other cognitive systems in much the way the ventral visual stream does. This im-
plies that the recognition of an object primes an interface site regardless of how it
is sensed. Thus, symbol activation must prime the same interface site — the same
cognitive systems and in the same way — that what it stands in for does; that’s just
what it is to function as a stand-in.

What we want to know then, is how something is able to prime the relevant
cognitive systems and thereby function as a symbol. Attempting to answer this
question highlights just what is at issue in the symbol grounding problem: Is the
symbol system people use in thinking innate? The reason this question is impor-
tant is that the interface sites between different cognitive systems cannot be innate,
since the cognitive operations they make accessible, such as retrieving relevant
memories or determining appropriate behaviours, emotions, and inferences, are
derived from experience.!® So what’s at issue is whether we have a composition-
ally structured symbol system prior to the formation of the interfaces. My view is
that we do not. This is contrary to the accepted view of how RTM fits with CTM,



132

Christopher Viger

namely Jerry Fodor’s language of thought hypothesis (LOT) (Fodor, 1975), so be-
fore presenting my account of how symbols are grounded, I mention some diffi-
culties with LOT in regards to the symbol grounding problem.

From my analysis, adopting LOT begins to make the symbol grounding
problem look intractable. First, the compositional structure of LOT alone can-
not ground the content of its symbols. It was arguing this — following Searle
(1980) — that led Harnad (1990) to pose the symbol grounding problem in the
first place. Second, attempts to account for meaning by determining a relation
between a symbol and its extension are inadequate because the relation is not
one to which infants are sensitive. The point is not just that infants are unable to
detect the relations suggested so far in naturalistic theories of content (though
there might be such a relation we simply have not found yet). None of the kinds
of relations that these theories entail could be relations that infants are able to
detect. The reason is that symbols in LOT are presumed to be meaningful to
the infant prior to her having any experience with the world, so whatever the
proposed relation is, it is an uninstantiated relation, hence undetectable.!! Fi-
nally, if we have symbols prior to the interfaces, which are required for object
recognition, our conceptual capacity outstrips our recognitional capacity. Fodor
(1998b) endorses this position at the expense of solving the symbol grounding
problem. Fodor (1975) argues that to learn a predicate in a natural language, we
must already be able to use a coextensive predicate, which means that we reliably,
truly predicate the property it expresses about things. One way to do so would
be by recognising them, but since that is precluded, the predication is a purely
syntactic process that is ungrounded.'?

Given the shortcomings of LOT, my approach is to take the formation of in-
terfaces between cognitive systems as prior to the acquisition of symbols. My view
is that the symbol system is acquired and that process is what grounds it. To be-
gin, it is important to realize that the interfaces are not simply connections made
between pre-existing cognitive operations. The operations themselves are formed
through experience, as is evident in the case of what memories can be retrieved.
But even in less obvious cases, such as what behaviours a stimulus will prime, the
baby’s experience greatly augments any innate behavioural dispositions she may
already possess. Her experiences of how she can behave, which include her abil-
ity to recognise affordances the stimulus presents, how she has interacted with it
in the past, what she has seen others do with such things, and what she has been
taught to do with it all contribute to what behaviours may be primed for activa-
tion (cf. MacDorman, 1999). It is important to notice the role that socialisation
plays in developing a culturally-appropriate set of behaviours. In one culture cer-
tain insects will tend to produce gathering and eating behaviours while in another
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culture they will tend to produce swatting behaviour. The influence of socialisa-
tion on inferential dispositions is even more obvious since we are often explicitly
taught reasoning techniques and the conclusions that we are likely to draw depend
on our culturally-embedded interests. So experience — including enculturation
— influences the formation of an interface in determining both what cognitive
operations are present to be interfaced and which ones do interface.

It is also important to stress that the syntactic processing in LOT has no role
for affective states except that they can hinder the performance of the system,
which is another serious shortcoming in trying to ground symbols. According to
my alternative, the production of appropriate affective states is among the cogni-
tive operations that interface, so that part of what object recognition consists in is
the production of an appropriate emotion for that object. This might be realized
by projections that exist between the prefrontal cortex, which is involved in object
recognition, and the amygdala, which is involved in producing our affective states
(Newman & Grace, 1999). What we take something to be is inextricably linked
to how it matters to us, a key aspect of symbol grounding. And as in the case of
behaviour, how something matters to us can be innate or derived from experience.
For example, some emotional responses, such as a strong fear reaction to sudden
loud noises, might be innate, others might be socially determined, such as rever-
ence for a religious artefact.

Because interface sites are formed through experience, their structure changes
over time. As we become more familiar with something, we develop new ways to
interact with it. We learn things about it that influence how we think about it. How
it affects us emotionally can change, and we acquire new memories. That the struc-
ture of interfaces is dynamic is expected because we recognise things in the con-
text of our changing experience, and it is in priming activation in other cognitive
systems via these precise interfaces that we come to recognise them. How precise
the interfaces are determines the extent to which we can recognise something, and
they clearly must be precise enough to enable us to discriminate stimuli according
to our conceptual categories. But as long as the interface remains precise enough
for discrimination, the exact structure can be dynamic.!*> Moreover, once an in-
terface is precise enough to discriminate stimuli according to some conceptual
category, we can acquire a symbol for that category.

Grounding symbols

Among the behaviour human infants learn from their social environment is verbal
behaviour.!* They pick up the verbal patterns in their environment and learn to
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produce them; they learn to name the objects they sense. In so doing an interface
is created between sensory systems and word production, making the ability to
produce words in response to stimuli an aspect of object recognition for the baby.
Learning words is one means by which a baby can learn to discriminate catego-
ries. But the ability to produce words in response to stimuli does not make them
symbols for the baby — though the mother often interprets them and such, as
Cowley argues (2007) — because they do not stand in for the stimulus. As I argued
above, a symbol must prime the same interface site that what it stands in for does.
Now that we understand something of the dynamic structure of such interfaces,
we can explain how symbols prime activation in those sites.

A symbol, like a natural language word or an icon,'” is itself an environmental
stimulus, that is, a physical pattern such as an event, including actions and the
verbal production of words, or an object, which we sense and recognise. As such,
our sensory processing of a symbol, typically visual, auditory or tactile, can be pre-
sentational or symbolic.'® The processing of a symbol such as a verbally produced
word is presentational when we respond to the word as a noise (i.e., without recog-
nition), as when a sudden loud voice startles us. To recognise a word, the auditory
processing must interface with other cognitive systems, as occurs for anything else
we recognise. But for words, I claim there are two special interfaces: one grounds
syntax, the other semantics. One interface is with the language faculty in virtue of
which a word has the formal syntactic properties it does within a natural language.
This interface is tangential to my purposes in this paper.!” The other interface I am
positing is what makes the discriminated environmental pattern a symbol, accord-
ing to my view. My thesis is that a symbol is neurally encoded with a projection
to the interface site of what the symbol stands for, and that this projection, rather
than some causal connection to its extension, determines the content of the sym-
bol. When the symbol is activated, the projection primes further activation in the
very cognitive systems primed by the thing it stands for. The projection creates
a new pathway to that interface site, and, as a result, creates a way of activating
cognitive operations without the presence of the stimulus that normally activates
those operations — normally meaning in the context of object recognition. The
cognitive power of a symbol is the new access it gives us to our mental states, ac-
cess that is not stimulus bound.

