Chapter 6

Grounding language in the brain

Friedemann Pulvermuller

6.1 Introduction

Can a cognitive theory of embodiment be an abstract theory? Clearly, any theory is abstract
in a relevant sense, as it is defined as a theoretical construct. But can a theory of embodi-
ment remain at an entirely abstract level, or would it necessarily need to connect to the
concrete mechanistic level of the brain, to nerve cells and circuits? Symbols and meaning
are not grounded directly in experiences and actions — or only in a metaphorical sense.
Rather, signs and symbols are mechanically based on, or grounded in, neuronal circuits in
the brain. Importantly, as we have learned recently, some of these neuronal ‘symbolic’
circuits seem to play a relevant role in action and perception, too; in this sense, symbols are
action-perception grounded. Therefore, the targets of a theory of embodiment include
neuronal elements that realize thought, meaning, and language processes. They are not
abstract entities but real objects following laws of nature and neuroscientific principles.

Here, a theory of the neuronal embodiment of language and conceptual processes is
reviewed, which is built upon neuroscientific principles. Action—perception networks
(APNSs) in the brain are proposed to be the grounding machines realizing the binding of
language, perceptual, and action-related information. There is evidence for this proposal
from cognitive neuroscience research, and a review of this evidence will be given. It will
also be mentioned that, in some cases, it was possible to address specific questions about
embodied cognition using neuroscience experiments. The neuromechanics of embodi-
ment and empirical neuroscience research targeting these mechanisms may therefore be
welcome additions to cognitive theory.

6.2 Embodiment and the brain

A main idea immanent to cognitive theories of conceptual embodiment is that concepts
and the meaning of symbols that function as vehicles of thought are embodied
in perceptual and action information (Barsalou 1999; Clark 1996; Lakoff 1987; Lakoff
and Johnson 1999; Varela et al. 1991). Meanings and concepts, be they abstract or
concrete, can be explained, and therefore grounded (at least in part) by referring to
concrete sensory information and to information about actions carried out by the indi-
vidual. Although most cognitive theories of embodiment are at the — in one sense still
abstract — level of cognitive representations and processes, it is clear that all cognitive
entities are mechanistically based on brain circuits and their activation, as selective
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deficits after brain lesions demonstrate. From an embodiment perspective, it may be
advantageous to look at brain correlates of conceptual and semantic processing, because
the mechanistic processes and principles that emerge from the neuronal substrate could
potentially contribute to experimental testing and explanation at the cognitive level.

The idea of embodiment goes back quite far in history, certainly to Aristotle, to Plato’s
cave allegory, and probably even further. A significant step was taken by Sigmund Freud
who, when working on the neurology of organic language disturbances in his early
career, drew the first diagrams of hypothetical networks of cortical neurons that might
process symbols in the human brain (Freud 1891) (Figure 6.1). In one of these diagrams,
he connected the neuronal representation of a spoken word, via reciprocal links, to an
‘object association’ network, which, as we might say today, would embody and cortically
organize aspects of the meaning of the symbol. Freud’s speculation about the embodi-
ment of word meaning was rejected by neurologists of the 19th Century, but appears
surprisingly modern today, as, on the basis of a multitude of neuroimaging results,
distributed cortical networks are considered to be a likely basis of higher cognitive
processes. A critical point might be that Freud was one of the first to propose an embod-
iment theory at the cognitive level with an anatomical and physiological basis in the
brain. We may ask still today whether a cognitive theory of embodiment can be strength-
ened by supplying it with a brain basis, by spelling out its mechanisms in terms of
neurons. Few would probably deny this, and important steps have been taken towards
this goal (Gallese and Lakoff 2005). This chapter is one more contribution, focusing
specifically on questions of embodiment in the context of a neuronal model of words,
meanings and concepts (Pulvermiiller 1992, 1999, 2001, 2005).

One might want to say that a theory of embodiment has to be embodied in the brain,
but such a statement inevitably leads to confusion due to the different uses of the critical
morpheme, From now on in this chapter, the usage of the word ‘embody’, and similarly of
‘grounding’, will be restricted to a relationship between concepts, meanings, signs,
symbols, words, and their semantically related actions and perceptions. In contrast, these
cognitive elements will be said to be realized, organized, implemented, wired, or laid
down in the neural substrate in such and such a way.

Apart from supplying a cognitive theory with a brain basis, evidence from neuro-
science may also help in answering burning cognitive questions. This stronger statement
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Fig. 6.1 Freud's brain-based model of the embodiment of word meaning in perceptual informa-
tion. Multimodal ‘object associations’ were thought to be linked to the word form representation.
This model was thought to depict connections and processing units at the level of the brain
(Freud, 1891).
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will also be addressed here: I will submit that cognitive neuroscience techniques
have enabled us to provide strong evidence for an embodiment approach not previously
available from behavioural experiments.

This chapter will first ask basic questions about how words are realized as neuron
circuits that process actions and perceptions. Subsequently, the question of brain mecha-
nisms of meaning grounded in action and perception will be addressed. Specific
questions about phonological and semantic embodiment will be highlighted separately,
in the light of recent findings from neuroimaging. Here, the case of category-specific
semantic networks will be featured in detail as it turns out to be of particular theoretical
importance. Critical questions about category-specific embodied semantic processing in
the brain have been addressed in detail by research into the brain processes underlying
action-related language. Multimodal neuroimaging work in this area will be reviewed,
the emerging conclusion being that semantic processing in the brain may be realized, at
least in part, by rapid, automatic, functionally relevant spreading of activation into
sensory and motor areas, which reflects aspects of the reference of action and object
words. From here, the scope of the chapter will widen, addressing fundamental issues in
the brain embodiment of meaning and concepts, the role of correlations between words
and world and among words, the discreteness of language representations, and the issue
of abstract concepts. The proposal will be that a mere mapping of sensory and motor
features is not enough for embodied meaning representation, but that logical operations
are necessary as additional pre-wired ingredients.

6.3 Basic questions about language, thought, and the brain

How are words and their related meaningful concepts stored and processed in the brain?
We may want to start with a simpler question, that of how objects and actions are
processed in brain circuits, and especially in circuits in the brain structure most impor-
tant for cognitive processes i.e., the cortex. It is well known that many neurons in cortex
respond to elementary features of objects, for example form and colour features of visual
images of the objects or acoustic length and frequency information of sounds character-
istic of the object (Hubel 1995). In the motor domain, cortical neurons usually signal
elementary features of muscle movements (Rizzolatti and Luppino, 2001), or, at higher
levels, even elementary information about the goals connected with an action (Fogassi et
al. 2005). As neurons appear to represent and process features of objects, the assumption
that collections of neurons (neuronal assemblies), are the basis for the processing of sets
of features characterizing objects and actions (Braitenberg 1978; Hebb 1949). Sets of
neurons with strong links between their members would provide the ideal machinery for
maintaining the memory of an object or action, and have therefore been proposed to
underlie short-term or active memory (Fuster, 1995). In recent years, the cognitive
neuronal equations ‘feature = neuron’ and ‘object/action = neuronal assembly’ have
received support from a range of lines of neuroscientific research in both animals and
humans (Braitenberg and Schiiz 1998; Fuster 2003; Plenz and Thiagarajan 2007;
Pulvermiiller 2005; Singer and Gray 1995).
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To bind individual neurons, which signal elementary and possibly more complex
features of an object or action into a cell assembly, neural hardware and functional
principles that drive the binding are necessary. From the hardware perspective, it must be
noted that connections in cortex do not only run between adjacent neurons in the same
area and local cortical patch, but also between distant sites. Plate 6.1 illustrates such long-
distance connections, taking the example of links between different parts of the perisyl-
vian language cortex (in green and blue) and the motor system (in red). Long-distance
connections are indicated by arrows and, in addition, adjacent areas are also connected
with each other. These links are, in part, evident from anatomical studies in humans
(Brodmann 1909; Makris et al. 1999) or can at least be suggested on the basis of studies
in monkeys (Pandya and Yeterian 1985; Young et al. 1994), taking into account the
homology of cortical areas between species. As a multitude of long-distance links are
available in cortex, information can be transmitted between distant cortical areas, for
example, between superior temporal lobe (in blue), where acoustic information about
speech sounds arrives, and inferior frontal cortex (in green), where the motor output is
programmed and coordinated.

Apart from the anatomical principle that long-distance links connect different lobes
and a range of distant cortical areas with each other, a functional principle is of utmost
relevance: Nerve cells that are connected to each other and fire together frequently
strengthen their connection (Artola and Singer 1993; Hebb 1949; Tsumoto 1992). In
reverse, neurons that fire independently from each other, or in an antiphasic manner,
tend to weaken their links, and even fine-grained sequential features of activation
patterns can modify synaptic weights (Bi 2002). This means that the correlation of
neuronal firing of cortical cells is translated into connection strengths. In essence, what
fires together wires together, and the long-distance wiring in cortex guarantees that
correlation-related links can even develop within sets of neurons distributed over distant
areas and lobes. This has important implications for the way in which objects and actions
are processed and stored in brain circuits; if an object is characterized by multimodal
features, for example, shape, colour, and sound, which in many cases occur at the same
time, it is plausible that correlated activity in different cortical lobes, in the visual and
auditory systems, strengthens the connections between distant neurons processing these
different information types. The thereby established distributed neuronal assembly
would then bind information across sensory and motor modalities.

The neuroscientific principles of correlation learning and that of long-distance cortico-
cortical connectivity have important implications for the brain basis of meaningful
language units, words, and morphemes (Pulvermiiller, 1999). When a word form is being
articulated, this relates to neuronal activation in the motor cortex. Motor activation is, in
turn, coordinated and controlled by premotor circuits, which are, in turn, linked to and
influenced by activity in inferior prefrontal areas. In addition to activity in the inferior
frontocentral cortex (violet areas), the speech produced leads to auditory input, which
activates superior temporal auditory cortex, and, via short distance connections, the adja-
cent auditory belt and parabelt areas in superior temporal gyrus and sulcus (blue areas).
As there are neuronal links between superior temporal lobe and inferior prefrontal areas,
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the co-activation of neurons in these areas, which is characteristic of the production of a
spoken word, can lead to synaptic strengthening. A word-related cell assembly distrib-
uted over different parts of this perisylvian cortex (violet and blue areas) develops
(Pulvermiiller 1999; Pulvermiiller and Preissl, 1991). As the inferior frontal and superior
temporal neuron populations — which, at the start, had either been responsible for
controlling the articulation movement or for specifically responding to the sounds char-
acteristic of the word — the connected assembly can be considered an APN in which
action-related and perceptual information is being bound together. This APN would
represent and process a specific spoken word form, and therefore embody and ground it
in its distinctive articulatory and acoustic features.

6.4 Action—perception networks

6.4.1 Cortical embodiment of words as action-perception
networks

The speculation that spoken word forms such as ‘crocodile’ are grounded in action-
perception networks, whereas meaningless but pronounceable and phonotactically legal
pseudowords that are not being used in the language, such as ‘crodobile’, are not, might
lead to fruitful research. One idea is that activation of a memory network leads to well
coordinated reverberatory activity and synchronous oscillations at high frequencies in
the so-called gamma band (>20 Hz) (von der Malsburg and Schneider 1986). Evidence
for this comes from animal research (Singer and Gray 1995) and can also be found in
noninvasive recordings, electroencephalography (EEG), and magnetoencephalography
(MEG) (Lutzenberger et al. 1995; Tallon-Baudry and Bertrand 1999). These high
frequencies may, in part, relate to the fact that most neurons in cortex conduct activity
rather fast (5-10 metres per second; for discussion, see Pulvermiiller 2000) so that
reverberations in cortical neuron loops may take <50 milliseconds.

When investigating high-frequency cortical responses to words and meaningless word-
like items, induced gamma-band responses were found to be enlarged for the lexical
items and relatively small for the meaningless novel ones (Eulitz et al. 2000; Krause et al.
1998; Lutzenberger et al. 1994; Pulvermiiller et al. 1995, 1996, 1997). This was true for
different languages (e.g., English, German, Finnish), in both major language modalities
(spoken and written language), and in a range of tasks and paradigms (lexical decision,
reading, listening, and active and passive oddball tasks). The difference in gamma-band
responses was usually most pronounced over, or in, the left language-dominant hemi-
sphere. The frequency where differences were most pronounced ranged between 20 and
60 Hz. Similar effects to those reported earlier for words and pseudowords were also seen
for phonemes of language versus non-language sounds and for familiar versus unfamil-
iar letters (Ihara and Kakigi 2006; Palva et al. 2002). Familiar objects and coherent visual
patterns have been shown to elicit enhanced gamma-band activity in the human brain
In the same way as familiar meaningful language elements (Gruber et al. 2006;
Lutzenberger et al. 1995; Miiller et al. 1996; Tallon-Baudry et al. 1996, 1998). These results
indicate the existence of memory networks in the human brain generating coordinated
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high-frequency responses. Such circuits seem to develop for meaningful elements that
have been learned, including words and objects (Pulvermiiller et al., 1997).

Different tests of the neuronal assembly model of word processing can be performed
using other measures of cortical activity. An obvious prediction is that a memory
network in cortex should act like an amplifier of cortical activity, so that input activating
a memory network leads to a stronger brain response (input plus neuronal assembly acti-
vation) than an input that fails to activate such a network (response to sensory input
only). A well known indicator of cognitive processes is the mismatch negativity (MMN)
elicited by auditory stimuli. The MMN is larger to familiar sounds of one’s own language
than to phonemes of a foreign language (Néétinen et al. 1997). In the same way, familiar
non-language sounds, such as clicks or whistles, elicit a larger MMN compared with
physically matched unfamiliar sounds (Frangos et al. 2005; Hauk et al. 2006). Crucially, if
a syllable or language sound is placed in a context where it is critical for understanding a
meaningful word, its MMN is enhanced compared with a condition in which the same
stimulus completes a meaningless but pronounceable pseudoword (Endrass et al. 2004;
Korpilahti et al. 2001; Kujala et al. 2002; Pettigrew et al. 2004; Pulvermiiller et al. 2001,
2004; Shtyrov and Pulvermiiller 2002; Sittiprapaporn et al. 2003). This lexical enhance-
ment of the MMN is best explained by the full activation (ignition; Braitenberg 1978) of
a cell assembly triggered by a meaningful word, but not by an unfamiliar meaningless
item. A similar explanation in terms of memory networks for phonemes and other familiar
sounds has also been established (N&itinen 2001).

Although these results support cell assembly activation following word presentation
and the lack thereof when pseudowords are being presented, no direct evidence has so far
been discussed for APNs linking inferior frontal output control circuits and superior
temporal comprehension processors by means of distributed neuronal systems. Imaging
studies have directly addressed the question of whether the left hemispheric inferior
frontal and superior temporal language areas are modules specialized in either speech
perception or production, or rather represent two local areas that house neural elements
participating in interactive distributed cortical processes that contribute to both produc-
tion and comprehension. During listening to syllables and words, the left inferior frontal
and premotor cortex is active, along with the superior temporal areas in the vicinity of
the auditory cortex (Pulvermiiller et al. 2003; Wilson et al. 2004; Zatorre et al. 1992)
(Figure 6.2). During speaking, the superior temporal cortex was active, along with areas
in inferior motor, premotor, and prefrontal cortex, although it was ensured that self-
produced sounds could not be perceived through the auditory channel (Paus ez al. 1996;
Watkins and Paus 2004). In addition, it is well known that lesions in superior temporal or
inferior frontal cortex that lead to aphasia usually impair both speech production and
comprehension (Pulvermiiller and Preissl 1991). This indicates that interactive neural
systems distributed over the inferior frontal and superior temporal cortex contribute to
both speech production and perception. During spoken word recognition and under-
standing, these systems become active near-simultaneously and largely in parallel, with a
peak activation delay in the inferior frontal cortex of ~20 milliseconds after peak activation
in superior temporal areas (Pulvermiller et al. 2003). These results suggest tight and rapid
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Fig. 6.2 Theory and data on perisylvian cell assemblies for words. The diagram on the left
illustrates a cell assembly distributed over perisylvian areas, the kind of cortical network thought
to represent and process spoken word forms at the cortical level (Pulvermiiller and Preissl 1991).
The perisylvian assembly can be said to embody the word as an action—perception network.

The diagram on the right shows objective source estimates for the mismatch negativity brain
response elicited by a spoken word, as they were recorded 130-150 milliseconds after

the recognition point of the word. Two main sources in left perisylvian cortex could be
distinguished: the posterior source lay in superior temporal areas close to auditory cortex and
the anterior source in inferior frontal cortex anterior to the motor representation of the articulators.
Activation peaks of these sources followed each other with a minimal delay of ~20 milliseconds
(Pulvermiller et al. 2003).

functional links between speech perception and speech production processes, as postu-
lated by neurobiological (Braitenberg and Schiiz 1992; Fry 1966; Pulvermiiller and
Preissl, 1991) and psycholinguistic theories (Fowler 1986; Liberman et al. 1967).

That the links between superior temporal perceptual circuits and frontocentral speech
production machinery are functionally effective has been demonstrated by experiments
using transcranial magnetic stimulation (TMS). When spoken words and language
sounds (phonemes) that strongly involve the tongue are being perceived, TMS applied to
the inferior motor cortex elicits stronger muscle responses of the articulators compared
with control conditions (Fadiga et al. 2002). Interestingly, this effect was most prominent
when the critical phonemes were presented in meaningful word context, suggesting that
cell assemblies for meaningful words play a role in linking articulatory gestures and audi-
tory signals at the cortical level (see Pulvermiiller and Preissl 1991). Converging evidence
from functional connectivity studies on the basis of positron emission tomography
(PET) and functional magnetic resonance imaging (fMRI) data indicates that the links
between superior temporal and inferior frontal language areas depend on the amount of
meaningful information being transmitted by words (Horwitz and Braun 2004).

The documented tight functional links between action and perception circuits of the
left perisylvian language array (Pulvermiiller 1999; Rizzolatti and Craighero 2004)
cannot be explained in a straightforward manner within a modular approach according
to which speech production and comprehension are situated in functionally separate
encapsulated modules (e.g., Ellis and Young 1988). However, they meet the predictions of
a distributed model postulating APNs and binding between specific acoustic speech
patterns and the articulatory gestures that generate them (Plate 6.2A).