For the acquisition of at least our first symbols, our first words, the projec-
tion is likely made possible by the symbol stimulus and what it stands for being
present simultaneously, which may explain the intuition underpinning so many
naturalistic theories of meaning that propose direct sensation grounds content.
The error is to suppose that content is constituted by a causal relation between the
symbol and its extension, an account which cannot generalise to abstract contents.
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Content arises from the projection in virtue of which the symbol functions as a
stand-in, and because the cognitive operations to which it projects are affect-laden
and enculturated, the content is grounded. While co-occurrence of a symbol and
something in its extension may facilitate creation of a projection, it is the creation
of the projection and not direct sensory contact that is basic to a naturalistic the-
ory of content. As a result, accounting for the content of an abstract symbol is not
theoretically different from accounting for that of concrete objects. In both cases
an interface is created and a word projects to that interface. The only difference
is that in the abstract case direct experience can never play a role in forming the
interface, though it often doesn’t in concrete cases either. My acquisition of “shark”
was more like my acquisition of “unicorn” than that of “tree”!8

Where experience does not mediate the formation of an interface, it is likely
that some language is required to do so. To learn “unicorn” a child is shown draw-
ings of unicorns, told stories about them that she remembers and can repeat,®
etc., from which she is prepared to draw inferences about them, may come to have
feelings for them, and would even visually recognise one were she to see it. It is to
these operations that the neural encoding of the word “unicorn” projects.?

My account so far offers an explanation for how symbols come to have the
content they do and why that content matters to us. There are still two aspects of
symbol grounding I need to discuss. The first is that social norms constrain the use
of symbols. The culture we live in determines what symbols mean to us and how we
use them. The physical stimulus that serves as a symbol token is conventional and
if we do not conform to the conventions of our society we misuse it. Adults correct
childrens word production if it does not conform to the historically rooted customs
of use that they themselves have learned. In the context of my proposed architec-
ture, learning societal norms amounts to getting the right systems interfaced, so our
intersubjective relations influence the very structure of our cognitive system.

The second issue of grounding concerns consciousness and understanding.
An appropriately grounded symbol system is one that is meaningful to the crea-
ture that has it. That our symbols access our experiences and feelings is a first step,
but we can be consciously aware of what our symbols mean and, at least in the
case of humans, it is this stronger sense of meaning that must be explained. Now
it is well beyond the scope of this paper to defend an account of consciousness
from which our phenomenology can be derived, but I will sketch how this might
be developed. Many theories of consciousness, such as those proposed by Den-
nett (1991), Rosenthal (2005), Carruthers (1996, 2000), and Brook and Raymont
(forthcoming), accept that higher order representations or dispositions either
are, or give rise to consciousness. Higher order representations are a kind of self-
monitoring, which, if directed toward the activation of a symbol, would make us
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conscious of what the symbol had primed.?! We would be aware that appropriate
memories, inferences, feelings and behaviours could be activated, which just might
be the feeling of understanding.?? When we monitor our activated symbols they
are meaningful for us.

Symbol systems

Harnad posed the symbol grounding problem for entire symbol systems. “How
can the semantic interpretation of a formal symbol system be made intrinsic to
the system, rather than just parasitic on the meanings in our heads?” The reason
for taking an entire symbol system as the starting point is that human thought as
reflected in our speech has systematic regularities, namely productivity and sys-
tematicity (Fodor & Pylyshyn, 1988). Thought is productive in that we can think
an unbounded number of thoughts, and it is systematic in that the ability to think
certain thoughts entails the ability to think certain other thoughts; for example, a
mind that can think the thought expressed by “Phil pushes Adam” can also think
that “Adam pushes Phil” The explanation for the productivity and systematicity of
thought is that there is a representational medium of thinking which is composi-
tional: A finite number of primitive representations can be combined according
to recursive rules. Productivity follows from recursion, and systematicity is a re-
sult of the fact that parts and a rule for combining them admit interchangeability.
Since the rules are syntactic, the system has formal properties and, hence, a formal
symbol system that is the medium of thinking. Thus, it is formal symbol systems
that need grounding. Moreover, since compositionality is a defining characteristic
of a language, this reasoning leads to the conclusion that we have a language of
thought (LOT).

One of the central tenets of LOT is that complex representations have con-
stituent structure. The symbol “Jasmine” is a physical component of “Jasmine likes
ice cream.” Thus, it is supposed that the computations constituting thinking are
the physical manipulations of these constituent symbols, a view that has become
known as the classical computational theory of mind. Antirepresentationalist al-
ternatives to LOT, most notably connectionism, dynamical systems, and subsump-
tion architecture, were developed in light of significant difficulties that arose from
using the classical approach in Al research, such as the frame problem.?* Though
there are things these alternative systems do very well, they are inadequate in the
cases raised by Brentano’s problem, which was a main reason for accepting RTM
in the first place. Even proponents of these views accept that we cannot completely
dispense with representations.?* Thus, RTM is widely accepted — for example,
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connectionist systems are taken to have distributed representations — and the
debate is about finding the right computational model for the mind. The main
challenge to connectionism as an alternative to LOT is that its distributed repre-
sentations either have constituent structure or they do not. If they do, connection-
ism is not an alternative to LOT. Rather, it is an implementation of it. If not, con-
nectionism is empirically inadequate as a model of thought since it cannot explain
compositionality (Fodor & Pylyshyn, 1988).%

It is in the context of this debate about cognitive architecture that Harnad
posed the symbol grounding problem. A formal symbol system on its own is not
enough to explain cognition; it must be grounded. Alternatively, the classical ap-
proach leads to problems such as the frame problem because the symbol system
does not provide understanding. What Harnad puts forward as a solution to the
symbol grounding problem is a move within the representationalist-connectionist
debate. He proposes a hybrid model in which classical symbols are grounded in
what he refers to as nonsymbolic iconic and categorical representations. Symbols,
specifically names for object and event categories, are assigned to categorical rep-
resentations, which are detectors for invariant features of the object and event
categories named. Harnad suggests a connectionist model as the mechanism for
learning the invariant features (Harnad, 1990). Thus, Harnad opts for the first horn
of Fodor’s and Pylyshyn’s dilemma in which connectionism is a way of implement-
ing a formal symbol system; however, Harnad’s emphasis on symbol grounding
gives connectionism a prominent role in the overall cognitive architecture.

Situating my position in this debate, I am also opting for the first horn of the
dilemma. Because of my reasoning that the symbols are not innate, pace Fodor, I
call my view the acquired language of thought hypothesis (ALOT); the symbol
system we acquire is a natural language. Though I have focused on symbol ground-
ing, the symbols have syntactic features so they can be structured into complex
symbols that express propositions. The interfaces that ground content in ALOT
play much the same role that categorical representations do in Harnad’s hybrid
model, though interfaces have significant non-sensory structure to handle abstract
content. The cognitive operations that interface may well be connectionist net-
works but I take that to be an empirical issue yet to be settled. Harnad sees connec-
tionism as a natural mechanism for learning invariant features of object and event
categories; I'm not committed to there being such invariants. Finally, an addition
I make to Harnad’s proposal is to explore how consciousness is involved in the
phenomenology of understanding.

There is one more important sense in which the symbols form a system. The
symbols are interconnected to form a network, whereby the activation of any one
symbol can in principle activate any other symbol and hence the operations to
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which it projects. In this way symbol activation is not stimulus bound and comes
under our control in the sense that our self-mediated mental states determine the
content of our occurrent thoughts.?® The interconnected network is like a roadway
through the mind, a constructed central superstructure that makes for easier travel
among the modular cognitive operations embedded within this superstructure.

Objections and replies

I now formulate three standard objections that Fodor raises against alternatives to
LOT as they apply to ALOT.

Objection 1, Part 1. To defend psychological explanation in the face of elimi-
nativism, Fodor and Lepore argue that there must be psychological laws that gen-
eralise over contentful states. According to holistic theories of meaning, content
changes over time so that no two people or one person at different times have
symbols with the same content. Insofar as ALOT posits an interconnected lexical
network it seems to be a holistic theory of meaning (Fodor & Lepore, 1992).

Reply to Objection 1, Part 1.1 have included the first part of this objection sim-
ply to distance myself from holistic theories of meaning. The lexical connections
are not constitutive of content, so the worry does not apply to ALOT.

Objection 1, Part 2. Since the interfaces which ground content are dynamic,
they are never the same between two people and change over time for individuals.
So again the symbols of ALOT do not have the same content, and psychological
generalisation is not possible.

Reply to Objection 1, Part 2. The interfaces ground content, but the content of
a symbol is the property whose instantiation primes the interface site to which
the symbol projects. So the symbol TREE means treehood for all of us. What this
highlights is that ALOT is an account by which we can have the same concepts
in different ways, preserving psychological explanation while respecting cognitive
differences across individuals and cultures.

Objection 2. According to ALOT the precondition for acquiring a word is hav-
ing the relevant interface. To learn a word one must have the concept it expresses
(Fodor, 1975), so having an interface gives us a concept. Concepts are the constitu-
ents of thoughts so they must compose. But interfaces don’t seem to be the sorts of
things that do compose, so they can’t be concepts.

Reply to Objection 2.'m a Dennettian about concepts. Since I'm already com-
mitted to the view that we can have concepts in different ways, it's a small step to
accepting that in at least the vast majority of cases?’ there is nothing necessary
or sufficient to having a concept. Having a concept is simply having a cluster of
competences and behaviours, namely, those that interface, such that one is judged
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to have the concept from the intentional stance (Dennett, 1987); having a con-
cept is a matter of degree. However, like all matters of degree there are instances
where we are clearly on one side of the line or the other. Having a symbol project
to an interface is a special way of having a concept, and when we have concepts
in this way, as all language users do, we are able to compose our concepts to form
propositional thoughts. What this objection commits me to is that non-human
animals capable of compositional thoughts have (limited) symbol use. But I take
the arguments against non-human animals having a language to show that these
are quite exceptional cases.

Objection 3. According to my formulation of ALOT, I am committed to the
thesis that the medium of thinking is a natural language. However, animals and
human infants without a natural language think. Furthermore, natural language
is ambiguous in ways that thoughts are not. For example, the sentence, “I am a
philosopher,” is ambiguous until the referent of the indexical “I” is specified. How-
ever, the thought I mean to express by uttering the sentence is not ambiguous. In
thought, the referent is specified, so however I express the referent to myself, it is
not with the English “I” It follows that some other medium is required to express
the propositions we entertain (Fodor & Pylyshyn, personal communication).

Reply to Objection 3. First, ALOT is committed only to the view that natural
language is the medium of some thinking, namely compositional thinking, so the
fact that nonverbal animals and human infants think is not an objection to my
view. The processes activated by an interface are cognitive and are presupposed
for the acquisition of language, so clearly a natural language is not the medium of
those processes.

As for the main point of the objection, it refers to cases like indexical terms
such as “this” and “I” But “this,” like every other symbol we neurally encode, is
grounded, likely in some kind of attentional mechanism such as Pylyshyn’s visual
indexes (Pylyshyn, 2003), so it is not ambiguous when we activate it in thought.
The encoding of the word projects to something like a visual index, which deter-
mines the referent. In being grounded, words have meaning for us in addition to
their ambiguous meanings as part of the language. The problem itself is an artefact
of taking an ungrounded symbol system as the starting point.?®

Conclusion
I have given an account of symbols, and most notably the words of a public lan-

guage, as environmental stimuli to which we conventionally assign norms of use.
We internalise natural language words, encoding them into neural structures. This
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process gives us mental symbols. The neural encodings of words have three dis-
tinct types of connections. The grounding connections are projections to interface
sites that are primed by what the symbols stand in for. It is in virtue of these pro-
jections that a symbol can stand in for something else; the projections enable the
symbol to activate the same cognitive operations as what it stands in for. Symbols
are also interconnected to form a network so that the activation of one symbol
can activate another, which means the activation is not stimulus bound but rather
determined by our mental states. Finally, the symbols have syntactic features that
the language faculty can operate over, giving them a compositional structure from
which complex symbols can be formed to express propositions.

The acquired language of thought hypothesis is a representational theory of
mind that proposes a cognitive architecture in which symbols can be grounded in
much the same vein as Harnad’s proposed solution and in many ways ALOT is an
elaboration of his view. Even if the proposed structure is basically correct, there is
much to be done to solve the symbol grounding problem. We have to determine
how interfaces are formed, particularly since many objects have common detect-
able properties, and how projections to interface sites are created, to say nothing of
the role of consciousness. Many of the models in this volume are exploring these
very issues.
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1. Clark has added the unruly, such as all of the blue things I have owned in the last two years, to
this list of what he calls ‘representation hungry problems’ (1997, p.167). For ease of exposition I
will refer to all of these as cases of abstract content.