91
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In summary, these neuroscience data provide support for the position that word forms
are cortically based on APNs distributed over inferior frontal and superior temporal
areas. At the purely cognitive level, this suggests that spoken words as entries of a ‘mental
lexicon’ are embodied as complex articulatory gestures and as complex auditory
spectrotemporal patterns, and, most importantly, as the specific functional connections
between the two. Considering written language, additional links to visual pattern repre-
sentations, written word forms, and writing gestures are evident. One may want to call
the resulting APNs modality-unspecific representations of abstract word forms, but, as
concrete and specific articulatory, gestural, acoustic, and visual features characterize
word forms, it might also be accurate to speak of multi- or cross-modal representations.

6.4.2 Functional specificity of action—-perception networks in
phonological processing

The finding of strong functional links between superior temporal speech perception and
comprehension circuits and inferior frontal action control circuits still leaves open the
question of universality and functional specificity of APNs. When a speech sound is
heard, its motor program might be automatically activated and the articulation action
simulated mentally, in a similar way as has been proposed and observed for other action
types (Buccino et al. 2001; Jeannerod 2001; Jeannerod et al. 1995). What has been shown
so far, however, is merely an activation of frontal and motor/premotor cortex when
speech information comes in. To demonstrate the specificity of APNs in speech perception,
it would be necessary to demonstrate that activations in the frontal action system reflect
sensory information. In the case of spoken language, it becomes important to ask
whether articulatory features of speech sounds are reflected in the brain activation
pattern in frontocentral cortex, and, if yes, whether these action-related activations
would also occur during comprehension of specific speech sounds. Would the motor
system activation reflect articulatory information about incoming speech?

To probe the possible involvement of specific motor circuits in the speech perception
process, we used event-related fMRI and presented experimental subjects with spoken
syllables including /p] and [t] sounds, which are respectively produced by movements of
the lips or tongue. Physically similar nonlinguistic signal-correlated noise patterns were
used as control stimuli. In localizer experiments, subjects had to silently articulate the
same syllables, and, in a second task, move their lips or tongue. Speech perception most
strongly activated superior temporal cortex. Crucially, distinct motor regions in the
precentral gyrus sparked during articulatory movements of the lips and tongue, and also
during nonlinguistic lip and tongue movements, were also differentially activated in a
somatotopic manner when subjects listened to the lip- or tongue-related phonemes
(Pulvermiiller et al. 2006) (Plate 6.2).

These results indicate that, during speech perception, motor circuits are recruited that
reflect phonetic distinctive features of the speech sounds encountered, thus providing
direct neuroimaging support for specific links between the phonological mechanisms for
speech perception and production. The conclusion might therefore be that APNs are
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specific to features of articulatory gestures and speech sounds. As could be made evident
at the level of meaningful words, APNs would ground speech sounds in articulatory
gestures and vice versa. The complex action—perception mapping appears crucial for the
‘abstractness’ — or cross-modality — of the representations.

6.4.3 Storing semantic information

Semantic category specificity

Where is word meaning represented and processed in the human brain? This question
has been discussed controversially since 19th Century neurologists postulated a ‘concept
centre’ in the brain that was thought to store the meanings of words (Lichtheim 1885).
Today, the cortical loci proposed for a centre uniquely devoted to semantic binding
between words and their meaning range from inferior frontal cortex (Bookheimer 2002;
Posner and Pavese, 1998) to anterior, inferior, superior, or posterior left temporal cortex
(Hickok and Poeppel 2004; Patterson and Hodges 2001; Price 2000; Scott and Johnsrude
2003). Others have proposed that the entire left frontotemporal cortex is a region equally
devoted to semantics (Tyler and Moss 2001), or that the parahippocampal gyrus (Tyler
et al. 2004) or the occipital cortex (Skrandies 1999) are particularly relevant. As there is
hardly any area in the left language-dominant hemisphere for which there is no state-
ment that it should house the semantic binding centre, these views are difficult to recon-
cile with each other (see Pulvermiiller 1999). Is there a way to resolve this unfortunate
diversity of opinions?

A way out might be pointed to by approaches to category-specific semantic processes
(Daniele et al. 1994; Humphreys and Forde 2001; Warrington and McCarthy 1983;
Warrington and Shallice 1984). The idea here is that different kinds of concepts, and
different kinds of word meaning, draw upon different parts of the brain. Hearing the
word ‘crocodile’ frequently together with certain visual perceptions may lead to strength-
ening of connections between the activated visual and language-related neurons. Specific
form and colour detectors in primary cortex, as well as neurons responding to more
complex features of the perceived gestalt higher up in the inferior temporal stream of
visual object processing, will become active together with neurons in the perisylvian
language areas that process the word form. These neurons would bind into distributed
networks now implementing word forms together with aspects of their referential
semantics. In contrast, learning of an action word, such as ‘ambulate), critically involves
linking an action type to a word form. In many cases, action words are learned in infancy
when the child performs an action and the caretaker uses a sentence including an action
word describing the action (Tomasello and Kruger 1992). As the brain circuits for
controlling actions are in motor, premotor, and prefrontal cortex, it is clear that in this
case correlated activation should bind perisylvian language networks to frontocentral
circuits processing actions.

The cell assembly model and other theories of perception and action-related category
specificity predict differential distribution of the neuron populations organizing
action- and object-related words and similar differences can be postulated for other
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semantic categories (Pulvermiiller 1996, 1999) (Figure 6.3). Many nouns refer to visually
perceivable objects and are therefore characterized by strong semantic links to
visual information, whereas most verbs are action verbs and link semantically to action
knowledge. Like action verbs, nouns that refer to tools are usually also rated by subjects
to be semantically linked to actions, and a large number of animal names are rated to be
primarily related to visual information (Preissl et al. 1995; Pulvermiiller, Lutzenberger et al.
1999; Pulvermiiller, Mohr et al. 1999). Range of neuroimaging studies using EEG, MEG,
PET, and fMRI techniques found evidence for category-specific activation in the human
brain for the processing of action- and visually-related words and concepts (e.g., Cappa et al.
1998; Chao ef al. 1999; Kiefer 2001; Preissl et al. 1995; Pulvermiiller, Lutzenberger et al.
1999; Pulvermiiller, Mohr et al. 1999). The results were largely consistent with the model
of semantic category-specificity. Processing of action-related words, be they action verbs,
tool names, or other action-related lexical items, tended to activate frontocentral cortex,
including inferior frontal or premotor areas, more strongly than words without strong
semantic action links. The same was found for temporo-occipital areas involved in
motion perception. On the other hand, words with visual semantics tended to activate
visual and inferior temporal cortex or temporal pole more strongly than action-related
words. This differential activation was interpreted as evidence for semantic category
specificity in the human brain (Martin and Chao 2001; Pulvermiiller 1999).

Some problems with semantic category specificity

The results from metabolic and neurophysiological imaging demonstrate the activation
of neuronal assemblies with different cortical distributions in the processing of action-
and visually-related words and concepts. However, it has been asked whether the reason
for the differential activation observed would necessarily be semantic or conceptual in
nature. Could there be alternative explanations?

Although the broad majority of the imaging studies of category specificity support
the idea that semantic factors are crucial, there is work that could not provide converging
evidence (Devlin et al. 2002; Tyler et al. 2001). These studies used particularly

Action word Visually-related word

Fig. 6.3 A brain-based model of category-specific processing of words with different semantics.
Words semantically related to actions may be cortically processed by distributed neuron ensembles
linking together word forms and action programs. Words referring to objects that are perceived
through the visual modality may be processing by neuron sets distributed over language areas
and the visual system (Pulvermller 1996).
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well-matched stimuli, so that word length, frequency, and other psycholinguistic factors
could not account for any possible differences in brain activation. Therefore, these
authors argued that these factors might account for differences between ‘semantic’
categories reported previously. Although some earlier studies reporting semantic cate-
gory differences performed meticulous stimulus matching for a range of psycholinguistic
factors — word length and frequency included (Kiefer 2001; Preissl et al. 1995;
Pulvermiiller, Lutzenberger et al. 1999; Pulvermiiller, Mohr ef al. 1999) — a number of
studies did not control for these factors. As pointed out previously (Bird et al. 2000),
nouns tend to have more highly imageable meaning than verbs, whereas verbs tend to
have higher word frequency. Any difference in brain activation, and also any differential
vulnerability to cortical lesion, could thus be explained as an imageability—frequency
dissociation, rather than in terms of semantic categories. Similarly, animals tend to be
more alike than tools from both a visual and a conceptual point of view, and it has
therefore been argued that perceptual and conceptual structure could contribute to the
explanation of category dissociations (Humphreys and Riddoch 1987; Rogers et al. 2004;
Tyler et al. 2000). On these grounds, at least some evidence for category specificity has
therefore been criticized for not being fully convincing.

What makes things worse is that predictions on where category-specific activation
should occur in the brain have not always been very precise. Whereas ro ugh estimates,
such as the prediction that action semantics should involve frontal areas and visual
semantics temporo-occipital areas, could be provided and actually confirmed, more
precise localization was sometimes surprising and not a priori predictable. For example,
semantic information related to processing of colour and motion information semanti-
cally linked to words and pictures was reported to occur ~2 centimetres anterior to the
areas known to respond maximally to colour or motion, respectively (Martin et al. 1995).
It would be desirable to have evidence for category-specific semantic activation at
precisely the locus a brain-based action—perception theory of semantic processing would
predict. Such a perspective is opened by looking at subtypes of action words.

Action words

Action words are defined by abstract semantic links between language elements and infor-
mation about actions. These words refer to actions and the neurons that process the word
forms are likely interwoven, with neurons controlling actions. The motor cortex is organ-
ized in a somatotopic fashion with the mouth and articulators represented close to the
sylvian fissure, the arms and hand at dorsolateral sites and the foot and leg projected to the
vertex and interhemispheric sulcus (Penfield and Rasmussen 1950) (Figure 6.4).
Additional somatotopic maps exist in the frontocentral cortex (He et al. 1993), among
which one of the more prominent ones lies in the premotor cortex in the lateral precentral
gyrus, and resembles the map in the primary motor cortex (Matelli et al. 1986; Rizzolatti
and Luppino 2001). As many action words are preferably used to refer to movements
of the face or articulators, arm or hand, or leg or foot, the distributed neuronal assem-
blies would therefore include semantic neurons in perisylvian (face words), lateral
(arm words), or dorsal (leg words) motor and premotor cortex (Pulvermiiller 1999),
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hand foot

Face
articulators

Leg-related word Arm-related word Arm-related word
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Fig. 6.4 Semantic somatotopy model of action word processing: distributed neuronal assemblies
bind information about word forms and the actions they refer to semantically. Because action
words can relate to different parts of the body (examples: ‘lick’, 'pick’, 'kick’), the cortical distribu-
tions of their action-perception networks differ between each other (Pulvermdiller 2001). The inset
shows the somatotopy of the primary motor cortex as revealed by Penfield and Boldrey (1937).

This is the essence of the somatotopy of action word model, which implies differ-
ently distributed networks for the English words ‘lick’, ‘pick’, and ‘kick’ (Figure 6.4).
The model allows for general predictions on action word-related cortical activity
within the limits of the well known interindividual variation of cortical maps, most
notably as a result of practice-related reorganization (Elbert et al. 1995), and is open to
further elaboration by taking into account additional mapping rules, for example the
topography of coordinated actions in a body-centred workspace suggested by recent
work (Graziano et al. 2002).

Crucial predictions of the semantic somatotopy model is that perception of spoken or
written action words should activate cortical areas involved in action control and execu-
tion in a category-specific somatotopic fashion, depending on the semantics of the action
words. As the cortical areas of action control and execution can be defined experimen-
tally, one could in principle use such action localizer experiments to predict exactly
where semantic activation should occur for different aspects of action-related meaning.

In functional imaging experiments, elementary repetitive movements of single body
parts activate motor and premotor cortex. For example, Hauk et al. reported fMRI data
showing that tongue, finger, and foot movements lead to the somatotopic activation
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pattern illustrated in Plate 6.3 (diagram on the left; Hauk et al. 2004). When the same
subjects were instructed to silently read action words related to the face, arm, and leg that
were otherwise matched for important psycholinguistic variables (such as word
frequency, length, and imageability), a similar pattern of activation emerged along the
motor strip (Figure 6.3, right; Hauk et al. 2004). Consistent with earlier findings, all
words equally activated areas in the temporal cortex and also in the inferior frontal
cortex (Pulvermiiller et al. 2003; Wilson et al. 2004; Zatorre et al. 1992). The additional
category-specific somatotopic activation in response to face-, arm-, and leg-related
words seen in the motor system was close to and overlapped with the motor and premo-
tor representations for specific body part movements obtained in the motor localizer
tasks. These results indicate that specific action representations are activated in action
word understanding. The fact that the locus of semantic activation could be predicted by
a theory of APNs provides strong evidence for this theory in particular and for the
embodiment of aspects of semantics in action mechanisms in general.

A similar experiment was carried out with action words embedded into spoken
sentences. In this case, subjects heard action descriptions such as “The boy kicked the ball’
or “The man wrote the letter’ while their brain metabolism was monitored (Tettamanti
et al. 2005). Specific premotor areas reflecting the differential involvement of body part
information in the semantic analysis of the language input were again found active.
Taken together, these fMRI results indicate that somatotopic activation of motor circuits
reflects aspects of word and sentence meaning, and that such activation can be elicited by
spoken and by written language.

6.4.4 Somatotopic activation: semantic or epiphenomenal?

Although language-related somatotopic cortical activation could be demonstrated, the
low temporal resolution of haemodynamic imaging makes it impossible to decide
between two interpretations of this finding: One possibility is that the activation of
specific action-related networks directly reflects action word recognition and compre-
hension, as the somatotopy of action word model would suggest. An alternative possibil-
ity has been pointed out by Glenberg and Kaschak (2002) in the context of behavioural
work on embodiment. It is possible that thoughts about actions actually follow the
comprehension process and behavioural, but also brain physiological, effects relate to
such post-comprehension inference. Inferences would be triggered by the comprehension
of a word or sentence, but would not necessarily reflect processes intrinsically linked to
language comprehension. Importantly, earlier fMRI research has shown that observation
of action-related pictures, but also mere voluntary mental imagery of actions, can acti-
vate motor and premotor cortex in a somatotopic fashion (Buccino et al, 2001; Jeannerod
and Frak 1999). Therefore, it is important to clarify whether motor system activation to
action-related language processing reflects the comprehension process per se or rather a
later stage following language comprehension. Apart from mental imagery of actions,
possible post-comprehension processes include planning of action execution, recalling
an action performed earlier, and reprocessing the meaning of the language stimulus.
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How is it possible to separate comprehension processes from subsequent inferences and
other epiphenomenal mental activities? Let me propose that brain processes reflecting
comprehension can be characterized as: immediate, automatic, and functionally relevant.

Early effects of lexical and semantic processing are known to occur around
100-200 milliseconds after critical stimulus information comes in (Pulvermiiller 1996;
Sereno et al. 1998). In contrast, late postlexical meaning-related processes are reflected by
late components of the event-related potential (ERP) and field, which are maximal
around 400 milliseconds after word onset (Holcomb and Neville 1990). If the activation
of motor areas is related to semantic processes intrinsically tied to word form access, it
should take place immediately (within the first 200 milliseconds) after stimulus informa-
tion allows for the unique identification of an incoming word. Automaticity refers to
the idea that when seeing or hearing a word it is hardly possible to avoid understanding
its content; comprehension might even occur without intentionally attending to the
stimuli. Therefore, brain processes reflecting comprehension might be expected to persist
under distraction, when the subjects’ attention is directed away from the critical language
stimuli. In the case of functional relevance, if the presentation of action words leads to
specific activation of motor systems relevant to word processing, one may expect that a
change of the functional state of these motor systems leads to a measurable effect on the
processing of words semantically related to actions. However, if somatotopic activation
of motor systems did reflect a post-comprehension process, it can be late (substantially
greater than 200 milliseconds) and absent under distraction, and functional changes in
the motor system would be without effect on word processing. A series of experiments
was conducted to investigate these three issues.

Immediacy

To reveal the time course of cortical activation in action word recognition and find out
whether specific motor areas are sparked immediately or after some delay, neurophysio-
logical experiments were conducted. Experiments using ERPs looking at silent reading of
face, arm and leg words showed that category-specific differential activation was present
~200 milliseconds after word onset (Hauk and Pulvermiiller, 2004). Consistent with the
fMRI results, distributed source localization performed on ERPs revealed an inferior
frontal source close to the motor representation of the face and mouth that was strongest
for face-related words, and a superior central source close to the leg representation that
was maximal for leg-related items (Hauk and Pulvermiiller 2004). This dissociation in
brain activity patterns supports the notion of stimulus-triggered early lexicosemantic
processes. To investigate whether motor preparation processes co-determined this effect,
experiments were performed in which the same response — a button press with the left
index finger — was required for all words. The early activation difference between face-
and leg-related words persisted, indicating that lexicosemantic processes rather than
postlexical motor preparation were reflected (Pulvermiiller et al. 2000).

In summary, the somatotopic activation that reflects word meaning aspects therefore
appeared about one-quarter of a second after information about the words in the input
was available. Earlier physiological studies of psycholinguistic processes had shown
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previously that the first brain responses reflecting comprehension and psycholinguistic
information access at higher lexical and semantic levels appear at this point (Pulvermiiller
1996; Sereno and Rayner 2003). Therefore, the early somatotopic mapping of meaning
aspects reflects comprehension processes.

Automaticity

The earliness of word category-specific semantic activation along the sensorimotor
cortex in passive reading tasks suggests that this feature might be automatic. To further
investigate this possibility, subjects were actively distracted while action words were being
presented and brain responses were measured (Pulvermiiller, Shtyrov et al. 2005; Shtyrov
et al. 2004). Subjects were instructed to watch a silent video film and ignore the language
input while spoken face-/arm- and leg-related action words were presented. Care was
taken to exactly control for physical and psycholinguistic features of the word material.
For example, the Finnish words ‘hotki’ (eat)-and ‘potki’ (kick) — which included the same
recording of the syllable [kI] spliced to the end of each word’s first syllable — were
compared (Nditinen et al. 2001). In this way, any differential activation elicited by
the critical final syllable [kI] in the context of [hot] or [pot] can be uniquely attributed to
its lexicosemantic context. MEG results showed that a MMN that was maximal at
100-200 milliseconds after onset of the critical syllable was elicited by face/arm- and leg-
word contexts (Plate 6.4). Relatively stronger activation was present in the left inferior
frontal cortex for the face/arm-related word, but significantly stronger activation was
seen in superior central areas, close to the cortical leg representation, for the leg-related
word (Pulvermiiller, Shtyrov et al. 2005).