2. T use italics for the content of a representation, capitals for a mental symbol, and quotes for
natural language words. So the content of DOG is the property of being a dog or doghood for
short, which we express in English with “dog” By “activation” of a symbol, I mean “tokening” in
the philosophical jargon, but for general readership I will stick with activation talk.

3. See for example, Fodor (1990), Millikan (1984), and Dretske (1981).
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4. This idea is new in analytic philosophy. It is central in continental philosophy.
5. They make small perceptual differences salient.

6. Brentano (1874/1973) makes a similar distinction, and there is evidence that as early as the
fourteenth century William of Ockham respected this difference (Panaccio, 2004). More recent-
ly, Grush (1997) uses the distinction. His notion of presentation is slightly more liberal than
mine and he uses stand-ins primarily for emulation in planning action, which is more restrictive
than my conception of how we use symbols, but the notions are otherwise very similar.I develop
my version of this distinction between presentations and symbols in more detail in Viger 2006b.

7. My presentation in the two preceding paragraphs follows that in Viger 2006b.

8. This is the illusion in which two circles of the same size are surrounded by other circles. In
one case the circles are much larger, in the other much smaller. We see the circle surrounded by
the larger circles as smaller, though it is not.

9. These interface sites are similar to what Damasio (1989) refers to as convergence zones in that
their activation re-stimulates quite precise neural activity. Given the length of axons the subsys-
tems that interface need not be in local proximity to each other; i.e., an interface can activate
distributed processing throughout the brain.

10. This is not to deny that we have some innate dispositions to respond behaviourally and emo-
tionally but these are much more coarse-grained then the kind of interface that differentiated
object recognition requires.

11. Fodor’s recent requirement that concepts be triggered through interaction with the envi-
ronment (Fodor 1998a) doesn’t address this worry. The syntactic forms of the symbols and the
compositional structure of LOT are still innate, so the inferential role a symbol can have is still
determined syntactically. That is, how LOT functions is independent of any interactions with the
world, so those interactions do not ground it.

12. Assuming that we innately possess very sparse interfaces that become richer with experience
(see note 10) won't give us recognitional capacities that match the innate conceptual resources
we are supposed to have according to LOT. Sparse interfaces do not individuate content finely
enough to account for the symbols the infant is supposed to have. For example, infants likely
have a withdrawal and fear reaction to large animals, but very little else in terms of innate behav-
iours. This won't differentiate a bear from lion, yet BEAR and LION are supposed to be innate
according to LOT.

13. I return to this issue in Objection 1 below. See also notes 10 and 12.

14. This in no way denies Chomsky’s thesis based on the poverty of stimulus argument (Chom-
sky, 1985) that very much of what’s needed to learn a language is innate. The point is simply that
“dog” and “chien” are not innate.

15. I take it that many things can function as symbols for us, but for ease of exposition and
because they are the symbols that are part of a symbol system, I restrict my discussion to words
of natural languages.
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16. Note that the distinction between presentations and symbols does not correspond exactly to
dorsal and ventral stream processing that leads to action or recognition, as both processes can
be used in imaging and both can be stimulus driven.

17. I think the compositionality of thought requires that the medium of thought has syntactic
features, so I mention the interface, but it is beyond the scope of this paper to argue for that
claim.

18. Thanks to Glenn Parsons for this example.

19. Note that in language mediated cases for instantiated concepts, like SHARK, the stories need
not be true. Enculturation is one way in which we can come to have false beliefs.

20. The unicorn example shows that language mediation is a means of forming our own con-
cepts. The difference between UNICORN and SHARK is that empirical findings can cause us to
change our understanding of sHARK. Fodor (1998a) characterizes this as the difference between
mind-dependent and natural kind concepts. Only things falling in the extension of the latter are
suitable for scientific investigation.

21. This might also be what allows us to recognise a word as a word, since it primes its syntactic
and semantic projections.

22. Note the similarity to Wittgenstein’s discussion of rule following and how to carry on (Witt-
genstein 1953).

23. For an overview of the frame problem see Viger, 2006¢.

24. Clark refers to Brentano’s cases as a class of representation hungry problems (Clark 1997,
166-170). Van Gelder admits that “[t]o be sure, cognition can, in sophisticated cases, involve
representation and sequential processing” (van Gelder 1996, 439); Dennett sees words as build-
ing blocks for thought processes that aren’t possible without words (Dennett 1996, 1998). To my
knowledge Brooks is still a holdout (Brooks, 1991).

25. For an excellent overview of this debate see the introduction in Macdonald and Macdonald
(1995). The volume contains many of the seminal papers in the debate.

26. MacDorman refers to controlled symbol production as decontextualization, which he takes
to be the key feature of a symbol (personal communication). I agree in that while symbols can
act as stand-ins once they project to an interface on my view, it is only by being networked that
they are not stimulus bound, so networking is essential for us to use symbols as stand-ins. Inter-
connectedness is also essential in Deacon’s (1997) and MacDorman’s (1999) accounts.

27. If an analytic/synthetic distinction can be made this won't hold for analytic concepts.

28. InViger 2005 I argue that the logical/formal terms of a natural language need not be in LOT,
even if Fodor is correct about predicates, in which case the medium for thoughts involving those
terms would have to be a natural language. Given the classical view of CTM, that’s most of our
thoughts.
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AFTERWORD

Life after the symbol system metaphor

Karl E MacDorman

School of Informatics, Indiana University

After reviewing the papers in this special issue, I must conclude that brains are
not syntactic engines, but control systems that orient to biological, interindividu-
al, and cultural norms. By themselves, syntactic constraints both underdetermine
and overdetermine cognitive operations. So, rather than serving as the basis for
general cognition, they are just another kind of empirically acquired constraint.
In humans, symbols emerge from a particular sensorimotor activity through

a process of contextual broadening that depends on the coordination of con-
scious and nonconscious processing. This process provides the representational
freedom and stability that constitute the human brain’s solution to the frame
problem and symbol grounding problem. Symbol formation and grounding is an
ongoing process of generalising constraints from particular contexts, selectively
enlisting their use, and re-automating them. This process is central to the self-
creation of a language-using person with beliefs, agency, and identity.

Keywords: affordance, conduit metaphor, distributed cognition, embodiment,
language of thought, the symbol grounding problem

Introduction

Those writing in this special issue concur that “human interaction and thus hu-
man symbols cannot... be reduced to the formal units pinpointed by syntactic
analysis” (Belpaeme and Cowley, 2007). In spite of this, nobody draws the logical
conclusion. We should stop conceptualising symbol grounding in terms of for-
mal symbol systems. Modelling can proceed without treating ‘minds’ as syntactic
engines. Therefore, I believe we need to rethink the person problem:! How can
human bodies — and perhaps robot bodies — construct themselves into persons
by attuning to patterns and norms in their social environments? I believe an ap-
proach that addresses this question could satisfy the authors’ conviction that, to
engage us in talk, robots will need to do more than ground their internal symbols
in the world.
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For ‘walking, talking’ persons, operations are dynamic (Thelen & Smith, 1994),
and what we do is irreducible to the formal and syntactic (Clocksin, 1998). The
ability to use (external) language is rooted in the body, with brains acting as con-
trol systems. So, how do human beings accomplish this? Broadly speaking, there
seems to be some kind of consensus among the authors. Using the physics of
speech (Worgan & Damper, 2007), human beings align to regularities that include
patterns of use (Vogt & Divina, 2007). This enables the later development of what
can be described as symbolic reasoning (Clowes, 2007). Initially, at least, we are not
‘internalising’ symbols but using them as constraints on what we do (Clowes, 2007;
Cowley, 2007; Viger, 2007). What we characterise as symbol use (or word use) is
the outcome of a culturally-located developmental process.

Researchers in artificial intelligence and robotics have often been reluctant to
recognise the magnitude of the task they face. One reason for this is that it is easy
to be led astray by the conduit metaphor (Reddy, 1979). This metaphor character-
ises, not the nature of language, but how we talk about it. According to this view,
a speaker puts ideas into word-containers that are shunted along a conduit and
then taken out by a hearer. Cognitive scientists have elevated this ‘putting’ and ‘tak-
ing’ with such terms as ‘encoding’ and ‘decoding, but the basic idea of translating
concepts from one head into the local language and then back into someone else’s
head remains the same.

Given the allure of the conduit metaphor, many have refused to recognise the
difference between the problem of grounding internal symbols in perceptuo-mo-
tor invariances as confronted by formal symbol systems (Harnad, 1990) and the
external symbol grounding problem, namely, the problem of grounding the exter-
nal symbols and signals of utterance activity. This distinction is crucial, because
the evolving cultural resources that shape human cognition include these external
symbols and signals (Lyon, Nehaniv & Cangelosi, 2007; Vogt & Divina, 2007). Ex-
ternal symbol grounding depends on real-time co-action (Cowley, 2007), which
includes teaching (Seabra Lopez & Chauhan, 2007), and prompts the rise of per-
ceptual skills (Steels & Belpaeme, 2005). Thus, human beings face not only the
challenge common to other species of keeping internal representation grounded
in the world but also a quite different challenge of grounding (external) language.
Damper and Worgan, Cowley, Clowes, Viger and others are correct in maintain-
ing that, although we begin with the physical properties of utterances, it is only
through a developmental process that human beings are gradually induced to dis-
cover the power of their formal properties.

Although we talk about language as if it were a conduit, this metaphor blinds
us to how agents can use representations in turning themselves into people. This
developmental process occurs as representations gradually acquire symbolic



Life after the symbol system metaphor

147

properties. When symbolic ways of acting are consistent with an agents devel-
opmental history, they give rise to representations that can stand for objects, in-
cluding objects that are out of view (Viger, 2007). The ability for symbols to act
as stand-ins beyond the context of their initial use is typically viewed as decon-
textualisation. This, however, is to substitute a logical for a developmental point
of view. From the perspective of grounding, what happens is more appropriately
seen as contextual broadening. Thus, to solve the person problem, we can simulate
how simple causal regularities give rise to contingencies that enable systems to
reconfigure embodied representations, including those that depend on the move-
ment of other bodies (Cowley, 2007). This involves simulating the interplay of
conscious and nonconscious processing,” which has been scandalously ignored
by past approaches to symbol grounding (MacDorman, 1999). So, in robotics and
artificial intelligence, we have to move from forms of representation that can only
be reconfigured by human programmers to forms that have sufficient representa-
tional freedom and stability to reconfigure themselves based on the interplay of
conscious and nonconscious processing. Nothing else will give an agent symbols it
can use with sensitivity to norms to constrain the doings of both its own body and
those of other agents (Cowley & MacDorman, 2006). This will provide it with the
robust grounding that is required to solve the person problem.

Persons are not formal symbol systems

Just as vacuum tubes and other technologies eventually reach an end of life, so
do ideas. Symbol systems as defined in Harnad (1990a) seem to have reached just
such an end, because, by definition, they can only operate according to syntactic
constraints. If other constraints (e.g., perceptual, ecological, biomechanical, epi-
genetic, evolutionary) are to influence a symbol system, it will be solely by virtue of
how they connect its symbols to the objects, events and relations they represent.?
However, if persons (or their brains) were symbol systems, their cognition
would operate according to constraints that were simultaneously biological, in-
terindividual, and cultural (Clocksin, 2004). In short, they would not be purely
syntactic. Our brains are not syntactic engines but world-oriented control systems
and, as Vygotsky (1986) saw, follow different lines of development in dealing with
physical and cultural/intentional entities. It is quite possible that verbal thought
and meaning become systematic, generative, and inferentially coherent as a
consequence of self-organising brains aligning us as persons to cultural norms
(MacDorman & Cowley, 2006). These regularities serve as standards against which
we evaluate each other’s behaviour from our own perspective and, by doing so,
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give that behaviour value and meaning (Christensen & Bickhard, 2002; Cowley &
MacDorman, 2006). These capacities develop in the affectively rich relationships
of infants and their caregivers (Cowley, 2007). Thus, the rule-like regularities of
human cognition do not reveal syntax as the underlying, built-in mechanism that
governs symbolic reasoning.* Rather, these regularities emerge from causal pro-
cesses that depend on a language-saturated cultural ecology. We exploit both the
physical world and sets of categories that are derived from the history of particular
cultural domains. As Dennett (1987, 1989) and Ross (2006) argue, we gradually
come to use the narrative devices that turn our human bodies into persons.

Fodor (1980) and others have proposed that a syntactically-driven symbol
system has a priori feature detectors for every natural kind of thing. These detec-
tors set processing in motion and, thereby, instantiate the symbols of the symbol
system. An example of this from artificial intelligence is the robot Shakey (Nilsson,
1984). From the standpoint of evolution or neurobiology, however, a priori feature
detectors do not seem plausible (MacDorman, 1998), as even Fodor admits (Gut-
tenplan, 1994). Those who would fix Good Old Fashioned Artificial Intelligence
(GOFAI) misunderstand Harnad (1990a), if they believe the matter of symbol
grounding only concerns whether a robot is hardwired with feature detectors or
learns them on the fly. Consequently, some have simply proposed to connect a
pre-existing symbol system to the world by means of a perceptual learning mecha-
nism, such as a neural network.