These MEG results were confirmed with EEG using words from different languages,
including, for example, the English word-pair ‘pick” and ‘kick’ (Shtyrov et al. 2004). It is
remarkable that peak activation of the superior central source followed that of the inferior
frontal source with an average delay of only 30 milliseconds, consistent with the spread of
activation being mediated by fast-conducting cortico—cortical fibres between the perisyl-
vian and dorsal sensorimotor cortex. This speaks in favour of automatic activation of
motor areas in action word recognition and therefore further strengthens the view that
this activation reflects comprehension. It appears striking that differential activation of
body-part representations in sensorimotor cortex to action word subcategories was seen
across a range of cognitive paradigm, including lexical decision, attentive silent reading,
and oddball paradigms under distraction. This further supports the idea that word-
related, rather than task- or strategy-dependent, mechanisms are being tapped into.

Functional relevance

Even if action word processing sparks the motor system in a specific somatotopic fash-
ion, and even if this activation is fast and automatic, it still does not necessarily imply
that the motor and premotor cortex influence the processing of action words. Different
parts of the motor system were therefore stimulated with weak magnetic pulses while
subjects had to process action words in a lexical decision task (Pulvermiiller, Hauk et al.
2005). To minimize interference between word-related activation of the motor system
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and response execution processes, lip movements were required while arm- and
leg-related words were presented. Subthreshold TMS applied to the arm representation
in the left hemisphere, where strong magnetic pulses elicited muscle contractions in the
right hand, led to faster processing of arm words relative to leg words, whereas the
opposite pattern of faster leg- than arm-word responses emerged when TMS was applied
to the cortical leg area (Pulvermiiller, Hauk et al. 2005). Processing speed did not differ
between stimulus word groups in control conditions in which ineffective ‘sham’ stimula-
tion or TMS to the right hemisphere was applied. This shows a specific influence of
activity in the motor system on the processing of action-related words.

Further evidence for specific functional links between the cortical language and action
systems comes from TMS-induced motor responses (Fadiga et al. 2002). Listening to
Italian sentences describing actions performed with the arm or leg differentially modu-
lates the motor responses brought about by magnetic stimulation of the hand and leg
motor cortex (Buccino et al. 2005). It appears that effective specific connections of
language and action systems can be documented for spoken or written language, at the
word and sentence levels, and for a variety of languages (English, Italian, German,
Finnish) using a variety of neuroscience methods (fMRI, MEG, EEG, TMS).

6.4.5 Interim summary

These experiments show that the activation of motor systems of the cortex occurs early
in action word processing, is automatic to some degree, and has a semantically specific
functional influence on the processing of action words. This provides brain-based
support for the idea that motor area activation is related to comprehension of the
referential semantic meaning of action words. In the wider context of a theory of embod-
iment of conceptual and semantic processing, the conclusion is that comprehension
processes are related to, or embodied in, access to action information. It is noteworthy
that neuroscience evidence was crucial in revealing this (Pulvermiiller 2005). However, it
is equally true that behavioural results are consistent with these conclusions and further
strengthen the embodiment of language in APNs (Borghi et al. 2004; Boulenger et al.
2006; de Vega et al. 2004; Gentilucci et al. 2000; Glenberg and Kaschak 2002).

6.5 Fundamental issues in sensorimotor semantics

6.5.1 Can motor cortex map aspects of semantics?

One may question the idea that activity in the motor system might actually reflect
semantic processes from a principled theoretical perspective. The idea that there should
be a specific centre for semantics is still dominating (although there is little agreement
between researchers about where the semantics area is situated, see section 6.4.3 on one
or many semantics centres below). Areas that deal with the trivialities of motor move-
ments, and equally those involved in elementary visual feature processing, are therefore
thought by some to be incapable of contributing also to the higher processes one might
be inclined to reserve for humans. In this context, it is important to point to the
strong evidence that activation in motor systems directly reflects aspects of semantics.
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Evidence that semantic features of words are reflected in the focal brain activation in
different parts of sensorimotor cortex comes from MEG work on action words; there was
a significant correlation between local source strengths in inferior face/arm-related and
dorsal leg-related areas of sensorimotor cortex and the semantic ratings of individual
words obtained from study participants (Pulvermiiller, Shtyrov et al. 2005). This means
that the subjects’ semantic ratings were reflected by local activation strength and leaves
little room for interpretations not of a semantic nature.

Even though the action-related and visually-related features discussed, and the associa-
tive learning mechanisms binding them to language materials, may not account for
all semantic features of relevant word-related concepts, it seems clear that they reflect
critical aspects of word meaning (Pulvermiiller 1999): Crocodiles are defined by certain
properties, including form and colour features, in the same way as the concepts of
walking or ambulating are crucially linked to moving one’s legs. Certainly, there is room
for derived, including metaphorical, usage. As a big fish might be called the crocodile of
its fish tank even if it is not green, one may speak of walking on one’s hands or taking a
stroll through the mind (thus ignoring the feature of body-part relatedness). One may
even tell a story about a crocodile with artificial heart and kidneys, although it is
generally agreed upon, following Frege, that these ingredients are part of the definition of
an animal (or, more appropriately, a higher vertebrate) (Frege 1966). That writing is
related to the hand may therefore be considered an analytical truth, in the same way as a
crocodile is defined as having a heart, and in spite of the fact that it is possible to write in
the sand with one’s foot. This may simply be considered a modified type of writing, as
the post-surgery crocodile is a modified crocodile. An instance of a heartless crocodile
and leg-related writing is possible, but probably closer to metaphorical usage of these
words than to their regular application. It seems safe to include perceptual properties
such as green-ness and action aspects such as hand-relatedness in the set of possible
semantic and conceptual features. Exceptions cannot prove a rule wrong.

6.52 Learning new meanings from language context: neuronal
mechanisms of parasitic semantic feature extraction

The critical problem of learning new word meanings from context is frequently raised
against embodied approaches to semantics, including the neuronal assembly model.
Especially, the idea that word—-world correlation provides a significant explanation of the
acquisition of word meanings has been criticized, because it is well known that only a
minority of words are actually being learned in the context of reference object perception
and action execution (Kintsch 1974, 1998). However, after action—perception learning of
aspects of word meaning has taken place for a sufficiently large set of words, it becomes
feasible to learn semantic properties parasitically when words occur together in strings,
sentences, or texts. A neuroscientific basis for this ‘parasitic semantic learning’ might lie
in the overlap of word-related neuronal assemblies in the perisylvian language areas and
the lack of semantic neurons related to action and perception information outside the
perisylvian space of the networks processing new words with unknown semantic features
(Pulvermiiller 2002). In this case, a new word would activate its form-related perisylvian
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neuronal assembly, while neurons outside the perisylvian space are still actively process-
ing aspects of the semantics of context words. The correlated activation of the semantic
neurons of context words and the form-related perisylvian neurons of the new word lead
to linkage of semantic features to the new word form. This provides a potential basis
of second-order (parasitic) semantic learning and provides a putative neuroscience
explanation for why correlation approaches to word meaning are successful in modelling
semantic relationships between words (Kintsch 2002; Landauer and Dumais 1997).
However, it is important to note that this mechanism can only succeed if a sufficiently
large set of semantic features and words is learned through correlation of perception,
action, and language-form features in the first place. Otherwise, what Searle called
the Chinese room argument, implying that semantic information cannot emerge
from correlation patterns between symbols, cannot be overcome (Searle 1980).
Action—perception correlation learning and the learning of correlations between
language units are both indispensable for extracting semantic information for large
vocabularies. Semantic knowledge is rooted in word-world and word-word correlation.

6.6 Early and late semantic activation

The time course of semantic activation in action word recognition was on a rather short
scale. Relevant areas were seen to be active within 200 milliseconds after critical stimulus
information came in (Pulvermiiller, Shtyrov et al. 2005; Shtyrov et al. 2004). This
suggests early semantic activation, as early as the earliest processes reflecting phonologi-
cal or lexical information access (Hauk et al. 2006; Obleser et al. 2003; Shtyrov et al.
2005). However, the early neurophysiological reflection of semantic brain processes does
not imply that meaning processing is restricted to the first 200 milliseconds after a word
can be identified. There is ample evidence for neurophysiological correlates of semantic
processes that take place later on (Coles and Rugg, 1995). These later processes may
follow up on the early semantic access processes and may reflect reinterpretation or in-
depth processing, which is especially important in circumstances where the context or
other factors make comprehension difficult. _

6.6.1 Abstract semantics from a brain perspective

These results summarized in section 6.4 demonstrate that action words activate the
cortical system for action processing in a somatotopic fashion and that this somatotopy
reflects word meaning. However, they do not imply that all aspects of the meaning of a
word are reflected in the brain activation pattern it elicits. It is possible to separate brain
correlates of semantic features specifying face-, arm-, and leg-relatedness, or, in the visual
domain, of colour and form features (Moscoso Del Prado Martin et al. 2006; Pulvermiiller
and Hauk 2006; Simmons et al. 2007). It even became possible to provide brain support
for the grounding of words referring to odours in olfactory sensation and evaluation
mechanisms in brain areas processing olfactory and emotion-related information (de
Araujo et al. 2005; Gonzalez et al., 2006). However, for other semantic features, the idea
that their meaning can be extracted from sensory input, or deduced from output
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patterns, is more difficult to maintain. Although the question of how an embodiment
perspective would explain abstraction processes has frequently been addressed (Barsalou
1999, 2003; Lakoff 1987), it is still not clear whether all semantic feature can — and have
to — be extracted from input—output patterns.

A brain perspective might help to solve aspects of this issue. There are highly abstract
concepts for which a deduction from sensory input is difficult to construe. Barsalou tried
to ground the meaning of the word ‘or’ in the alteration of the visual simulations of
objects (Barsalou 1999). However, if this view is correct, the disjunctive concept would be
realized as the alteration mechanism allowing the brain to switch on and off specific
representations alternatively. Looking at the brain theory literature, it is evident that
every brain, even every primitive nervous system, is equipped with mechanisms for
calculating disjunction, conjunction, negation, and other logical operation. This was the
content of an early article by McCulloch and Pitts (1943) entitled ‘A logical calculus of
ideas immanent in nervous activity’ that has since inspired much work in the theory of
automata and language (e.g. Kleene 1956; Schnelle 1996).

The main points of this logical calculus theory of neuronal function still hold true,
although neuronal models have significantly improved since the proposal was first made
(e.g., Bussey et al., 2005). McCulloch and Pitts (1943) pointed out that a circuit including
two neurons that project onto a third one will necessarily, given the activation threshold
of neuron number three is adjusted in specific ways, give rise to the computation of a
conjunction or disjunction function (Figure 6.5). Negation, identity, and either-or
computations are equally straightforward. These examples demonstrate that our brain
comes with built-in mechanisms relevant for abstract semantic processing. There is no
need to construe the semantics of ‘and’, ‘or’, and other highly abstract words exclusively
from sensorimotor information. The very fact that these mechanisms are built into nerve
cell circuits may enable us to abstract away from the sensory input to more and more
general concepts.

= K

LY

v
o
o L
B )

Fig. 6.5 Logical circuits immanent to a network of neurons as discussed by McCulloch and Pitts
(1943). If two neurons project to a third neuron, the activation threshold of the third neuron
will determine whether it acts like a logical element symbolizing "or" (uppermost diagram) or
‘and’ (second from top). Circuits symbolizing 'not” and "either-or’ can also be implemented.
Arrows stand for excitatory and T-shaped line endings for inhibitory connections. Numbers
indicate activation thresholds (after Pulvermiller 2003).
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One may argue that this proposal means watering down a ‘radically embodied’
perspective in the cognitive and brain sciences as the logical circuits are not derived from
actions or perceptions but rather represent a neuronal a priori. However, the proposal
here is to model language and concepts in mechanistic neuronal circuits. This implies to
put to use those mechanisms that are evidently present (built-in) in nervous systems and
to explore their implications for linguistic and semantic representations and processes. If
the mechanisms of embodiment are brain mechanisms, we have little choice but to
accept the functional principles immanent to neuronal function.

Abstraction by either-or computation may be the basis of action representation at
different levels of the action description, corresponding to different levels of abstract-
ness. Moving one’s arm in such and such a way is a basic action; opening a door could
imply exactly the same movement but with characteristic somatosensory and possibly
auditory input; and freeing somebody could also be realized by performing the same
basic action. To implement the aspects of the action semantics of ‘open; it is possible to
connect disjunction neurons with a range of action control neurons coordinating
alternative action sequences that would allow one to open doors, boxes, and other
objects. Similarly, in order to implement action semantics of the word ‘free’, higher order
disjunction neurons would be needed that look at a range of different movement
programs one could perform in the context of setting somebody or something free.
Again, additional conditions would need to be met. The performer would need to
assume that someone or something is captured, locked in, or contained in something else
and would have the intention to get him/it out etc. Disjunction neurons receiving input
from a range of concrete action representations may be located adjacent to motor and
premotor sites and would be ideally placed in prefrontal cortex (see Pulvermiiller 1999).
This hypothesis might seem somewhat speculative on first appearance, and it is therefore
important to point to the evidence that supports it. The prediction that words with more
abstract action-related meaning are processed in areas adjacent and anterior to motor
and premotor cortex, that is, in dorsolateral prefrontal areas, receives support from
recent imaging work (Binder et al. 2005; Pulvermiiller and Hauk 2006).

These hints towards abstraction mechanisms of different types might suffice here to
point out some perspectives of a brain-based approach to embodied semantics. In a
nutshell, I believe that a wide range of abstract concepts can be modelled, provided that
the brain’s built-in circuits are taken into account.

6.7 Language processes in the brain

6.7.1 Distributed processing

Similar to most current theories postulating distributed processing of language and
concepts in the mind and brain (Braitenberg and Pulvermiiller 1992; Rogers et al. 2004;
Seidenberg et al. 1994), the proposal put forward here postulates that the cell assemblies
processing language and concepts are widely distributed. This means that the neuronal
ensembles are spread out over different areas of the brain, so that the areas would become
more active in neuroimaging experiments when critical stimuli are under processing.
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In the same way, the compartments of neuronal models simulating the relevant brain mech-
anism should show activation dynamics in a specific manner when the processing of
language and concepts is being simulated (Garagnani et al. 2007; Pulvermiiller 1999;
Pulvermiiller and Preissl 1991; Wennekers et al. 2006; Wermter et al. 2004 ). However, in
contrast to most distributed processing accounts, the neuronal assemblies are conceptual-
ized as functionally coherent networks that respond in a discrete fashion. This implies that
the networks representing words, the ‘word webs), are either active or inactive and that the
full activation of one word’s representation is in competition with that of other word-related
networks. In this sense, neuronal assemblies are similar to the localist representations postu-
lated by psycholinguistic theories (Dell 1986; Page 2000; Roelofs 1992). Still, as each of the
distributed neuronal assemblies includes neurons processing features related to form or
semantics, there can be overlap between neuronal assemblies representing similar words or
concepts. This leads to an interplay of facilitatory and inhibitory mechanisms when word
webs become fully active in a sequence. The full activation, or ignition, of a word-related
neuronal assembly can be considered a possible cortical correlate of word recognition — or of
the spontaneous pop-up of a word together with its meaning in the mind.

6.7.2 Discrete processing

If word webs can become active in a discrete fashion, this does not imply that each igni-
tion is identical to all other full activations of the network. As word webs are linked to
each other through the grammar network and also exhibit semantic and form overlap,
the context of brain states and other cognitive network activations primes and therefore
influences the way in which a given neuronal assembly ignites. This mechanism can be
related to the observation that the meaning or ‘sense’ of a word in given contexts cannot
be reduced to a ‘core meaning), but should rather be conceptualized as a family of similar
context-dependent semantic feature sets (Barsalou 1982; Wittgenstein 1953). Neuronal
assemblies whose precise pattern of ignition depends on contextual priming may provide
a mechanism for context-related selection of semantic features.

A further example illustrating the benefit of discrete representations is the contextual
disambiguation of a semantically ambiguous word. The brain basis of an ambiguous
word has been conceptualized as a set of two word webs overlapping in their form-
related assembly part (Figure 6.6). Semantic context can, in this case, disambiguate by
priming one of the semantic subassemblies of the two overlapping word representations.
The two overlapping neuronal assemblies would be in both facilitatory (due to form
overlap) and inhibitory (due to competition between neuronal assemblies) interaction.
Most likely, the facilitatory effects would precede the inhibitory ones (Pulvermiiller
2003). It is more difficult to envisage a mechanism for the separation of the meanings of
ambiguous words in a fully distributed network without discrete representations.

6.7.3 Semantic conceptual binding sites

Although the results on the cortical correlates of semantic word groups cannot
be explained if all semantic processes are restricted to one cortical area, they might still
be compatible with the general idea of a central semantic binding site. This system would
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Homophony/polysemy Homonymy/synonymy
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Fig. 6.6 Word forms and semantics are proposed to be processed in different parts of the
distributed word-related cell assembly. Most semantic information is stored outside the
perisylvian language areas, whereas most information related to the phonological word form
is laid down in perisylvian space. Words related to each other phonologically or semantically
would overlap in their perisylvian or extra-perisylvian sub-assemblies. Relationships between
words with the same form but different meanings (homophones and polysemes), with the
same meaning but different forms (homonyms and synonyms), with a form-inclusion and

a hyperonomy/hyponymie relationship are illustrated (after Pulvermiiller 2003).

Phonological /
perisylvian

be thought to manage dynamic functional links between multiple cortical areas process-
ing word forms and conceptual semantic information. The idea of such a central ‘concept
area’ or ‘convergence zone’ has a long tradition in the neuroscience of language and
seems to be motivated by the believe that a central locus must exist, at which concepts are
related to each other and abstract information is extracted from them. As I have tried to
make clear, it may be possible to implement semantic binding by distributed neuronal
assemblies which, as a whole, function as binding networks. In this case, the binding
would not be attributable to one specific brain area but rather to a set of areas, those over
which the assembly is distributed. Still, there are certainly more ‘peripheral’ areas, for
example, primary motor and sensory cortices, where correlated activation patterns occur
in the first place, and areas connecting the peripheral ones, with the major task of linking
the correlation patterns together in the most effective manner. These higher or connec-
tion areas might naturally be more important for the binding of information from
different modalities. Whether or not all these routes for multimodal information linkage
necessarily go through the same convergence zone, or rather through a range of different
areas of association cortex, as neuroanatomical studies might suggest (e.g., Braitenberg
and Schiiz 1998; Young et al. 1994), remains a matter of future research.

A possible route to answering the question of a centre for semantic and conceptual bind-
ing is offered by patient studies. Here it is remarkable that patients with semantic dementia
usually have most severe neuronal degradation in the temporal pole. Therefore, this region
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was suggested as the area most important for semantic binding (see Patterson and Hodges
2001). However, the bilateral nature of neural degeneration usually seen in semantic
dementia may suggest that one focal lesion is not enough to cause general semantic deficits
(Patterson and Hodges 2001).

Multiple semantic binding sites are also supported by the specific semantic deficit in
action-word processing seen in patients with motor neurone disease (Bak et al. 2001). More
evidence for multiple semantic binding sites came from double dissociations between
semantic word categories arising from lesions in right-hemispheric frontoparietal versus
temporo-occipital areas (Neininger and Pulvermdiller 2003), which complement similar
observations made earlier for lesions to the left language-dominant hemisphere (Damasio
and Tranel 1993; Daniele et al. 1994). Some of these lesions were so focal that they only
affected motor and premotor cortex, but nevertheless specifically degraded the processing
of action words in psychological experiments (Neininger and Pulvermiiller 2001).
Dissociations of these types are consistent with the existence of multiple semantic integra-
tion systems in both cerebral hemispheres (Pulvermiiller and Mohr 1996).

6.8 Discussion

A model of embodiment of word forms and semantics at the level of neurons in the brain
was outlined. APNs may bind together distinctive articulatory and acoustic information to
yield transmodal representations of spoken word forms. The neuronal assemblies for word
forms may be spread out over inferior frontal and superior temporal parts of left perisyl-
vian language cortex (blue and green areas in Plate 6.1; see also Figure 6.2). Aspects of
actions and perceptions relevant in the explanation of referential words may be linked to
the word forms by way of neuronal correlation of the activations of the perisylvian word-
form assembly and semantic neurons in action- and perception-related brain regions
(Figure 6.3). Semantic category differences may be based on the differential involvement of
neuronal sets in inferior temporal visual cortex, frontocentral action-related cortex, and
other brain parts. Precise predictions on the cortical locus of specific semantic brain
processes could be generated for subtypes of action words referring to face, arm, and leg
movements, such as ‘lick’, ‘pick, and ‘kick’ (Figure 6.4). Processing of these words lights up
the motor system in a similar way as the respective actions would (Plate 6.3).

This semantic somatotopy is complemented by a phonological somatotopy; listening to
speech sounds produced with the lips or tongue activates the areas specifically involved in
lip or tongue movements, which also contribute to phoneme articulation (Plate 6.2).
Specific activation of the motor systems takes place rapidly during speech and written
language processing (Plate 6.4), is automatic and makes a functional contribution to word
processing. This provides brain support that language is grounded in, and embodied by,
action and perception mechanisms. In addition to elementary features of object and
action reference, a brain model of abstract meaning can be built on the basis of known
properties of neuronal circuits, for example their ability to implement logical operations
(Figure 6.5). Abstract concepts may therefore develop in brain regions adjacent and
anterior to areas involved in the processing of referent actions and objects (Plate 6.5).
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The data summarized show that it is fruitful to model the brain basis of meaningful
words as distributed neuronal assemblies binding phonological and semantic informa-
tion about actions and perceptions at an abstract or cross-modal level. These distributed
neuronal ensembles may function as discrete word-specific processors including neuron
sets in different cortical areas. Different neuronal assemblies may overlap, thereby
reflecting shared semantic or phonological features between words, and they may
compete for full activation in the perception process. This view is consistent with
context-dependent meaning processing and allows for modelling of word pairs that are
semantically ambiguous or homophonous (Figure 6.5). In word recognition, activation
of the distributed areas over which these neuronal assemblies are spread out is
near-simultaneous, thereby binding information from different modalities (e.g., articula-
tory and acoustic) and linguistic functions (e.g., phonological and semantic). Apart from
their role in language, these networks may play a role in conceptual processing.

These proposals and the reviewed neuroscience evidence backing them have important
implications for constructing life-like APNs and robots with brain-like control systems
(Knoblauch et al. 2005; Roy et al. 2005; Shastri et al. 2005; Wermter et al. 2004, 2005). A major
conclusion here is that language models likening brain mechanisms have good reason to link
up language processors to the body-related systems the language elements provide informa-
tion about (e.g., which articulator is being moved, which colour is being referred to, which
action is meant). Such embodied artificial models might succeed for the same reason why
the biological originals they copy were successful in evolution. A main point here is the
possibility to process cross-modal information in an extremely rapid manner.

Debate

The debate corresponding to this chapter, as well as Chapters 5 and 7, is included at the
end of Chapter 7.
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Chapter 7

Symbols and embodiment from the
perspective of a neural modeller

Andreas Knoblauch

7.1 Introduction and definitions

This paper contributes to the current debate about symbols and embodiment by point-
ing out the perspective of a neural modeller. I illustrate the default definitions of
‘symbol’, ‘embodiment’, ‘meaning), and ‘grounding’ in the context of detailed neural
network models, i.e., on a level more detailed than common connectionist approaches.
My arguments are based on Hebbian neuronal or cell assemblies (Hebb 1949; Braitenberg
1978; Palm 1982, 1990) and detailed models of the cortical microcircuitry. These models
have been employed to implement a large-scale cortical architecture to enable a robot to
perform simple tasks such as understanding and reacting to simple spoken commands.
More generally, I finally discuss the relations between embodiment, grounding, anchor-
ing, binding, and the invariant recognition in distributed hierarchical systems.

7.1.1 Symbols

For a neural network modeller, one simple possible way to discern symbols from
nonsymbols is to look at the inner structure of the representational units. Subsymbols
have an inner structure which can be used to define a similarity metric relevant for the
represented entity. In contrast, symbols have no relevant inner structure (i.e., symbols
are abstract and arbitrary). For example, in simple object recognition systems, a nonsym-
bol or subsymbol may be a vector of sensory features, while a symbol may correspond to
a single node representing an object category. These definitions are sufficient for a
low-level (e.g., neural) description of a cognitive subsystem (e.g., for object recognition),
but may not be adequate for the current debate which is about language and the
representation of meaning. Here, the discussion includes higher-level symbols employed
by a cognitive system that is able to think, to reason, and to manipulate these symbols in
a flexible way.

According to Glenberg et al’s default definition (Chapter 1) sucha symbol is a ‘theoret-
ical element that is arbitrary, abstract, and amodal’. Before we proceed by discussing and
adapting that definition, it may be useful to be aware of the different contexts in which
we will use the word ‘symbol’. The situation is illustrated in Figure 7.1. We live in a physi-
cal world W where systems or subjects S are part of that world and interact with
the world. Some of the systems (namely we, the subjects) are somehow able to generate
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Fig. 7.1 Different modelling
levels. We live in a physical
world W, systems (or subjects)
S are part of that world and
interact with the world. The W

subjects are somehow able to S
generate a (usually unique) T
psychological or phenomeno-
logical space P, which we can
use, for example, to generate
theories T about all kind of
issues on all levels W, S, P,
and T.

a usually unique psychological or phenomenological space P, which we can employ,
for example, to generate ideas or theories T about all kinds of issues on all levels W, §, P,
and T. In particular, we can make theories about S (predominantly done by biology,
neuroscience, and artificial intelligence [AI]), P (psychology), or T (metamathematics or
logics). Ideas or theories T essentially consist of a set of symbols (as defined above) and
additional rules determining how the symbols can be ‘manipulated’.

Since symbols are part of theories or ideas this implies two aspects of a symbol correspon-
ding to levels S and T. As a neural modeller one is predominantly interested in the S-level
implementation of P in W, i.e., in reducing the observable psychological and behavioural
phenomena as much as possible to detailed neural and synaptic processes, and finally to the
physical laws. (The underlying preliminary naturalistic working hypothesis assumes that
this goal is actually possible.) But since models about § are ultimately also T theories, the
neural modeller (and any other kind of S-modeller like many an Al researcher) has to
discern between the two kinds of symbols within his theory: symbols to model the
T-symbols of S, and symbols to model the implementation of the T-symbols of S. Thus, we
will refer to these two kind of symbols as T-symbols and S-symbols, respectively. For exam-
ple, for a cognitive system S capable of understanding language, a T-symbol is the represen-
tation of a word, while S-symbols are finer-grained entities used for implementing the word
representation. An S-symbol could be a node in a connectionist network (or, alternatively, a
state or band variable in a Turing machine) while a T-symbol could be implemented by a set
of distributed S-symbols (and possibly further dynamic processes).

The current debate is about the question whether cognitive systems (such as we) are or
have to be either symbolic or ‘embodied’. Of course, any kind of cognitive system must be
symbolic in the trivial sense that we have symbolic language and theories T. Thus, any
cognitive system must be T-symbolic. Correspondingly, the critical question is not about the
reality of T-symbols, but about the way T-symbols are implemented in S-symbols. Note
that, depending on how we define ‘symbol’ and ‘embodiment;, it might be thinkable that
T-symbols could be implemented by non-symbolic processes at the S level (although this
seems counterintuitive since we actually aim to develop a symbolic theory T about §).
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7.1.2 Embodiment

Embodiment comes in several different flavours (cf. Wilson 2002). The strongest claim
would be that embodiment could extend the qualitative, or at least quantitative, compu-
tational capabilities of a system S by exploiting the properties of W, e.g., described by the
physical laws. If true, this would essentially negate the Church-Turing thesis that
symbolic Turing machines can compute any ‘naturally’ (or physically) computable func-
tion. For example, ‘embodied” analogue computers might be better in simulating physical
systems, or in computing real numbers with infinite precision (see also Brooks 1990).
Nevertheless, symbolic Turing computers can approximately simulate any physical
system by numerically solving the differential equations of physics, although this can
take considerable time and, for chaotic systems, infinite computing precision. Another
example could be computers exploiting the quantum properties of the physical world. It
has been shown that such quantum computers, if physically possible, could compute
certain functions much faster than conventional computers or Turing machines
(DiVincenzo 1995).

A less strong idea of embodiment is the dichotomy of embodied versus symbolic
cognitive systems addressed by the current debate which attempts to classify cognitive
systems according to the interface between the system S itself and the external world W.
Obviously, any cognitive system S that deserves that name will have to interact with its
environment (percept and act) and is therefore embodied in a trivial sense. Similarly, any
cognitive system S must be symbolic in a trivial sense since it must explain our capabili-
ties to use language and think in symbols (e.g., to develop theories T within our psycho-
logical space P). Thus, in this trivial sense any model of a cognitive system will be both
embodied and symbolic.

Obviously, any cognitive system can be divided into sensors, actors, and internal
machinery, such that the interaction with the environment is accomplished only via the
sensors and actors. Strictly speaking such an interactive system cannot be adequately
modelled by a Turing machine. The original ‘autistic’ Turing machine has been suggested
as a model for computation only. That scenario assumes separate phases for: (1) provid-
ing the input from the environment to the Turing machine’s band, (2) doing the compu-
tation independently of the environment, possibly for a very long time, and (3) returning
the output of the computation from the band to the environment. In contrast, we rather
have to think of an ‘interactive’ Turing machine that depends on the environment and
can influence the environment at any time. Thus, it would be possible to define embodi-
ment by the degree of interaction with the environment.

Our default definition of an ‘embodied’ system goes in a similar direction by demand-
ing that the meaning of a symbol must depend on activity in systems also used for
perception, action, and that emotion and reasoning must require the use of those systems
(see Chapter 1). This form of weak embodiment is stronger than the trivial version of
embodiment, but addresses only the high-level structure of the internal machinery,
e.g., in Marr’s (1982) terms, the algorithmic or computational levels but not the imple-
mentation level. As a consequence, any such ‘embodied’ system can be translated into a
purely (S-)‘symbolic’ system (e.g., a computer program or Turing machine) with the
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same sensor/actor interface and vice versa. This is true according to the Church-Turing
thesis, at least as long as our ‘embodied’ system does not exploit the physical world ina
super-Turing manner as described before. We can also conclude that this form of embod-
iment will probably be neutral to such questions as whether ‘ideas are the sole province
of biological systems’ (as discussed in Chapter 1). And, of course, the property of embod-
iment will be a gradual property. Nevertheless, the idea of embodiment might still prove
useful, e.g., in building more efficient artificial cognitive systems, or in guiding the analy-
sis of the brain.

7.1.3 Meaning

Our last definition of embodiment refers to the term ‘meaning’, which may require an
explicit definition. A simple definition states that meaning is the ‘content’ of a sign
or symbol. Here, ‘content’ refers to all the parts of an information processing systems
theories T that have a relation to the symbol. For example, the meaning of the word
symbol ‘car’ may include prototypical ‘icons’ of cars, knowledge about the corresponding
consists-of and is-a ontologies, knowledge about actions that can be done with, to, or bya
car, and episodic knowledge about particular experiences with cars. This very general
meaning of a symbol must usually be strongly constrained by context.

An alternative, more behaviouristic, definition is this: the meaning of a symbol or sign
to a cognitive system is the sum of the potential or actual behavioural changes after
receiving the sign. For example, the meaning of the traffic sign ‘stop’ to a car driver isa
propensity to apply the brakes to stop the car. Or the meaning of signs indicating bad
politics to a voter is a propensity to no longer give a vote to the responsible politician in
future elections. p

The second definition has several advantages: first, it does not refer to the internalsof
the system which may be difficult to observe and interpret, e.g., in animal experiments,
Instead, it solely refers to the system’s or agent’s observable behaviour or actions.
this direct reference to actions and agents is more relevant for our current debate abon‘,‘
meaning and embodiment. Defining meaning in this way by particular actions then
obviously implies (by definition) that establishing meaning is closely related to or even
‘depends on activity in action systems’ which is essentially our definition of embodiment
(see Chapter 1). 5

Indeed, neurobiological experimenters investigating the brains of animals by correlat-
ing behaviour and neural activity actually have to define categories (which can thenbg
symbolized) by actions. For example, experimenters can find out which one of two possi-
ble interpretations of an ambiguous figure a monkey is perceiving by training
monkey to move the right hand for interpretation 1 and the left hand for interpretation 2
(which already defines the meaning of the figures for the monkey). Similarly, it has been
proposed that we humans, as well as other animals, can learn to discriminate two
or categories only if the discrimination is behaviourally relevant, This is most obvious
lower animals with only a very limited behavioural repertoire (and therefore onlya
limited way of developing abstract classes such as prey, predator, or mate, corresponding
to actions like feeding, fighting, or mating).
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In summary, we may already conclude here that understanding the meaning of signs
indeed requires embodiment defined as regular activation of action- and perception-
related subsystems. However, this conclusion is not sufficient for understanding how the
brain works, or how to create intelligent artificial systems. This requires a detailed theory
on how perception, action, and learning of abstract categories is accomplished by the
brain. The rest of this chapter focuses on delivering building blocks for this detailed
theory by having a closer look at neural models of symbols and meaning.

7.1.4 The easy and the hard problems

With this essay I do not intend to tackle what has been called the ‘hard problems’ in the
psychology of consciousness, for example, explaining how physical processes in the brain
give rise to subjective experience (Chalmers 1996; Jackendoff 1987). Although I believe
that, from a third-person perspective, symbols, embodiment, and mean ing as defined
above are easy problems (i.e., nothing ‘mystic’), and that we will probably soon be able to
realize artificial systems that can be said to be embodied and represent meaning in a
similar way to humans, I admit that assuming full identity between the first-person
subjective processes of humans (including feelings) and those of digital computers
(Dennett, 1996; Metzinger, 2004) may have problematic consequences.

For example, if we were to ascribe subjective feelings to a robot then we would also
have to ascribe feelings to the robot rid of its sensorimotor interface (just as we ascribe
feelings to quadriplegia and locked-in syndrome patients). Then we ultimately would
have to ascribe feelings to a digital computer, i.e., finite-state-machine (FSM). Or, to put
it more exactly, we would ascribe feelings to particular states of the FSM. Adapting
Searle’s Chinese room argument (Searle, 1980) to feelings (instead of meaning), this
seems strange because the FSM’s states are arbitrary, i.e., it is unclear why one particular
physical state should be associated with pain (and not with joy or something else).

One could answer that meaning and feelings are not associated with a single state but
with particular recurring state sequences (for example, realizing a kind of monitoring
structure). However, this will probably not help us since we can always construct an
‘equivalent’ FSM where such a sequence corresponds to a single state again (although this
will require a large FSM with many states). We may accept this for the case of meaning
defined in terms of ‘potential behaviour’ (see above) because the question ‘Is that
machine understanding this?’ can be resolved, in principle, by looking at the FSM’s past
or future states. However, we are usually more reluctant in the case of feelings because
the question ‘Is that machine feeling pain?’ must be answered in the present (and propos-
ing that past or future states would make a difference contradicts the state concept of
classical physics).

7.2 A neural modeller’s perspective

When words referring to actions or visual scenes are presented to humans, distributed
neural networks, including areas of the motor and visual systems of the cortex,
become active (e.g., Pulvermiiller 1999, 2003). The brain correlates of words and their
referent actions and objects appear to be strongly coupled neuron ensembles in defined
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cortical areas. The theory of cell assemblies (Hebb 1949; Braitenberg 1978; Palm 1982,
1990) provides one of the most promising frameworks for modelling and understanding
the brain in terms of distributed neuronal activity. It is suggested that entities of the
outside world (and also internal states) are coded in groups of neurons rather than in
single ‘grandmother’ cells, and that a cell assembly is generated by Hebbian coincidence
or correlation learning where the synaptic connections are strengthened between co-acti-
vated neurons.