This setup spares the old syntactically-governed symbol system idea, while ap-
pearing to address its grounding. But it misses the force of Harnad’s point — that,
just as a diagram may guide someone in performing formal geometry, the iconic
shape of a symbol’s referent must constrain the system in manipulating the symbol.
Thus, Harnad argues that, to ground symbols, empirical constraints must augment
syntactic constraints. It is not enough that the pattern recognition mechanism by
which symbols are instantiated be learned. Constraints on the rules or rule-like
regularities by which symbols are manipulated must also be learned. The reason
for this, I would argue, is because ecological relations and experience (and, in hu-
man beings, norms and language) influence not only how we recognise what is
around us, but also how we reason about it (Wason, 1981; MacDorman, 1999).
Fodor (1987, 2000) opts for a similar approach in his solution to the philosopher’s
version of the frame problem: Empirical constraints need to augment syntactic
constraints to eliminate “kooky concepts” and thereby help the system avoid rea-
soning about things that cannot happen or things that do not change.®

Both Fodor and Harnad assume that the main problem with syntactic con-
straints is that they underdetermine mental representations. In other words, syn-
tactic constraints define too broad a universe of possible mental representations,
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so that an individual’s actual mind is an empirically-delimited subset of that uni-
verse. This makes Harnad the ‘Gorbachev’ of cognitivism: He tries to save the ap-
proach while fatally undermining it. He considers formal symbol systems to be
something that can be fixed by supplementing syntactic constraints with empirical
ones. It is as if, like Fodor, he thinks symbol systems are the only way of making
behaviour systematic, generative, and inferentially coherent. This view, however,
is mistaken. The a priori syntactic constraints of symbol systems not only under-
determine mental representations but, just as importantly, overdetermine them by
excluding nonsyntactic mental operations. In human beings, syntactic constraints
may themselves be a product of cultural evolution (Vogt & Divina, 2007). More-
over, rather than apply the formal symbol system model to the whole of general
cognition, one may posit that other kinds of systems supply the richness and par-
simony required to represent what the brain needs to manage action. We cannot
simply assume symbol systems are the building blocks with which body and brain
construct a person. On the contrary, these patterns are likely to exist in the world.
Thinking may appear systematic, generative and inferentially coherent, because
we use social practices to abstract these patterns from the experience of living in a
culture. They get the job done and are socially sanctioned. The historically recent
development of writing systems, formal education, and computers have further
reinforced the dubious belief that meaning derives mainly from the composition-
ality of symbols (Luria, 1976).

So, if mental operations are neither formal nor syntactic, the issue of symbol
grounding should concern how human bodies construct themselves into walk-
ing, talking persons from their social environments. It should concern not just
the learning of perceptual invariants but also the simulation of persons who can
follow (or break) norms and rules. Thus, we are interested in how agents can be
educated to think in ever more (or less) logical ways and how they can develop
stories to ‘explain’ why they do what they do, taking an intentional stance toward
themselves and their actions (Dennett, 1987, 1989; Ross, 2006). Through this nar-
rative process, people spin explanatory ‘myths. Indeed, in recent decades people
have convinced themselves that cognition is driven by processes that are like a
telephone exchange, or a computer, or whatever happened to be the dominant
metaphor of the day (Clocksin, 1995).

The conduit metaphor obscures language and cognition

The conduit metaphor (Reddy, 1979) tempts us to compare perception with com-
munication. In both cases, we assume, the world provides information that we
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decode: For perception, this decoding is dependent on sensory transduction, per-
ceptual inferencing, and modelling (Ullman, 1980). For communication, it de-
pends on using an inner system (a language faculty) to decode a signal in terms of
invariants that have determinate value (Jackendoff, 2002; see Port & Leary, 2005,
for an opposing view). But the metaphor of carrying information distorts our view
of how language is learned, how it functions interpersonally, and how it shapes
social cognition. There has been an opinion in some branches of mainstream cog-
nitive science that essentially goes like this:

1. Human beings think in a formal language of thought (LOT), which constitutes
the symbolic representations of a symbol system (Fodor, 1975).

2. Operations in LOT depend only on internal syntactic constraints.

3. Nevertheless, LOT maintains semantic correspondences with the external
world: When you feed true statements into a LOT-manipulating symbol sys-
tem, the system produces conclusions that by and large are also true.

4. Since the symbol system operates according to internal syntactic constraints,
elementary symbols are innate, given beforehand.”

5. Complex representations are composed from an ‘alphabet’ of these symbols.

According to this viewpoint, communication entails encoding in natural language
(e.g., an utterance or email) mental concepts, which are taken to be symbolic rep-
resentations, and sending them across a conduit (e.g., airwaves or the Internet) to
a recipient who then decodes them.®

The conduit metaphor comes up short for a number of reasons:

1. For us to communicate, your concepts do not need to divide up the world in

exactly the same way as my concepts (Reddy, 1979; Steels & Belpaeme, 2005).

2. 'There is much more to communication than the transfer of facts about the
world expressed as propositions.

a. Kravchenko (2003, 2006), following Maturana (1976) and Maturana and
Varela (1980), argues that human communication — like that of any other
animal — must be connotational.

b. As Cowley and MacDorman (1995) have shown, the descriptive content
of an utterance often says little about what is happening between indi-
viduals in a relationship and what the utterance means for them. An un-
derstanding of prosodic, facial and gestural features of communication as
well as context is needed.

c. As Karl Grammer, Alex Pentland, and others point out (e.g., Grammer,
Fieder & Filova, 1997; Pentland, 2005), communication can be conceived
of in many ways other than in terms of semantics (descriptive meaning)
and pragmatics. For example, during human courtship, nonverbal signals
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have a probabilistic quality that can give information about receptiveness
to a romantic advance without making a firm commitment, thus allowing
‘wiggle room’ to back out.

3. There is much scepticism about the internalist assumptions of Fodor’s LOT,
and many researchers follow Dennett (1991), Clark (1997), Hutchins (1995)
and others in viewing language as a process of enacting external patterns.’
While the idea remains underdeveloped, we construct ourselves in the course
of experiencing the external social environment (e.g., Dennett, 1987, 1989;
Ross, 2006).

The physical symbol systems hypothesis and its problems are symptomatic of peo-
ple’s belief in the conduit metaphor (Newell, 1980).

Given that symbol systems function according to internal syntactic con-
straints, how do we ground their symbols in the external world? I have argued for
more than 12 years that the whole idea of a system operating according to internal
a priori syntactic constraints is wrong. Rather, the system’s rule-like operation and
all its symbols must be learned from the bottom up. They must emerge from and
be grounded in sensory projections, motor actions, and affective consequences.
The system’s operation turns on empirical constraints of which formal syntactic
constraints are no more than a subset.