7.2.1 Local cell assemblies, associative memory, and
neural S-symbols

The notion of neuronal assemblies as strongly coupled neurons leads to the concept of
neural (auto-)associative memory (Willshaw et al. 1969; Palm 1980; Hopfield 1982). One
simple model of neural associative memory has been proposed by Steinbuch and
Willshaw (Willshaw et al. 1969; Steinbuch 1961; Palm 1980; Knoblauch 2005) consisting
of McCulloch—Pitts-type threshold units and recurrent binary synapses (Figure 7.2).
Here, the activity pattern of the cell population can be described by a binary vector, and
we identify stored activity patterns with the cell assemblies. After learning a number of
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Fig. 7.2 Left: Neural (auto-)associative memory where two cell assemblies of size k = 4 have
been stored (corresponding to the activation patterns u1 and u2) in the ‘memory matrix’ of
synaptic connections. Filled units indicate the active neurons of pattern u2. Right: A more
realistic implementation of associative memory, modelling a small patch (about 1 mm?3) of
cortical tissue (Knoblauch and Palm, 2001). The model comprises several populations of excita-
tory and inhibitory spiking neurons of the integrate-and-fire type. Here, C is the main excitatory
population of pyramidal cells receiving input from another cortical patch, R. C and CT are
inhibitory interneuron populations controlling local excitation. Each neuron is modelled as a
leaky integrator with excitatory and inhibitory conductances, where a spike is emitted as soon as
the dendritic potential exceeds a threshold. The memory matrices are employed in several
afferent and recurrent synaptic connections (cH, cA) to and from populations R, C, and C°. The
remaining inhibitory feedback connections are unspecific (i.e., independent of the learned
activity patterns).
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neuronal assemblies, the network can be described by a connection matrix A correspon-
ding to a graph where the nodes correspond to the neurons and neuronal assemblies
correspond to k-cliques of neurons (a k-clique is a subset of size k consisting of
completely connected neurons).

Hetero-association works similar to auto-association except that the ‘memory matrix’
describes the synaptic connections between two different neuron populations. Hetero-
associative connections can map neuronal assemblies of the first population (or sets or
parts of them) to assemblies of the second population (or sets or parts of them).

The virtue of the binary model is that it is easy to understand, analyse, and implement,
but the main results apply also to more realistic gradual and spiking models (Hopfield,
1984; Knoblauch and Palm, 2001). Neural associative memories have a couple of nice
features. They achieve pattern completion, i.e., a neuronal assembly can be activated not
only by the very same inputs that have been used for learning, but also by modified
patterns that are ‘sufficiently similar” to the original address pattern. For example, assem-
bly u2 in Figure 7.2 will already be activated by addressing an arbitrary subset of size > 3.

It can be shown that the number of storable patterns is almost proportional to the
number of synapses if the patterns are sparse and have random character (i.e., a popula-
tion of n neurons can store almost n? sparse cell assemblies with k << n). Access time is
essentially independent of the number of stored patterns. The overlaps of different
neuronal assemblies can be used to express the similarities of the represented entities.
Neuronal assemblies thereby provide a very natural associative way of grounding new
representations in the sensory inputs by means of bidirectional associative connections
(cf. Barsalou 2003).

Associative memories have been used to model small volumes of cortical tissue
(e.g., 1 mm?) corresponding to a macrocolumn or the range where dense local recurrent
connections between any cell pairs are possible (Braitenberg and Schiiz, 1991). A step
towards biological realism is to replace the single McCulloch—Pitts population by more
realistic spiking neuron models and to incorporate known properties of cortical circuits
(Figure 7.2). These models can extend the computational abilities of the standard model,
for example, by making use of spike timings according to a latency code in that early
spikes (relative to an external event or an underlying oscillation) are much more relevant
than late spikes for activating an assembly (Knoblauch and Palm 2001; Knoblauch 2005).

Local cell assemblies can be seen as elementary neural (S-)symbols which can be
‘allocated’ or learnt to represent the inputs for further processing in downstream target
populations. The symbolic character is most apparent if the assembly size is k= 1, corre-
sponding to a localist code, or if the neurons that constitute a cell assembly are chosen
at random, e.g., by noise. In the latter case the correlations (or overlaps) between two
cells are minimal, which is required to store a maximal number of different activity
patterns. Due to their singular or random character the neuronal assemblies could be
said to be abstract and arbitrary, whereas the property of amodality depends on the loca-
tion of the neuron population, e.g., a local population receiving visual inputs will
develop visual perceptual symbols (cf. Barsalou 1999).
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7.2.2 Global cell assemblies, language, and T-symbols

We have designed a large-scale brain model consisting of many interconnected cortical
areas employing spiking associative memories. The model was implemented and tested
on a robotic platform enabling the robot to understand and react to simple commands
such as ‘Bot show plum!” (Knoblauch er al. 2004). The language part of the model is illus-
trated by Figure 7.3 and the action part by Figure 7.4.

Each box in the figures corresponds to a spiking neural associative memory storing
local cell assemblies, as described above. For illustration purposes, each area has been
labelled according to the current activity pattern. (In general, a superposition of several
stored local assemblies can be activated, e.g. to represent uncertainty or to represent new
entities to be learned; here, the labels correspond to the neuronal assembly most similar
to the current activation pattern). The resulting global assembly, for example, represent-
ing the T-symbol ‘plum, stretches over many cortical areas (involving visual, auditory,
action, and goal-related areas) and changes dynamically during the process of ‘under-
standing’ and reacting to the command. Thus, the global cell assembly as a whole works
as a sign in Peirce’s sense, i.e., as a mediator between the idea of a ‘plum’ and the
real plum in the external world. The global assembly consists of parts, some of which can

———————————————— ----= apple

Fig. 7.3 The language part of an associative cortex model (see Knoblauch et al., 2004) at the
end of processing the sentence ‘Bot put plum to green apple’. Each box corresponds to a
cortical (or subcortical) area modelled as a neural associative memory. The meaning of the
sentence is represented by distributed cell assemblies comprising ‘slot areas’ for different gram-
matical roles to implement elementary productivity and systematicity. Auditory input enters the
central areas via areas A1 and A3 and is distributed across the grammatical slots according to a
logic controlled by a grammatical sequence memory (A4) (where basic sentence types are
stored) and subcortical ‘activation fields' (small boxes). Arrows indicate recently activated
synaptic connections.
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Fig. 7.4 Action part of an associative cortex model (see Knoblauch et af., 2004) during perform-
ing the command 'Bot put plum to green apple’. The goal areas (G1-G4) received their inputs
from the grammatical role areas (A5-S, A5-O1, etc., as illustrated in Figure 7.3) and divide the
goals into a sequence of subgoals (i.e., seek plum, pick plum, move to the apple, drop plum).
(High-level) motor areas receive inputs from the goal areas in order to perform the current
subgoal. The completion of subgoals and switching to the next subgoal is controlled by ‘evalua-
tion fields” which check, for example, the consistency of visual perceptual activity patterns

(e.g., in V4) with goal representations (e.g., in G3). At the shown system state the robot is
about to finish the subgoal of seeking the plum.

be attributed as ‘abstract’ and ‘amodal’ e.g., the lexical representation of ‘plum’ in A3. But
these symbolic parts are naturally grounded in the synaptically connected perceptual and
action-related parts of the global assembly.

7.2.3 Cortical macrocolumns, prediction, and embodiment

Cognitive processes must be able to distinguish between different representational modi.
For example, representational states may refer to present, future (or prediction), reality,
wish, or signal (detailed and concrete), or symbol (abstract, amodal), perception, or
action. Many cognitive architectures take a modular approach where these different
representational modi are segregated into different cognitive subsystems or modules.
(In general, an architecture can be said to be modular if it can be divided into subsystems
such that there is much more communication between processes inside a subsystem than
between processes of different subsystems.) For example, we could segregate a cognitive
system into different modules for perceptions, actions, goals, memory, rule-based predic-
tion systems, etc.

125



126

SYMBOLS AND EMBODIMENT FROM THE PERSPECTIVE OF A NEURAL MODELLER

We have argued how global neuronal assemblies can implement and ground
T-symbols (e.g., words of a language) by distributed activation stretching over many
sensory, motoric, and associative cortical areas (Pulvermiiller 1999). Thus, although the
brain appears to have a modular character in that sense, hints to possible complementary
strategies of grounding may be found when looking at the microstructure of a single
cortical macrocolumn (Douglas and Martin 2004).

Although it has long been established that neocortical anatomy exhibits a six-layered
structure, modellers have often neglected this fact when modelling a cortical patch by a
single ‘monolithical’ neuron population (e.g., Palm 1982; Ritz et al. 1994; Knoblauch and
Palm 2001). This may be attributable to the wish to focus on a single layer or the lack of
adequate computational resources to simulate more detailed models, but also to doubt-
ing or underestimating the functional significance of discrete within- or between-layer
synaptic connections which appear to have a rather ‘fuzzy’ character (Abeles 1991;
Braitenberg and Schiiz 1991).

In accordance with ideas developed by Kérner et al. (1999) (see also Hawkins and
Blakeslee 2004; Rao and Ballard 1999; Guillery 2003), we assume as a working hypothesis
that the basic function of a cortical column is to represent and actively predict its sensory
inputs. To achieve this in a self-organizing, autonomous ways it is necessary to have access
to (at least some of) the different representational modi described above. We propose
that different representational modi of the same entity are located in different layers
within the same macrocolumn rather than monolithically in different columns or areas.

Figure 7.5 illustrates this functional model and our current implementation employing
spiking associative networks similar to that discussed in Section 7.2.1. At each time the
model must represent a state v = (w, a) and use sensory input s to update the state v
according to a function f. We found it meaningful to divide the state variable v into two
independent entities: a variable w describing ‘external’ entities from the outside world
and another variable a describing a local ‘internal actor’. In addition to updating a state,
the system should also be able to predict a future state w’ without accessing sensory
input. Note that the proposed circuitry provides the basic ingredients for simulating
(or predicting over) larger time intervals.

By comparison with known anatomical facts we can match our functional model
(Figure 7.5) with the layered organization of neocortex (Kérner et al. 1999; Guillery
2003; Douglas and Martin 2004; Braitenberg and Schiiz 1991; Felleman and Van Essen
1991). For example, it is well established that feed-forward inputs to a cortical column
mainly target layer IV neurons, and that the feed-forward output to the next cortical
stage leaves a cortical column via layer II/III neurons. In contrast to the feed-forward
stream, feed-back inputs avoid layer IV and target mainly the upper and lower layers.
Another remarkable feature of the cortical microcircuitry is that layer V pyramidal
neurons, at any cortical site, project to subcortical regions closely related to action and
behaviour (Guillery, 2003). '

Based on these facts we believe that the forward recognition function f is located in the
middle and upper layers, while the remaining functionality, related to behaviour and
predictions, is located in the lower layers V and VI. Furthermore, we believe that the
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Fig. 7.5 Left: Basic functional circuit of a cortical column. Sensory input s is used to update the
current world state w. This is used to choose an appropriate action a. World state and action can
be used to predict the next world state w’ and next sensory input s”. Right: Implementation of a
cortical column by spiking associative memories (see Knoblauch et al. 2005, 2007; Kérner et al.
1999). Sensory input activates signal-like representations (based on basis vectors) in the middle
cortical layers (A1, A2), a symbol-like prototypical cell assembly in the upper layers (B), and finally
action and prediction related representations in the lower layers (C1, C2).

recognition system of the middle and upper layers is split up into two subsystems, one
for fast bottom-up recognition (the A system, layers IV and upper I1I) and another for
refined recognition employing feedback (the B system, layers 11/111). As an example we
have implemented a model of several cortical and subcortical areas for learning saccadic
object representations (including several visual cortical areas and the superior colliculus;
see Knoblauch et al. 2005, 2007). In that particular case, the representational world states
are object views (e.g., the retinal image when fixating on a particular key feature of a
visual object) and the actions correspond to saccades.

What does this has to do with embodiment and grounding? Our model suggests
that actions are grounded in perceptions already at the level of a single cortical macrocol-
umn (cf. Hawkins 2004; Korner et al. 1999; Guillery 2003; Young 1993). Thus, recogni-
tion of incoming signals will automatically induce an action-related process in the same
macrocolumn and related subcortical structures. In our model, the perceptual represen-
tation w is on the one hand really symbolic in cortical layers II/I1I, is grounded in sensory
input and a signal-like (basis vector-based) representation in layer IV, and is the result of
a prediction (w'!, @) — w (layer VI) such that it is also grounded in action (layer V).
Vice versa, for the same reason the produced action will be grounded in perception.
Furthermore, the proposed circuitry provides the basic ingredients for simulating
(or predicting) the represented state (w) over larger time intervals (at a microlevel),
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which has been suggested to be required for understanding meaning on the
(P,T-)macro-levels (cf. Barsalou 1999),

7.2.4 Hierarchies, invariances, binding, and grounding

The areas of the brain and particularly the cerebral cortex are organized in a distributed
and hierarchically ordered manner. For example, the visual system of primates consists of
about fifty areas and about fifteen processing stages, where each area is dedicated to a
specific task (Felleman and Van Essen 1991). On the top of the hierarchy there are
neurons in certain areas representing quite abstract entities coming close to (T-)symbols.
For example, in the mediotemporal lobe, cells have been found that respond in a specific
and invariant way to a particular person, regardless of the stimulus being the person’s
face, a cartoon, or their written name (Quiroga et al. 2005).

There are many neural models (and Al systems) claiming to do object recognition in a
similar way (e.g., Riesenhuber and Poggio 1999;Wersing and Korner 2003), although
performance cannot yet be compared with that of the real brain. The basic principle of a
hierarchical object recognition system is illustrated in Figure 7.6, left panel. Processing
along the hierarchy usually changes gradually in two ways: on the one hand, the repre-
sented feature quality becomes more and more specific with increasing hierarchical level
(e.g., from basic features to particular objects). On the other hand, the representations
become more and more invariant against transformations in the sensory space (e.g.,
translation, scale, rotation, colour, lighting conditions, etc.). The first aspect is essentially
an AND operation (e.g., an corner consists of a vertical edge and a horizontal edge), the
second aspect an OR operation (e.g., a feature configuration may occur at one or another
location, as indicated by the pooling in Figure 7.6, left panel).
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Fig. 7.6 lllustration of sign grounding, anchoring, or binding. Left: The development of invariant
abstract (e.g., symbolic) representations implies a noninvertible mapping between a lower pro-
cessing stage L and higher stage H (e.g., mapping feature configurations at different spatial
locations to the same object label). This complicates adequate grounding, in particular if several
objects are processed at the same time. Middle: To become invertible one needs further (possibly
independent) mappings, e.g., an explicit representation of the object location. Right: In the
presence of several objects, correct bindings between the higher-level symbols (e.qg., object label
and location) and grounding to the lower-level features may require additional mechanisms
(e.g., temporary associations).
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Thus, such an object recognition system must somehow map or bind, on each level of
the hierarchy, a more abstract representation to particular configurations of lower-level
features which may vary significantly. Realizing this in a bottom-up fashion is straight-
forward, for example, by means of a multi-layer perceptron. However, because of the
invariance property (by the OR operation), this mapping between the two levels is neces-
sarily noninvertible, which complicates binding between the two processing levels, in
particular for more realistic scenarios requiring feedback processing (e.g., dynamical
ambiguous scenes with multiple objects, occlusions, clutter, etc., as well as particular
queries referring to low-level subsymbolic properties of the objects).

The invertibility of the mapping can be (almost) restored by further independent
processing paths explicitly representing the varying factors (e.g., object type and object
location in Figure 7.6, middle panel). However, this may lead to a further binding prob-
lem if several objects are processed at the same time; for example, in Figure 7.6
(right panel), it is problematic to ground the two objects i and j of layer H1 in the feature
layer L because it may be unclear which object occurs at which of the two locations k and
I represented in layer H2. Implicit binding over the lower layer L is possible but nontriv-
ial; note that the segregated nodes of layer L may in fact correspond to distributed over-
lapping feature configurations. Neural experimenters and th eoreticians have spent a lot
of time investigating this form of the binding problem, and several explicit solutions
have been suggested, for example by spike synchronization and oscillations, rapid
reversible synaptic plasticity, dynamic routing, attention, coarse conjunctive coding
(e.g., see von der Malsburg 1999; Shastri and Ajjanagadde 1993; Treisman 1998; Mel and
Fiser 2000; Knoblauch and Palm 2002).

In summary, it appears that embodiment is very closely linked (if not identical) to the
problems of symbol grounding (Harnad 1990), symbol anchoring (Coradeschi and
Saffioti 2003), binding, and invariant recognition in distributed hierarchical systems. The
underlying problem is always the coordination between the bottom-up and top-down
streams of information in a hierarchical system, which still lacks a satisfactory solution in
current artifical systems and theoretical models.

7.3 Conclusions

In general T am inclined to accept the major claims of the embodiment proponents, for
example, that understanding the meaning of a sentence may require the ability to simu-
late or predict the situation described by the sentence, or that meaning is closely related
to action and perception (which may cause interference effects as observed in experi-
ments, see Glenberg and Kaschak 2002; Rizzolatti et al. 2001; Guillery 2003). But, in
contrast to Searle’s Chinese room argument (Searle 1980), I see no good reason
why implementations on symbolic systems such as Turing machines or currently
available digital computers should not do that job. Nevertheless, special hardware such as
massively parallel neural networks — although in terms of price, speed, and flexibility
still inferior to general purpose processors — could be of great advantage to this end
(e.g., Hammerstrom et al. 2006).



130 ] SYMBOLS AND EMBODIMENT FROM THE PERSPECTIVE OF A NEURAL MODELLER

Furthermore, I believe that many so-called symbolists would ultimately agree with
these positions, and that probably much of the remaining disagreement results rather
from imprecise definitions about what exactly is a symbol and what is embodiment.
As discussed in Section 7.1.1, it is important here to distinguish between what I have
called T-symbols and S-symbols. T-symbols are used by the cognitive system for think-
ing and communicating, whereas S-symbols may be used to implement the cognitive
system (including T-symbols) on a symbolic substrate such as a digital computer, Turing
machine, or in a neural network architecture (see Sections 7.2.1 and 7.2.2). For example,
a T-symbol could be a word for an object, whereas an S-symbol could be a state of
a Turing machine. Note that this distinction leads to the apparent contradiction that a
system can be both (T-)embodied and (S-)symbolic. This is simply because embodiment
in the sense of ‘employing systems used both for action and perception’ is actually
a high-level property and therefore independent of the implementation substrate. Thus,
any implementation of an embodied system on a digital computing device must be called
(S-)symbolic,

We have also seen that the dichotomy between symbolic and embodied systems can be
problematic. As argued in Section 7.1.2, any cognitive system must be necessarily both
symbolic and embodied. Moreover, defining embodiment by activity in systems for
action and perception implies that being T-embodied is a rather gradual property:
a high-level T-symbol may be embodied more or less deeply in a hierarchy of perception-
and action-related subsystems. In the brain at least, there certainly exists such a hierarchy
consisting of many different cortical areas (Felleman and Van Essen, 1991).
Understanding a particular sentence of T-symbols will require some, but probably not
all, of these areas. Thus, one could define the degree of embodiment by the number and
hierarchical levels of such areas necessary for understanding.

For example, for understanding ‘the grass is yellow’ a shallow embodiment is likely to
be sufficient. Here, T-symbolic processing may be enough for understanding which is
merely the association of two well-known T-symbols. Of course, cell assembly theory
alone would predict that the T-symbol ‘yellow’ is so familiar that there will be strong
synaptic links from the (T-)symbolic ‘yellow’ subassembly to low-level sensory neurons
representing the colour yellow. Thus, hearing the word ‘yellow’ would inevitably activate
those low-level neurons to a certain degree. Here, I think this priming activity would
more likely be a side effect of neuronal assemblies and not actually necessary for under-
standing. One would predict that, in an experiment in which a number of low-level
visual cortices could temporarily be deactivated or disturbed (e.g., by TMS) while
hearing ‘the grass is yellow’, understanding is still possible.

In contrast, understanding or verifying the sentence ‘the second house on the right has
seven floors’ requires relating several T-symbols to a currently perceived visual scene
which may be represented in a (T-)subsymbolic format in early visual areas. This process
includes identifying the ‘second house on the right’ among many other buildings and
relating the number seven to the floors of the house. Here, one would predict that under-
standing is much more vulnerable to the deactivation of low-level cortices. Finally,
on-the-fly understanding of sentences such as ‘the woman crutched the goalie the ball’
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containing innovative denominal verbs will probably require even deeper embodiment
including mental simulation of the described situation at many processing levels
(see Glenberg and Kaschak 2002).

If we accept that embodiment is a gradual property within a processing hierarchy this
idea becomes very closely related (if not identical) to long-discussed concepts and prob-
lems such as symbol grounding, symbol anchoring, and feature binding (see Section
7.2.4). We could give the following (maybe too) simple definition: a sign or symbol of a
higher processing stage H is embodied in (or, synonymously, grounded in, anchored in,
or bound with) the signs or symbols of a lower processing stage L iff it is possible to
establish a one-to-one mapping between the H signs and L signs.

This definition of embodiment would have several advantages: first, it is a unified
definition for seemingly different but closely related concepts. The definition remains
independent of particular modalities (such as particular perceptions, actions,
or emotions). Instead it is sufficient to distinguish between higher and lower processing
stages. But we can still say that a symbol X is grounded in particular action representa-
tions Y, and we can still distinguish shallow embodied systems from deeply embodied
systems where the one-to-one mapping is established across several processing stages.

However, the term ‘mapping’ may still be underspecified. Unfortunately, I cannot give a
more specific answer, because in my opinion this is one of the unsolved core problems of
current brain models and artificial cognitive systems as discussed in Section 7.2.4
(i.e., the problem of adequately integrating bottom-up information with top-down
expectations is by no means satisfactorily understood in complex systems consisting of
distributed processing hierarchies and capable of developing increasingly abstract invari-
ant (and finally symbolic) representations). I believe that the circuitry of the cerebral
cortex (see Section 7.2.3) can tell us a lot about how this integration happens in the
brain, and how learning of abstract categories is linked to action and behaviour.

Debate

In addition to Andreas Knoblauch’s contributions, this debate section encompasses the
discussions surrounding the contributions of Marcel Just and Friedemann Pulvermiiller
(Chapters 5 and 6, respectively). ;

Arthur Glenberg: Alright, 1 will start. T have questions for Friedemann, and perhaps also
for Andreas. I was very pleased with most of your talk showing that language is
embodied from top to bottom and from bottom to top, from phonemes up to mean-
ing, but then you said, right at the very end, that you think your cell assemblies might
be implementing discrete symbols. So, a part of my question is to ask you to say a little
bit more about why you believe it’s the case that it’s implementing discrete symbols.
And in particular I'd like you to think about the following idea where you have people
listening to a word like ‘pick; and so we know that we’re going to get activation in
perisylvian regions as well as regions related to hand movement. And the question is
this: if it’s a symbol that we’re showing, then you would expect to see activation for
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‘pick’ to be the same in all contexts, but I imagine you would agree that if we had
people thinking about ‘pick’ in terms of a pen versus ‘pick’ in terms of a ball, that we
would see different picks and then it doesn’t seem to me like it’s a symbol anymore.

Friedemann Pulvermiiller: Well, I believe we have little choice when theorizing about
language, to accept the discrete nature of language. There are discrete phenomena in
language and other cognitive domains: a word is either in the dative case or the accu-
sative case. There is nothing in between. It either refers to an object or not. It’s either a
meaningful item or not. Think for example of Andreas’ simulations of the geometri-
cal figures. In scene segmentation there is a big problem: how can we perceive a square
partly hidden behind a triangle? How can we solve the problem of scene segmentation
with non-discrete representations? Without them, there is activation all over the place
and the overlapping figures are being meshed into each other. However, if perception
is based on discrete representations, which have been learned separately, a particular
complex scene can separately activate the pre-established representations, and activa-
tion can be maintained in two or more discrete object representations at a time. This
seems to work, as neural network simulations demonstrate (see this chapter), even if
the discrete representations overlap a little bit.

We have very similar problems in language, too. We need to know whether the
word ‘pick’ or ‘kick” has been pronounced, and of course there can be something in
between a /p/ and a /k/. Still, there is categorical perception at the phonological level;
and at the lexical and semantic levels as well. At the semantic level it could be two
meanings of an ambiguous word, for example, take the word ‘star’, which could be an
object in the sky or a person, and there seems to be no alternative in between, right?
So I think that there are lots of problems — in language and cognition in general -
which we can only model by using discrete symbols. At the mechanistic level of the
brain, neuronal devices such as cell assemblies that behave in a discrete manner may
‘ground’ symbols. Cell assemblies, or as we sometimes call them nowadays,
action—perception networks) are discrete because they are linked together so strongly,
because of their strong internal feed-back and feed-forward connections. If they are
activated to a certain degree, there is an explosion of activation within the cell assem-
bly and the whole circuit gets active at once, which is very handy, especially for model-
ling discrete psychological processes.

Donald Hebb already pointed out that this is potentially an important process in
Gestalt completion, which is otherwise difficult to explain in mechanistic terms. And
here we have a very handy, neurobiologically plausible mechanism for it. I could go on
for an hour explaining the necessity and benefits of discete representations, but I
think do not need to. I think there are lots of reasons, at both the cognitive and neuro-
biological level, in favour of discrete representations and discrete neural processing
units. Now, why do we not see them in current connectionist parallel-distributed
processing models? Because these models are toy networks that do not have what the
cortex is most famous for, namely massive local connections between neighbouring
neurons. Many neural networks avoid strong next-neighbour connections within
a particular layer because the network doesn’t behave so nicely in this case for
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certain purposes. We are emphasizing the importance of these next-neighbour,
within-layer, within-area connections; these are, as we believe, important for setting
up cell assemblies. A similar point applies to rules or rule representations, if you want
to speak about such entities. Here, I can speak for Andreas too. Art said that our
approach is ‘embodied from top to bottom and from bottom to top’ and I think he is
right. We document that the embodied perspective can even explain the emergence of
abstract rules, a claim based on biologically inspired network simulations, and
certainly gives rise to other discrete representations.

Glenberg: So, I just want to press this one more time and then I'll give up on it. Suppose
we have an experiment where we have people listening to two sentences, and the first
sentence is either “There’s a ball in front of you’ or “There’s a pen in front of you. And
the next sentence is ‘Pick it up. Do you think activation to the word ‘pick’ would be
the same in both of those contexts?

Pulvermiiller: No, absolutely not. Veronique Boulenger, Olaf Hauk, and I are doing a
more extreme experiment about ‘grasping ideas’ We have action words like ‘grasp’
presented in sentences like ‘He grasps the ball’ and ‘He grasps the idea’ And, of course, in
the idea-grasping case there is a different type of grasping and it seems that the cortical
activation pattern changes, although semantic somatotopy is present even in the
abstract idiomatic case. Different activations by the same symbol presented in different
contexts is not an argument against discreteness, but can be attributed to pre-activation
through the context network. It would not be realistic to assume that the discrete repre-
sentation activates each time in exactly the same way. Rather, its particular activation
state at any point in time does not only depend on the internal properties of the
network, but also on the type of priming or pre-activation it receives from other
networks. So that’s the brief answer to a complex question. Context dependence and
discreteness are independent features.

Glenberg: Thank you.

Lawrence Barsalou: I'd like to comment on this. Like, one solution to this might be to
say that a symbol is not a single state of activation but it’s actually something more
like an attractor state that has many different possible states of activation.

Pulvermiiller: Yes indeed. The word would be understood in an all-or-none discrete
manner each time, but in different contexts a set of its possible semantic features are
emphasized or even added; for example, referential features related to specific hand
motor acts or related mental operations.

Barsalou: So, it may be that all the different instances of ‘pick’ that get processed are
attracted to the same general processing system, but that system can take different
states on different occasions for different contexts. So a symbol is really a space of
applications not a single application?

Unidentified person: This reminds me of the debate in physics as to the nature of
light — the particle/wave debate — which was solved in terms of a field theory of
physics. But I wanted to emphasize what you told us about the structure of the
column in which, if [ understood you correctly, each column in the cortex has a layer
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especially, functionally, dedicated to perception and another layer to action. Is that
right? Because this seems not to be in clear convergence with the standard view of the
cortex as specialized in regional terms, not being sensory and motor all the way around.

Andreas Knoblauch: Yes, I think cortical layer 5 has a lot of pyramidal cells that actually
project to subcortical structures that are related to actions.

Unidentified person [DEB ROY?]: So I'd like to actually just push a little more on the
same question that Art was asking. ‘Grasp the idea’ versus ‘grasp the ball’ is, I think,
a different point. It’s a sort of different word sense, because that’s an idiomatic use of
‘grasp’. Another way to ask the point I think Art is trying to make, or maybe to make a
suggestion, is that if you take a very simple model of how words work — which I think
1s consistent with the story you’ve told us — that you have something like, say, a
conceptual layer versus a symbolic layer, so you've got words and you’ve got some sort
of sensorimotor something or other connected. Clearly, at the word level, I think we’d
all agree that’s a discrete system. It’s not meaningful to talk about halfway between
‘kick’ and “pick’ in the lexicon. Phonetically you can talk about that, but you impose a
phonological discretization and on it goes morphologically and into the lexicon. But
that discrete system is carving up perhaps a continuous conceptual space. So there’s
no reason for example to believe that ‘pick’ doesn’t bind to a sensorimotor representa-
tion that actually has parametric variation, right? So when you kick a ball versus kick
a chair versus some other argument of ‘kick’, there’ll be some continuum. So I think
there’s room to think about both a continuous system and a discrete system. And one
projection, the projection into language, you can treat as discrete. But it’s not clear at
all that the back end is discrete.

Pulvermiiller: Whether or not the semantic system as such is entirely continuous,
I cannot say. At least there is some evidence that word meanings dissect an otherwise
continuous conceptual space, for example, in the case of colour concepts. But we are
in fact talking here about two different things now. Let me take up the specification.
Before, Larry made the point about attractor states. We can say that a cell assembly is a
discrete unit — it either becomes active or not — but that its activation states may differ,
may change over time and between contexts? So it has an activation minimum, or
maybe several activation minima. And depending on where the pre-activation comes
from, where it is primed and by what it is primed, certain parts of it can, in a given
context, be emphasized, so to speak. And therefore it is, in each case, either active or
not, but the particular neurons active in each situation can be different. So its states of
activation are not identical. However, it’s still in each case a discrete state, it’s either
active or inactive. So, this would be my explicit answer. There is room for variablitiy
among the different activation states of the discrete network

Unidentified person: Yeah, I guess the question is, given the precision of the best imaging
technologies, we're reading a lot into whether it is the same network or not, or would you
disagree? An average brain has millions of neurons, so there’s a lot of room ... it’s
unclear.
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Pulvermiiller: Well, fMRI is not the best method to address these questions. Multiple-
unit recordings in monkeys — especially the work done by Moshe Abeles’ group in
Israel — have produced very strong data exactly on this issue, that there are specific
networks, serving specific cognitive functions, that are active or inactive and exhibit
similar activity states and patterns when active. That is, I think, very important work.
Also, complex dynamics approaches to EEG and imaging analysis are, maybe, to a
degree telling. One wouldn’t get that information from fMRI, according to my feeling,
because it misses out on the time aspect. Some imaging data show a surprising degree
of local specificity, and this is certainly something to look into much more in the
future; but we are clearly looking at neuronal mass activity with all neuroimaging
methods. Trouble is, the relevant circuits may be large, may include millions of
neurons, so a multiple-unit approach alone cannot succeed. Bridging across methods
may help. Maybe you want to comment?

Unidentified person: Yeah, I'd say something. It seems to me that several issues are
being conflated. First, it seems to me there is likely to be contextual sensitivity of the
representation of meaning. Second, I think there’s ample evidence that meaning or
representations are distributed, and that there are different components of it. I like to
think of the different components of meaning as corresponding to different brain
Jocations. That's not the only way in which they might be distributed and it’s conceiv-
able that different components have different attributes, that some are much more
symbolic in nature and others are much less symbolic. It seems to me that motor
representations would be less amenable to, I don’t know, a symbolic characterization.
Not that you can’t say it’s ‘grasp’ — it’s still ‘grasp’. And I think that’s what Deb [Roy] is
in agreement with. If you look at the activation carefully, as you say, even without the
idiomatic meaning of ‘grasp) you would expect to see different representations there.
So, I think you can have contextual sensitivity, you could have differential degrees of
symbolic-ness for different components. It seems to me that all of this could work
quite nicely. And really our job might be to specify, you know, how is it you say or
grasp a tennis ball — how does it magically come to be that we're going to get different
activation? It seems to me that’s a very interesting question. I'd love to be able to
answer it. But the contextual sensitivity occurs and we've been doing context effects in
experimental psychology probably for a century now. Maybe now we can finally come
to the point where we can actually identify the mechanisms by which the context has
its effect.

Unidentified person: I also wanted to come back to this issue. Context sensitivity seems
to be, like, impossible when you have truly discrete symbols like things that are
supposed to be kind of immovable in what they represent, right? But when we think
about it in terms of a continuum from analogue to discrete ... take the instance of
children’s development where they go from being very context sensitive to being
extremely, you know, able to ignore certain irrelevant contexts. And think about it
terms of Larry Barsalou’s suggestion here, in terms of attractor states. It’s this idea that
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first you have really shallow attractor states, where, you know, you're able to kind of be
bounced around by irrelevant variations in context. But those attractor states become
deeper and deeper as you have more experience with those networks, activating in
certain orders and correlating in different areas of neural networks, and you know,
‘what fires together wires together. And eventually you get these very deep, kind of
more stable attractor states but that doesn’t mean you can’t shake them. That even
adults, when they have a kind of stable attractor state, could still shake them with
different forms of context —they just have to be stronger manipulations in something.
And so to take these slices of big neural connections and talk about them as if they
were whole trajectories, it's a question of how quickly you can or how much context
you need to shake people out of those trajectories versus, you know, how little.

Barsalou: | just wanted to point out that even words are not fully discrete. I mean, a given
word spoken by a given person will take a different form as a function of the surround-
ing linguistic context ... different people uttering the same word will have different
acoustic and articulatory properties, so even for what seem like symbolic kinds of things
it’s still a space of possibilities that get realized differently in different contexts. But I
would agree that just as the way phonetic input, as you were saying, tends to go towards
those attractors, I think the same thing happens at the conceptual level. If you look at
the world of objects, rarely do you get stuck between categories. I mean it’s a winner-
takes-all situation; you go into one conceptual attractor pretty much all of the time, and
if you get stuck in between it’s really a weird conceptual state.

Unidentified person: I would suggest that the question of contextual sensitivity
probably has to do with the level of representation of action in the brain. I mean,
Rizzolatti’s group recently proposed that action representation or action control in
the brain involves somewhat different structures or areas. Some of them have to do
with low-level motor problems — particular combinations of muscles, motions, and so
on - but some of them are much more abstract. They have to do with sort of general
plan of the action. So I think it might be relevant, for instance, to try and decide the
granularity of embodied representation of action verbs. An action verb in a noncon-
textual situation, like your experiments for instance, maybe don't activate lower-level
motor structures in the brain but instead some sort of higher-order or abstract repre-
sentation of action. What is your opinion?

Pulvermiiller: This is an excellent question. [ think this is exactly the way to go forward.
And maybe I can just tell you verbally how we tried to go exactly this way in the last 2
years, looking at words that have a more general action relationship compared with
the very primitive, concrete body-related, even body part-specific, action word. So
instead of using a word like ‘kick’, which is in its meaning bound to the leg (one of its
semantic features could be described as ‘typically done with the leg’), we have used
other words that are related to action patterns, words that are highly abstract, as you
mentioned. And one such category is words that relate to forms, to shapes; for exam-
ple ‘triangle} “square’, and ‘rhomb’. Looking into the neuropsychological literature,
these form or shape words are usually treated as visually related, but that’s not the



DEBATE | 137

entire truth. We know that when people look at shapes they follow the shape with
their eyes, they can point out the shape with their hand, and, if needed, they can walk
a path of that shape with their feet. So, if you like, the action pattern related to the
meaning of the word is not bound to a particular part of the body; there’s an abstract
action scheme associated with these kinds of words and concepts. And what we find
for them in the brain is activation that starts in motor and premotor cortex, but
extends into prefrontal cortex, spreading anteriorly compared with the ‘primitive’
action words. It seems that these higher-level, less-concrete action words involve more
frontal areas, Brodmann areas 9 and 46. Action execution, action recognition, and
action semantics of different types may involve overlapping but nonidentical systems
in frontocentral cortex that include mirror neurons.

Francis Quek: Are there any motion verbs, or motion actions, that are uniquely
concrete? For example, if you ask somebody how many ways you can kick, there are
myriad ways. Another way to ask the question is whether the neural representation is
a specific pattern or a set of patterns: what confidence do we have that each time we
think of ‘kick’ that the exact same distributed pattern takes place? Can there be
degrees? Talmy, for example, says that for a particular motion verb there are many
aspects to consider — there is ground, there is manner, there is direction. So, none of
these verbs, none of these grounded descriptors, need to be absolute in their represen-
tation.