In the early 1990s, I was approaching the symbol grounding problem from
Stevan Harnad’s viewpoint. Cowley (1994, 1997) was concerned about something
else: how features of utterances operate between individuals to closely coordinate
their activity and regulate their emotion in real-time. These features can be inter-
preted in many different ways and, based on his acoustic data from conversations,
Cowley saw no reason to privilege text-based ‘symbolic’ interpretations over those
that arise from our acute sensitivity to closely-timed prosodic events (e.g., pitch,
rhythm, loudness, voice quality). Cowley was (and remains) very concerned about
how language gets bootstrapped by the mother-infant dyad. For example, when a
baby reaches for a stuffed dog and makes a vocalisation, the mother often over-in-
terprets this as asking for the dog by pointing at it, and the baby cognitively grows
into this over-interpretation through the mother’s coaxing (see Tomasello, 2003).

So the question Cowley was asking is: How is it that an utterance that starts
off with no meaning comes to serve various functions within the mother-infant
relationship and eventually acquires semantic meaning? It may, for example, come
to act as a stand-in for an object that is not present (Viger, 2007). Because the
features of the utterances, including its symbolic/representational features, are in
the environment, I suggested to Stephen Cowley, “That’s not the internal symbol
grounding problem, but the external symbol grounding problem?” By that I meant,
“That’s not the problem of how you ground the internal symbols in your head in
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the external objects, relations and states-of-affairs they represent (as formulated
by Harnad, 1990a). Rather, that is the problem of how external utterances and
features of utterances (including, but not limited to, symbolic features) can come
to regulate affect and coordinate activity between persons (e.g., mother and in-
fant) and eventually stand in for things not present.” It is this idea that underlies
Cowley’s attempts to understand how human infants deal with symbol grounding
(Cowley, 2006, 2007; Cowley et al. 2004).

So we have three problems: (1) the problem of grounding internal symbols
in external states-of-affairs; (2) the problem of grounding utterances (including
prosody and the actual words spoken) and facial, gestural and eye movements in
interindividual activity (including affect); and (3) the problem of using robots to
investigate not only the first symbol grounding problem but also the extended ver-
sion having to do with human language.'®

How brains ground symbols

Being part of a symbol system, Viger (2007) argues, is not the defining characteris-
tic of a symbol but rather its potential to stand in for something that is out of view.
But a symbol’s potential to function in different contexts is equally important, be-
cause this is how an agent shows it understands a symbol as a symbol and not just
as a pattern. This potential is often called decontextualisation. While Viger (2007)
acknowledges its importance, he notes that it presupposes that the symbol comes
first. However, because symbols presuppose an interface, it is more appropriate to
posit that the grounding comes first and that the symbol instead emerges from a
process of contextual broadening. When a baby reaches for a plate and says, “mo,”
and the mother interprets this to mean, “I would like to have some more food,”
this does not mean “mo” functions as a symbol for the baby. The baby may just be
repeating the mother’s vocalisation (or its own). It may learn that in this context,
vocalising “mo” is a way of acting that gets the mother to approach with food. Only
when the baby exhibits an understanding of how “mo” (or “more”) functions in
different contexts can we say that it knows the vocalisation stands for a particular
abstract relation (e.g., between how much it has and how much it wants). In this
sense, the baby demonstrates a grasp of the word’s meaning through use (Wittgen-
stein, 1953).

Conscious processing may be implicated in contextual broadening, because
persons can think about objects in focal consciousness in ways that indicate the
loosening of the objects from context. For example, I can think about binding pa-
pers with a stapler or using it to put up posters, but I can also think about the
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effects of microwaving it, or things I cannot do with it, like throwing it into the sun.
This indicates a degree of representational freedom for objects in consciousness
that might not be obtained by strictly nonconscious processing.

But nonconscious processing has its advantages too. It supports the parallel
execution of well-honed skills. The reason a FIFA professional can play soccer is
because he doesn’t need to think about how to run or dribble or make a shot. While
these things are coming together automatically, he can focus on strategy. If you
were to make him think about, for example, ways to improve his shooting, pre-
sumably his game would worsen before it improved (Langer & Imber, 1979). Like
soccer, learning to drive takes conscious study and effort, but eventually people not
only manage to drive but to do many other things while driving. Yet, if something
happened on the road, extraneous activities would be interrupted as orienting re-
actions redirected conscious attention to the unexpected event.

It is precisely because conscious processing is so useful in evaluating novel
stimuli that it must be supplemented by other mechanisms. It typically has wide-
spread effects on attention, memory, and motor control (Baars, 1988). While con-
tradictory beliefs may coexist in the subconscious, objects in consciousness are re-
quired to maintain a much higher degree of consistency. For example, a locked gate
forced me to park my bicycle in a new place, but later without thinking I returned
to its usual spot only to find it missing. Outside of consciousness, my brain was
quite content to represent the bicycle as residing at its usual location and at its new
location. Flexibly maintaining consistent representations in consciousness may be
computationally demanding, involving billions of bits of information in the brain
being simultaneously and coherently interrelated (MacDorman, 1999, 2004). This
may explain why the brain’s massively parallel nonconscious processing can break
down into serial processing in consciousness (Mangan, 2001). This is not to deny
the capacity of nonconscious processing to maintain complex interrelations that
have already been worked out through practice. But it is this “working out” that is
the domain of conscious processing, because what is represented consciously is
articulated with sufficient richness to allow persons to evaluate novel situations.

If solving the frame problem entails finding a representational form that allows
computational agents to avoid getting bogged down reasoning about stable aspects
of the world (Janlert, 1996), the interplay between conscious and nonconscious
processing has endowed the human organism with a solution. The brain tolerates
inconsistencies until something goes wrong — something unexpected happens. It
then sets conscious processing on to the problem — with its flexibility, consistency
checks, and integration of disparate brain centres — to correct and reautomate
the subconscious routines that led to the error. The result of this process is that
human brains can deploy (1) a flexible and consistent representation of objects in
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consciousness, (2) a vast number of stable subconscious routines that are able to
run in parallel, and (3) methods for consciously detecting when things go wrong
and correcting and reautomating those routines. Isn’t this what an intelligent robot
needs to be able to do?

Let us now consider the two major robotics approaches to intelligent be-
haviour. There is the GOFAI approach of programming a robot to make plans
by means of a symbol system and the behaviour-based approach of building up
complex behaviours from simple mechanisms that directly link sensing with mo-
tor response. The GOFAI approach, which suffers from the usual symbol ground-
ing and frame problems, metaphorically resembles conscious processing, while the
behaviour-based approach with its hardwired routines metaphorically resembles
some kinds of nonconscious processing. Some researchers have taken a hybrid ap-
proach by welding together GOFAI and behaviour-based subsystems along a fixed
interface (Malcolm, 1995). But it is clear that none of these approaches attempts to
simulate the interplay of conscious and subconscious processing, which is how the
human organism has finessed the symbol grounding and frame problems.