Pulvermiiller: Well, I think this brings us back to Larry Barsalou’s comment on attractor
states. Again, my view is this: if there’s one discrete network, this network can still
have different attractor states and, again as a function of the priming of the network,
can be in different basins, or activatity minima of the attractor landscape, so to speak.
The property of discreteness is very compatible with context effects and variation in
the activation patterns. As for your question about how good the imaging methods
are at finding out about the variation, well, we are working on that and maybe in 2
years’ time I could give you more concrete answers on that. I would hope that imaging
could tell us a little about context-specific activation of the networks.

Unidentified person: How would you contrast a ‘do’ versus ‘make’ versus ‘bake’ in terms
of the attractor basin? For ‘do’ I could imagine just about anything goes, whereas
‘make’ is going to be a little more constrained but it might have that either/or-ness,
whereas ‘bake’ is going to be very little either/or-ness.

Barsalou: I think the standard linguistic response is that ‘do’ focuses on a process and
‘make’ focuses on the result.

Unidentified person: There is a lot of developmental evidence saying that verbs like
‘read’ are at first highly constrained to objects, like kids learn the word ‘read’ only in the
context of books, and so it’s a very early verb; it’s early acquired, it’s very easy for them
to learn. Whereas with a verb like ‘put,’ it’s just like, gosh, you ‘put’ with almost
anything. And there’s also languages where verbs are much more specific to objects
than English perhaps is, verb-heavy languages like Japanese and Korean. They’re highly
shape-focused and have very spatial verbs, so in that sense I bet you might be able to
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find linguistic differences with younger children who might be more object sensitive.
Very young children, say 12 months old, are actually sensitive to agent changes, like
they won't say the same verb is the same verb if a different person does it, even if it’s the
same sex. There are lots of superficial similarities, and so I think there’s a lot of that
evidence, at least behaviourally.

Unidentified person: Yeah, I would like to come back to another question. Marcel in his
talk gave this metaphor of a team, and the players in a team, which I thought was a very
useful way to think about the whole thing, and also in Friedemann’s talk we saw that all
over the place there are systems involved. So, my question is, is there anything more
already, from a neurobiological point of view, about how this team gets coordinated, or
how it gets assembled, I should say? I mean, at some point you mentioned the word
‘probe’ as if one process would send out, you know, a message for another subsystem to
probe.

Unidentified person: Yes, I think that’s one of the key questions, because as you enter any
situation, you know, depending on what kind of sentence I now use, what kind of refer-
ence [ make, a different set of areas could activate. If I start speaking in a visual
metaphor then there may be more intraparietal sulcus activation, and so on. And the
question is how does this magic happen? I work with a computational modelling
system — it’s kind of a hybrid system, but basically the problem is viewed as a resource
allocation in a complex system. You have some job about to be done, maybe a job for an
athletic team, a sports team, but it could be anything —a job for a university, for a corpo-
ration, or whatever; a complex system, a city — and a challenge comes along, for exam-
ple, a large snowstorm, a plane crash, you know ... a set of some product goes down the
tubes or whatever. And the question is, how does this system respond? Some people like
to think at an executive level; you know, the president of a university calls together all
the deans, how are we going to do this? But there are other ways that a complex system
sometimes responds, a more distributed response to a resource need. In the model 1
work with it’s really about production systems down at the level of the individual
component systems, such that they’re all monitoring what’s going on in the system at
large. So whenever a particular need arises — suppose there’s a desire at some point to
develop a spatial representation or there’s a desire to have a motor representation, or
whatever — the area that is most specialized for that need, that has the greatest efficiency,
the greatest history of doing that kind of thing, gets to perform that action. And so on a
continuous basis there’s always a thinking, the team is always sort of selecting
itself — is this my chance to go in? Do I do this?

I'm not saying there can’t be executive control. I think that in some cases there are.
But my view is that there is a sort of self-allocation, a self-selection based on expertise,
efficiency, past experience, and so on. Let me give you another argument for this: how is
it that Broca’s area gets to be Broca’s area? For all of us, you know, when you generate
either subvocal or actual speech, Broca’s area activates. How does that come about?
Developmental theorists suggest you know that the different cell types throughout the
brain have different characteristics, and the classic example is that cells with particular
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timing characteristics that are kind of slowish will allow you to do the timing of
phoneme distinctions. And maybe those are around the primary auditory cortex, so the
auditory cortex, in Liz Bates’s terms, gets the contract for processing auditory informa-
tion. According to Liz, it's not as though you're born with a sort of a label saying ‘audi-
tory cortex, but you're born with a bunch of cells in that area that are really good at
getting timing distinctions. And so the team members develop their neuroprocessing
capabilities by virtue of their capabilities. So the auditory cortex sort of initially wins the
contract for processing timing information, and then when the person is 6 months old
or 60 years old, when an auditory challenge comes up, that’s what activates. It’s been
doing it since its infancy, and it sort of holds the contract; it’s going to try to develop the
appropriate response or representation or whatever. That’s a long-winded answer to a
complex question.

Pulvermiiller: I have some reservations with regard to using humanoid metaphors
when speaking about brain function. I think considering neurons football players or
contractors can be advantageous for educational purposes, but I would still believe
that going down to neuroscientific principles might be an alternative option, and in
this case what counts is neuronal correlation as it is a major driving force for binding.
What becomes bound together is determined by neuronal correlation of activation.
So how does Broca’s area become Broca’s area? Well, Broca’s area happens to be close
to the motor cortex and this is pre-wired in a way. And the auditory cortex receives
auditory information on the basis of very early ontogenetic processes, which are
usually finished at the time when the major phases of language learning start.
Therefore, the information about motor programming for articulation goes out and
the auditory input arrives in these distant areas, and now there is another problem:
the motor cortex and the auditory cortex are not linked directly with strong fibre
bundles, so if the neural activation patterns should communicate with each other it
needs to take a detour. And this detour is exactly through Broca’s area and through
superior temporal areas in the so-called belt and parabelt region. This is where the
long-distance connections emerge. So I have a two-fold answer: one driving force is
neuronal correlation, another is the cables built into the brain — the major
neuroanatomical tracts that bridge between the sensory- and action-related activa-
tions, that connect the areas in which the correlated activation happens. This is the
magic that makes Broca’s region to act as a binding site for language: correlated activ-
ity sets up representations that span across areas linked by long-distance
neuroanatomical connections. Thanks very much for the question, A very important
question. [ think Andreas is more of an expert on this, so maybe I can pass on.

Knoblauch: 20 milliseconds, I think that’s not a big problem. The time window for
synaptic plasticity lies somewhere in the range of 50 milliseconds or so, for example,
the spike timing dependent plasticity, so 20 milliseconds would still mean the synapse
is strengthened.

Quek: I have a question here. One of the things I've been interested in is how embodi-
ment in the neuronal structure that we have, for example, for thinking of space and so
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on, gets implicated into understanding the limit of a mathematics function — these are
the kinds of things that Lakoff and Nunez have talked about. So can you suggest, with
the pre-wiring and so on, how does repurposing take place, if it does, if we actually
repurpose certain neural architectures that are designed, for example, for sequential-
izing of events, to understand mathematical functions. I doubt that we are born with
mathematical processing in our brain that waits for the first time we take a mathe-
matics class to wake up, okay. So if indeed mathematics, for example, or higher level
thought, is actually repurposing of certain neural pathways that have other designs,
how might you speculate this takes place?

Pulvermiiller: It’s a very difficult question. No one wants to take it.

Unidentified person [QUEK?]: Our culture is constantly coming up with new skills,
so reading is not god given or biologically given ... certainly maths and computer
programming. Oh, and driving a car — none of these are biologically inherent skills
and so the question is how do you acquire them. Others have talked about how that’s
where grounding tends to play a role. It’s sometimes difficult to go straight to what is
sort of an abstract skill without some sort of grounded representation, and that’s
why — T don’t know very much about this — but where you have manipulatives in
maths, you know, you're playing with arrays and getting addition and multiplication
through some visual or manipulative activities at first before you move to a sort of a
more symbolic level.

Robert Goldstone: This is sort of a conceptual question. A lot of the ideas that have
been going around with Friedemann and Marcel, and what Larry has said, suggest
that a large part of the meaning of the words is based upon the activation of percep-
tual and motor cortices that would be normally associated when you were using or
normally understanding the words. And I guess my conceptual stumbling block is
how do you know that these are perceptual and motor cortices if they’re so tightly
bound to the word side of things? So if you cut a slice of the skull out and you open
up, you wouldn’t see a Post-It note that says “This is the motor cortex), right? And so it
seems to me that if you had done the word meaning experiments before you had done
the finger twiddling experiments then you could have said ‘wow isn’t it amazing that
the finger twiddling causes the same area to light up as the word’s semantic area.’ So,
[ mean, I'm totally on board when you talk about correlations or the distributed
nature of the representations, but I get a little bit less sure when I think about ascrib-
ing singular functions to those areas.

Pulvermiiller: Well, the lucky thing is that these areas are in fact labelled. If we open the
brain and look intensely at it we see that exactly from which areas the cables lead to
the arm or to the leg. Well, not directly: the large pyramidal neurons in motor
(and premotor) cortex project to the neurons in the spinal cord that reach arm or leg
muscles, respectively. There are these huge pyramidal neurons in Brodmann area 4,
and they can have extremely long axons, sometimes a metre long, going down into the
spinal cord, which link the motor cortex through one intermediate neuronal step to
the respective effectors.
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Goldstone: Right, but that doesn’t...

Pulvermiiller: The motor cortex is labelled and it has been known for hundreds of
years. After the French revolution there was sometimes a French neurologist next to
the guillotine and he was sticking his needle in the cut-open spinal cord, looking for
whether the foot would be twitching or the arm, and therefore, by such truly revolu-
tionary brain mapping, the first motor maps were made.

Goldstone: Yeah, I understand that.
Pulvermiiller: The brain is labelled.

Goldstone: Yes, [ understand that, but it doesn’t exclude the idea that these areas are
multifunctional. I mean, I guess I would just make the general point that there’s a
sense in which if you're talking about separate areas you haven’t totally gotten on
board with the idea of a fused perceptual—conceptual system; you're still saying this is
the perceptual area that is borrowed by the conceptual area. Maybe you don’t want to
go this far, but you could have a more integrated view where you said that these areas
are actually doing multiple functions. So it's not even totally clear-cut that the only
thing that this is doing is controlling the motor processes.

Pulvermiiller: Absolutely, the implication is that the area is a multifunctional area, not
only doing motor programming but also doing the motor—conceptual processing that
is elementary for understanding action words. Action verbs, action words generally,
action concepts ... I would go with that fully. Nevertheless, as we discussed earlier,
overlapping but different activation topographies and network circuits may underlie
action execution and recognition, and the comprehension of action language and
concepts.
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Chapter 8

Symbol systems and perceptual
representations

Walter Kintsch

8.1 Introduction

The ability to represent the world symbolically, and hence abstract thought, evolved from
other, more concrete forms of representation. The ways in which people model the world
in their mind follows an orderly sequence, both phylogenetically and ontogenetically.
Donald (1991), for instance, distinguishes a sequence of cultures, each characterized by
a particular form of mental representation. All animals learn and have procedural
memories. At some level (certainly at the level of primates), animals are able to represent
the world in terms of generalized records of past experience that allow them to react
directly to situations in a way that summarizes their experience with that situation. This
is also true for young children (Nelson, 1996, calls this general event memory). As biolog-
ical evolution continues, representational systems based on intentional imitation emerge.
Speech appears at this stage, but its purpose is social communication, not representation.
Individuals at this level are characterized by representation through action; cultures are
characterized by arts, crafts, and ritual. At this point biological evolution is replaced by
cultural evolution: at the sensorimotor level humans are simply primates, but the use of
language distinguishes them more and more from their animal ancestors.

Donald makes an important distinction between narrative language and theoretical
language use.! Narrative language is based on mental models that are fundamentally
linguistic. Flexible computations can be performed with models of this kind, giving
humans a degree of control over the world that is impossible without language; words
and thoughts are inseparable at this level. Most human cultures and human individuals
are capable of working at the level of narrative culture. However, few cultures, and by no
means every individual in these cultures, achieve the level of formal representation that
Donald terms ‘theoretical culture’ The engrams of memory are aided by the exograms
procured by our technology at this level. Most of what we do in schools is trying to bring
students up to that level of cognitive functioning.

This is not the place to fill in the details of this conceptual framework (see Donald 1991
and Nelson 1996). However, a few comments are in order. First, it must be pointed out

1 Several authors have made the same or similar distinctions (e.g., Bruner (1986) with respect to
language, or Vygotsky (1987) with respect to everyday and academic concepts.)
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that when an individual or a society moves from one level of representation to the next,
the earlier level does not disappear but becomes embedded in the new forms as a new
kind of representation is added to the behavioural repertoire and integrated with the
earlier ones. Educated individuals in our society who function at the level of formal
reasoning are, at the same time, also capable of direct action, of participating in art and
ritual, and sharing the narrative traditions of our culture. No wonder psychologists have
a hard time analyzing human behaviour.

Thus, although event memory is not basically linguistic, it may become linguistically
encapsulated: what we remember is sometimes not the event itself but our (explicit or
implicit) linguistic description of the event. Furthermore, when the brain develops new
forms of mental representation, it not only does not discard the older ones, but in fact
uses the old structures for the new purposes. Cognition is indeed embodied.

How the different levels of representation interact in detail is not known at present, but
much research, including this volume, is directed at this goal. The question that I want to
address here is how to model these overlapping, intertwined mental representations,
particularly linguistic representations. If we take seriously the levels of representation
analysis that was sketched above, there seem to be two kinds of approaches to the ques-
tion of mental representations. On the one hand, one could try to model a system of
mental representation that combines elements from all of these levels. Thus, we would
have images, concepts, somatic markers, S—R links, features, schemata, abstractions,
words, etc., all linked and somehow organized in one grand system, at least in principle,
for I have no idea how one would go about constructing such a model. Alternatively, one
could model each level of representation separately. This has the advantage that, at least
for linguistic representations, we do have an idea of how to begin to construct such a
model: I'll describe latent semantic analysis (LSA) and its variants shortly. But first
[ must address an obvious problem created by the divide-and-conquer strategy. If we
model the level of linguistic presentation separately, how can it be coordinated with
other levels of representation? In behaviour and the brain, these levels function all
together and are not easily separated.

One can think of the different levels of mental representations as a set of coordinated
maps. Consider the relationship between the level of linguistic representation (as
captured by LSA, for example) and other levels of representation, which we can lump
together here as the ‘real world’. The relationship between the symbolic representation
and the real world could be a first-order isomorphism, where the symbol in some way
captures meaning directly (e.g., by a picture, feature system, or dictionary definition).
The meaning of a word would be its referent in the real world, as in the perceptual
symbol system of Barsalou (1999) and similar proposals. This is what I believe people are
saying when they claim that language must be ‘grounded’ (Harnard 1990).

An alternative way of thinking about maps and their relation to the real world is in
terms of what Shepard (1987) called a second-order isomorphism. In a second-order
isomorphism the meaning of a symbol is not defined through its reference to another
level of representation, but through its relationship with other symbols. The meaning of
a word lies in its relationship with other words. Specifically, in LSA the meaning



MEMORY FOR VERBAL MEANING: LSA AND ITS EXTENSIONS | 147

of a word is a vector of 300 numbers that are entirely vacuous by themselves; they acquire
meaning only because they specify how this vector is related to all the other words
and texts in the LSA space. In this scheme the real world does not provide the meaning
of a symbol, but symbols and referents are nevertheless coordinated as a second-order
isomorphism. On a two-dimensional map, I can trace a path from Boulder to Denver
that is isomorphic to the trip from here to there in the real world. In the 300-dimensional
LSA space, I can compute the semantic distance between these words and expect it to
correspond to features of the real world. The cosine between Boulder and Denver is 0.21,
way above the cosine between Boulder and farther away locations such as Tenerife (0.01)
and Spain (0.02); for similar examples, see the contributions of Zwaan (Chapter 9) and
Louwerse and Jeuniaux (Chapter 15) to this volume.

Calling something a second-order isomorphism does not solve the problem of how
symbols and the real world are related. That question remains open for research, but it
does alter the way one approaches the problem. The meaning of symbols is not to be
reduced to perceptual features or actions; rather the question becomes one of correspon-
dence between different levels of representation.

I shall first sketch a proposal for modelling verbal meaning. This proposal has two
components: first, we must describe how people induce verbal meaning — the representa-
tion of meaning in memory — which is the goal of LSA and related systems. Second, we
must model how stored meaning is used to construct contextually appropriate meanings
of words, sentences, and texts in general. It is of course possible that all we need for
language is already stored in memory and that meanings simply have to be retrieved
from the semantic store ready-made. The alternative presented here is that the semantic
store only provides the raw material for the construction of meaning, and that meaning
emerges when words, sentences, and text are used in context. After this sketch of
symbolic verbal meaning, I shall discuss the proposition that, although language is not
grounded in the sense of a first-order isomorphism, language mirrors perceptual features
of the world with a high degree of fidelity.

8.2 Memory for verbal meaning: LSA and its extensions

Our goal is to construct a representation of the meaning of words and texts that can serve
as a model for the kind of representation the human mind builds. People generate such
representations while interacting with the world and other people, listening, speaking,
and reading, mostly without explicit instruction. A computer simulating this process is
restricted to reading texts, but must be able to generate a semantic representation with-
out guidance, as people do.