Although it is easy to argue that GOFAI-based robots have too much repre-
sentational freedom, while behaviour-based robots have too little, this argument
really misses the point. To illustrate why, it is useful to consider Brooks’ robot Her-
bert (1991a, 1991b). Herbert appeared to perform an intentional activity, collect-
ing soda cans in an office, but it did so without benefit from any form of central
symbolic representation. When a sensor detected a can, a switch sent the robot for-
ward. When its collision with the desk stilled the wheels, a gripper extended. When
the soda can broke an infrared beam in the gripper, it grasped the can, and so on.

Is Herbert too grounded in the situation and therefore lacking representational
freedom? I would argue against it, and just because a person can think abstractly
about soda cans does not make that person’s thinking less grounded than Her-
bert’s responses. Herbert has a brittle kind of grounding, which, oddly, is similar to
the GOFAI-based robot Shakey (Nilsson, 1984). Despite their differences, Herbert,
like Shakey, is crafted by engineers to perform specific actions on specific items
in specific environments (e.g., where desks have a certain height). Neither robot
could get very far in a new environment with unknown objects. While well-fitted
by a (conscious) designer to a given purpose, neither could reconfigure its inter-
nal workings for some new task. Neither robot can discover what objects afford,
nor develop and automate skills for handling objects based on their affordances
(Gibson, 1979). In other words, they lack the kinds of cognitive systems that, in
humans, coordinate conscious and nonconscious processing. Just as traditional
symbol systems cannot be grounded without a human interpreter (Harnad, 1990a,
1990b), Brooks’ subsumption architecture cannot be grounded without a human
designer to rebuild it as the context changes.
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Neither Shakey nor Herbert has a mechanism for regrounding, which explains
why their grounding is so brittle. It fits a certain environment but fails irrecover-
ably in others. A system with a flexible grounding will reground itself when its
body, environment, or even its goals change (MacDorman et al., 2000). Like the
babies Cowley (2007) studies, it will be able to use the world to construct its own
agency. Unfortunately, however, the apparent grounding of Herbert and Shakey
depends on the plasticity of their designers’ brains and not their own. And so it
is their designers’ brains that effectively coordinate processing that is more cen-
tralised, articulated, and conscious with processing that is more automated, mod-
ularised, and subconscious (MacDorman, 1999). In this manner, information is
decontextualised and recontextualised as skills are automated and reautomated. It
is these cognitive and sensorimotor processes that make for a robust grounding.

Conclusion

Except in abstract, formal systems, such as those implemented on a computer, even
symbolic processing is embodied and situated — and influenced and constrained
by its embodiment and other circumstances (Pattee, 2001; Lindblom & Ziemke,
2006). A given body sets up unique ecological relations between its perceptuo-mo-
tor and cognitive systems and the environment. Contextual broadening develops
from the sensorimotor projections of objects in a particular situation. The ability to
reason in other, new situations does not involve substituting syntactic constraints
for empirically acquired ones but rather acquiring and generalising empirical con-
straints from a history of interaction and bringing them to bear on the situation at
hand. In more abstract planning and reasoning, empirically acquired constraints
may take on logic-like properties, but ecological (i.e., body-world) constraints
remain at play (Wason, 1981). Even logical constraints are learned empirically.
Indeed, logical thinking is just one of many kinds of (learned) habits that afford
contextual broadening.

Fodor (1996) has characterised the symbol systems of Al as being subject to
the frame problem, because they have too much representational freedom, being
governed only by syntactic constraints, while Harnad (1991) has attributed the
same cause to the symbol grounding problem. However, I would argue that syntac-
tic constraints are a subset of empirical constraints and not the other way around.
Symbol systems do not suffer from too much representational freedom but the
wrong kind! In contrast, the human brain effectively manages the trade off be-
tween freedom and stability through the interplay of conscious and nonconscious
processing, and that is our solution to the frame and symbol grounding problems.
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Notes

Much appreciation goes to all the participants in the External Symbol Grounding Workshop in
Plymouth, UK on 3 and 4 July 2006, and especially to Tony Belpaeme, Stephen J. Cowley, Stevan
Harnad, Alexander Kravchenko, Joanna Raczaszek, and Christopher Viger for fruitful discussions
on symbol grounding that have contributed to this paper. I would also like to thank Bruce B.
Mangan for a discussion on consciousness and Robert Port for a discussion on spoken language.

1. This label emerged from private correspondence with Stephen J. Cowley.

2. Nowhere in my discussions of consciousness in this paper do I attempt to address the so-
called ‘hard problem’ of why we are even conscious at all. I am merely looking at the functional
relation between conscious and nonconscious processing — a relation which presumably could
be implemented in machines regardless of whether these machines would really be conscious.
My treatment of the hard problem appears in MacDorman (2004).

3. They may do so, for example, by virtue of how a mushroom instantiates a mushroom symbol
in the head and, inseparably, how mushroom-related symbol processing elicits mushroom-di-
rected sensorimotor actions like picking, sorting, washing, frying, and eating.

4. This contrasts with Soar (Laird, Newell, & Rosenbloom, 1987) and other ungrounded reason-
ing programs implemented on computers.

5. The mechanism performs category induction by learning invariant properties of an object’s
sensory projections to distinguish the object from confusable alternatives based on internal and
external state changes (Harnad, 1987; Cangelosi, Greco & Harnad, 2000).

6. If after the robot has lifted a cup it has to determine whether the French Prime Minister is still
in office, it is wasting time reasoning about something that is highly unlikely to have changed. If
it has to determine whether Venus has entered its gut, it is wasting time reasoning about some-
thing that cannot happen. And if it has to figure out that it should not reason about these things,
it has already fallen into the frame problem. The solution is to find a representational form that
is adequately constrained so that senseless reasoning will not happen.

7. This has been Fodor’s assumption. According to Fodor, 1980, these elementary symbols are
not something low-level like edges and blobs or other basic perceptual or sensorimotor features,
but natural kinds of things: emperor penguins, zebras, and so on.

8. I'may have in my head a concept corresponding to the sentence “John saw Mary with her ex-
husband.” But this concept, as represented in LOT, need not resemble any natural language (It
could instead resemble, e.g., Schank and Ableson’s Conceptual Dependency, 1977.)

9. This work builds on Vygotsky’s (1986) metaphor of internalising what begins as external me-
diational means. While the term internalising is much disputed, it can be uses as shorthand for
processes like the move from counting on the fingers to counting in the head or from talking to
others to thinking in words.

10. Since many animals presumably can consistently perceive relations among objects, and thus
enjoy systematicity in their perceptual apparatus (as Fodor and Pylyshyn, 1988, say, “punctate
minds don’t happen”), I can see the problem of grounding internal symbols as also being an issue
for many non-primate species.
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