The kind of representation generated depends in part on the precise mathematical
algorithm used to generate it, but more significantly, upon the language input used. We
start with a large set of texts (e.g., 50,000 documents, containing 100,000 different words
and over 10 million words total) that is analysed into a document-by-word matrix,
whose cell entries are the frequencies with which each word appears in every document.
Note that this is by no means all the information in the corpus — all we look at is
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word co-occurrences, neglecting word order, syntax, as well as discourse structure.
Our input matrix is huge (50,000 by 100,000) and sparse, that is, most entries are zero.
We then reduce the dimensionality of this matrix, down to about three hundred dimen-
sions. That is, we express the meaning of a word by a vector in a space with far fewer
dimensions. This has two effects: first, it is a process of abstraction. We are not interested
in the particular documents used to construct the semantic space, the particular topics
the authors wrote about, their particular word choices; instead we are interested in
the general semantic properties of words. Reducing the dimensionality of our corpus
has the effect of discarding a great deal of idiosyncratic information about word use in
this particular corpus, while retaining the essential semantic information about word
meanings. Secondly, dimension reduction is a process of generalization. Whereas the
original input matrix was sparse, the reduced matrix is filled in, so that we have a meas-
ure of the semantic distance for every word pair, even though most pairs by far
have never co-occurred together in any of our documents. Thus, ‘doctor’ and ‘physician’
have a high cosine of 0.61, even though they have rarely been used together in a single
document,

There are various ways to perform this dimension reduction. LSA starts with a document-
by-word matrix M of size n X m that is decomposed via singular value decomposition
(Landauer and Dumais 1997; Landauer et al. 2007). Typical values of n and m are
100,000 and 50,000, respectively. All eigenvectors but the ones corresponding to the d
(300 or so) largest eigenvalues are discarded. A word or document is thus represented by
a vector of 300 real numbers. This vector is not by itself interpretable but its cosine (or
other measure) with other vectors defines its position in the semantic space: hence,
meaning is defined by its relationship with other vectors.

Independent component analysis (ICA) assumes that each observation (word, docu-
ment) is a mixture of independent semantic elements (components, topics) (e.g., Stone
2004; for an application of ICA to language analysis see Mangalath 2007). Several
constraints are used to unmix the observations: components are chosen so that they are
statistically independent (not merely uncorrelated). This is achieved by searching for
components that are maximally non-Gaussian, and/or the least complex components
(that is, the most compact or predictable ones).

The ICA model is conceptually related to the topics model (Steyvers and Griffith 2007),
in which meaning is represented as a mixture of topics. The distribution of topics over
words and documents is based upon a Bayesian learning algorithm. An appealing feature
of both models is that components or topics are individually interpretable. Thus, the
linguistic corpus we are working with most of the time can be analysed into a set of
topics, such as drugs, colours, or doctor visits, or, alternatively, into a mixture of
independent components.

A quite different approach has been taken by Jones and Mewhort (2007). Word
meaning can be represented as a composite distributed representation by coding word
co-occurrences across millions of sentences in a corpus into a single holographic vector
per word. This representation is a pattern of elements that stores the word’s history of
co-occurrence and usage in sentences.
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But which one of these methods — LSA, ICA, topics, or holographic vectors — yields the
best semantic representation, or the right one? Experience from working with these
models suggests that they produce very similar results. Each has certain advantages for
certain purposes, but basically they paint the same picture: what is related in one way in
one model is similarly related in the other. There have been no formal comparisons
among these approaches, however, so one must be careful with this conclusion, but that
is the impression I have at this point. I take this as a positive indication that whatever
semantic space we generate is not an artefact of the method used, but truly reflects the
semantic information in the corpus.

However, what does make a striking difference is enriching the input to the analysis so
that it contains not only word co-occurrence information but also word-order informa-
tion. This is done in the holographic vector model by adding to the item vector all convo-
lutions of the word with the other words in the sentence. This allows the system to use
order information and to infer grammatical categories. It also provides a much better
account of human priming data (Jones et al. 2006). If only context information is used in
the holographic model (as well as in all other such models, like LSA) associative priming
(e.g. bee—honey) is reasonably well predicted, but not semantic priming (e.g. deer—pony).
On the other hand, if only order information is used in the holographic vector model
(equally in n-gram or hyperspace analogue to language [HAL] models; Lund and
Burgess 1996), the models handle semantic but not associative priming. But if order and
context information is combined in the holographic model, a wide range of experimen-
tal data involving both associative and semantic priming can be accounted for.

Including order information in a latent semantic structure allows us to model a far
greater range of phenomena than before. But the basic unit of analysis in such an
expanded model still remains the word, and it has often been argued that the unit of
language and cognition is the proposition, not the word (among others, by Kintsch 1974,
1998). Recent advances in machine learning have made it possible to construct LSA-like
systems that represent propositional information in the form of dependency trees.
Linguists analyse the syntactic structure of a sentence as a phrase structure tree.
A dependency tree (Yamada and Matsumoto 2003) is a weak form of a phrase structure
tree, lacking the phrasal nodes, and thus does not represent all the relevant linguistic
distinctions; however, it does retain information about dependencies among words
(i.e., about propositional units). I illustrate this relationship with a simple example.
Figure 8.1 shows the dependency tree for the sentence ‘Rolls-Royce said it expects its US
sales to remain steady at about 1,200 cars, after Yamada and Matsumoto (2003).2

In Figure 8.2, I show the proposition list corresponding to that sentence according to
Kintsch (1998), and in Figure 8.3 [ superimpose the propositional structure on the
dependency tree. The dependency tree shows which words in the sentence belong together
as a propositional unit. To obtain a dependency tree, a dependency parser is trained on a

2 The actual dependency tree includes parts of speech tags which are neglected here.
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Said
e

Rolls-royce expects

S

It  Remain
Fig. 8.1 Dependency tree for To
the sentence 'Rolls-Royce said Sales Steady At
it expects its US sales to Cars
remain steady at about 1,200 2 s |
cars' (after Yamada and R0
Matsumoto 2003). About

large corpus of sentences with support vector machines (Yamada and Matsumoto 2003;
Nivre et al. 2006). This approach is a departure from the purist path of unguided learning,
but that is the only way we can do this analysis at present. Praful Mangalath, in our lab, has
begun to explore how the information provided by this dependency parse can be incorpo-
rated into the systems discussed above to generate a semantic structure that represents
word information as well as propositional information. Basically, we analyse, in addition
to the word-by-document matrix, a word-by-dependency matrix. Normally, a sentence
like “The ferocious lion killed an antelope’ would make both lion and antelope a little bit
more ferocious; however, since ferocious is dependent on lion, only the lion should
become more ferocious, not the antelope.

Thus, Mangalath uses syntax (in the form of dependency trees) to guide what is learnt,
but syntax can also constrain interpretation. It is possible to use the syntactic structure of
a sentence to guide the construction of its meaning. We no longer have to add up the
vectors of all the words in a sentence to arrive at the sentence meaning, but we can use
the syntactic information to generate an interpretation of a sentence in much the same
way as we use it in the construction of the semantic space in the first place. Thus, we turn
to the construction of meaning — word meanings, sentence meanings, and text meanings.

(1) Said [rolls-royce, 2]

(2) Expect [rolls-royce, 3]
(3) Remain [sales, steady]
(4) Of [rolls-royce, sales]
(5) Us [sales]

Fig. 8.2 Propositional analysis (6] At steady, 4]

of the sentence in Figure 8.1 (7) 1,200 [cars]
(after Kintsch 1998). (8) About 7]
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Fig. 8.3 Propositional structure mapped on the dependency tree.

8.3 The construction of meaning

Words often have more than one meaning and several different senses. In LSA, as well
as in the other methods discussed above, a single vector represents the meaning of
each word. It is like a dictionary that lists each word, but is silent about its different
meanings and senses. Instead of listing word meanings and senses, as in a conventional
dictionary or in a mental lexicon, meanings can be generated in context. While the
semantic representation of a word is a single vector that combines all meanings and
senses, a context-appropriate meaning is generated every time the word is used in a
different context.

I have described such a model for a generative lexicon in Kintsch (2001, 2007, in press).
Briefly, it allows the context to modify word vectors in such a way that their context appro-
priate aspects are strengthened and irrelevant ones suppressed. In the construction—
integration model of Kintsch (1998), discourse representations are built up via a spreading
activation process in a network defined by the concepts and propositions in a text.
Meaning construction works in a similar way: a network is constructed containing the
word to be modified together with its semantic neighbourhood and linked to the context;
spreading activation in that network assures that those elements of the neighborhood
most strongly related to the context become activated and are able to modify the original
word vector.

Consider the meaning of ‘bark’ in the context of ‘dog’ and in the context of ‘tree’ The
semantic neighborhood of ‘bark’ includes words related to the dog-meaning of ‘bark’,
such as ‘kennel, and words related to the tree-meaning, such as ‘lumber’. To generate the
meaning of ‘bark’ in the context of ‘dog’ (barkg,y), all neighbours of ‘bark’ are linked to
both ‘bark’ and ‘dog’ according to their cosine values. Furthermore, the neighbours
themselves inhibit each other in such a way that the total positive and negative link
strength balances. As a result of spreading activation in this network, words in the
semantic neighbourhood of ‘bark’ that are related to the context become activated, and
words that are unrelated become deactivated. Thus, in the context of ‘dog, the activation
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how many meanings and senses a word has, or how they are to be retrieved when needed.
Instead, we only have to deal with a single, context-free word vector plus a process (predica-
tion) that generates emergent contextual meanings from that vector.

Predication models how word meanings are constructed in context, but what about
sentence meaning, and the meaning of texts? LSA has proven to be so useful because it has a
very simple and effective way of constructing the meaning of texts by summing the vectors
of all the words involved. Despite neglecting both syntax and text structure, if the texts are
long enough it produces excellent results, as attested by the commercial success of Pearson
Knowledge Technologies (www.knowledge-technologies.com) and the educational success
of Summary Street (Wade-Stein and Kintsch 2004; Franzke et al. 2005). However, the vector
sum of the constituent words is not a useful representation when we are dealing with single
sentences or brief texts. The syntax plays a large a role in this case, whereas it apparently
averages out over longer text, so that its neglect does not cause fatal problems.

We can use syntax to guide the construction of sentence meanings. As in the
construction—integration model, we can use dependency analysis to construct proposi-
tional units and then integrate these units as required by the task at hand. I shall illustrate
this model with two simple examples.

In a cloze test students are given a sentence with a word missing and are asked to fill
in the missing word from a given set of alternatives. For example, the sentence might be
‘If you try, you can ______ any problem,’ with the alternatives ‘solve}, ‘quack’, ‘flour’, and
‘seem’. One way to model this task is to compute the cosine between the sentence
fragment and the four response alternatives in LSA. As Table 8.1 shows, this leads to the
incorrect choice of ‘seem’. However, we get a different prediction if we use dependency
analysis of the sentence to focus our comparison on the relevant proposition rather
than on the whole sentence. Figure 8.5 shows the dependency tree for this sentence,
indicating the proposition containing the target word. This analysis suggests computing
cosines between the four response alternatives and ‘problem), the relevant content word
in the proposition containing the target word. Note that while function words were
crucial in the construction phase — they determine what kind of dependency tree is
constructed and hence, which content words enter into the integration phase — we
neglect function words in this comparison because they would only add noise. Table 8.1

Table 8.1 Cosines between four response alternatives and the sentence fragment 'If you try, you
can any problem’

LSA (sentence) LSA (dependency)
solve 0.49 0.88
quack s Wi 018 S T 008
flour 0.15 0.03
SEEm 0.58 0.26

LSA = latent semantic analysis.



154

SYMBOL SYSTEMS AND PERCEPTUAL REPRESENTATIONS

[sone |
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IF YOU CAN |PROBLEM
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Fig. 8.5 Dependency tree for YOU ANY
the sentence ‘If you tlry, )I(ou TRY
can solve any " indicat-

ing that the target word
must be part of the [SOLVE-
ANY- | proposition.

shows that the correct alternative has the highest cosine with the relevant proposition
fragment.?

A second example involves the implications that sentences may have. Suppose we
have in our corpus the sentence ‘Oracle fought to keep the forms from being released’
and our task is to determine whether the inferences ‘Oracle released a confidential
document’ and ‘Oracle fought to keep the forms released’ are true or false. Both inference
sentences have a high cosine with the original sentence (cosine = 0.24 and 0.93, respec-
tively), and hence appear to be implied. However, the dependency trees for these
sentences suggest otherwise (Figures 8.6 and 8.7). The inference sentence ‘Oracle released
a confidential document’ has the dependencies Oracle-released, released-document, and
document-confidential, none of which match any of the dependencies in the original
sentence. For the second inference sentence, ‘Oracle fought to keep the forms released’,
the dependencies between oracle, fought, keep, and forms are the same as in the original
sentence, but not between the rest: in the original sentence there are dependencies
between keep-from and from-released, which do not match the forms-released dependency
in the inference sentence. Hence, both inferences can be rejected as invalid. Function
words play a crucial role in this process: they do not enter the comparison process (in
LSA or ICA, function words like ‘from’ tend to be uninformative, having been experi-
enced in all kinds of different contexts), but they determine what is compared with what
in a sentence.

The point I am making with these examples is this: we have fairly good models of how
people store verbal symbolic information in memory, and of how this information is
used in constructing the meaning of words, sentences, and texts. The question is, do we
have to throw away these models because ‘No matter how LSA, HAL, and other
ungrounded symbol theories are extended and modified, ungrounded arbitrary symbols
cannot be an adequate basis for human meaning’ (Glenberg and Robertson 2000,
p- 397)7 My answer is ‘not at all’ - this claim, and similar claims by others, is ungrounded
and based on a misconception about the relationship between symbolic and nonsym-
bolic representations.

3 It should be noted that there are ather methods that allow LSA to solve cloze problems, using n-gram
or word-order information.
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Fig. 8.6 Dependency tree for
the sentence ‘Oracle fought to

@ keep the forms from being
released’.

8.4 Language as the mirror of the mind

When people remember a list of words, read a sentence, or listen to a story, they do not
function solely at the symbolic level. They use imagery to make words more memorable
(Paivio 1969), they construct situation models that are multimedia creations (Bransford
and Franks, 1971; Zwaan et al. 2004; Zwaan, Chapter 9, this volume); and perceptual and
motor areas in the brain become activated (Pulvermidiller, Chapter 6, this volume), as was

Fig. 8.7 Dependency trees for the inference sentences ‘Oracle released a confidential document’
and ‘Oracle fought to keep the forms released.’
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demonstrated by several participants in the debate. All levels of representation that
humans are capable of appear to be functioning in a well coordinated chorus. How can a
purely symbolic model, such as the one outlined above, do justice to these multilevel
processes? The brief answer is that it does not and can not. The more interesting answer
is that language has evolved in the service of perception and action, and that it is capable
of mirroring aspects of perception and action. Yes, words can distort and bias meaning,
but language would not be the great human success story it is if it were incapable of
expressing what we experience faithfully.

There have been a large number of claims, such as that of Glenberg and Robertson
(2000), that purely verbal (in other words, symbolic) representations of meaning are
insufficient for modelling meaning. One the one hand this is a truism; human meaning
representations are multilevel and not purely symbolic — no one can doubt that we live
and act in a nonsymbolic world. On the other hand, the demonstrations of the short-
comings of verbal meaning are often misleading, based on much too crude a conception
of verbal meaning. Language does a better job than it is given credit for by the critics of
symbolic representations. Louwerse (2007 and Chapter 15, this volume) has argued this
point with some compelling examples. I would like to add two more examples, one
involving only word meanings, where LSA provides an account that closely mirrors
perception, and one involving sentence meanings, where the construction—integration
model is shown to mirror affordances.

Salomon and Barsalou (2001) convincingly demonstrated that what things look like is
an important factor in verbal tasks of property verification. Concepts — certainly concrete
concepts —are represented both perceptually and symbolically, which plays an important
role not only in perception and action, but also when we talk and think about a concept.
For example, English has only a single word ‘wing), but a wasp wing and a butterfly wing
look different, and this difference is reflected in the mental representation of these
concepts. Solomon and Barsalou showed this in a priming study, where participants first
verified either a concept—property pair such as ‘wasp wing’ or ‘butterfly wing, and then a
target pair such as ‘bee wing’ The perceptually similar ‘wasp wing’ significantly primed
‘bee wing,, but the perceptually dissimilar butterfly wing did not. They also showed that
perceptual similarity mattered in this case, not merely conceptual similarity, because no
priming differences were observed when there was no perceptual discrepancy. In the case
of their example, ‘butterfly body’ and ‘wasp body’ primed ‘bee body’ equally well —
presumably because the bodies of wasps, bees, and butterflies look more or less alike,
unlike their wings.

LSA cannot see wings, but it has indirectly encoded some of the perceptual informa-
tion needed to know that a wasp wing and a butterfly wing are really quite different,
whereas a wasp body and a butterfly body are not. If we compute a vector for ‘wasp wing),
‘butterfly wing), and ‘bee wing’ using the predication procedure described above, we
can compute how close to each other these vectors are in the LSA space. The cosine
between ‘wasp wing’ and ‘bee wing’ is 0.66, whereas the cosine between ‘butterfly wing’
and ‘bee wing’ is only 0.48. Hence, ‘wasp wing’ could be expected to be a better prime for
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‘bee wing’ than ‘butterfly wing’ On the other hand, both ‘wasp body’ and ‘butterfly body’
are equally close to ‘bee body’ in the LSA space. The cosines are 0.94 and 0.91, respec-
tively — LSA really can’t tell the difference between these concepts (and neither can most
of us).4

I am not saying that the participants in the Salomon and Barsalou experiment did not
employ perceptual representations when verifying properties; they probably did. My
claim is simply that even a purely verbal symbolic system like LSA would behave in much
the same way, because the verbal information mirrors perception to a considerable
degree. This is also the case with my second example from Glenberg and Robertson
(2000), who claim that purely symbolic, verbal representations cannot recognize percep-
tual affordances. Perceptual affordances are obviously based on perceptual and action
experience, but these experiences are mirrored in our language, so that even a purely
symbolic system like LSA or ICA can detect that some of the sentences below are more
sensible than others in the context of a story of someone being caught in the rain.
Consider the following sentences:

(a) Being clever, he walked into a store and bought a newspaper to cover his face.
(b) Being clever, he walked into a store and bought a matchbox to cover his face.
(c) Being clever, he walked into a store and bought a ski mask to cover his face.

Both (a) and (c) are possible ways to cover one’s face, (¢) much better than (a); (b) does
not make sense. A ski mask or even a newspaper afford some protection from the rain,
whereas a matchbox does not. The affordances inherent in an object are based on experi-
ences, experience in the real world with newspapers and matchboxes, and experience
with how the words ‘newspaper’ and ‘matchbox’ have been used. Glenberg and Robertson
present an LSA analysis that fails to account for the difference between these and related
sentences: if one computes the cosine between the bold-faced target words and the rest of
the sentences in the examples above, they do not differentiate between sensible and
nonsense alternatives (Table 8.2). However, when these sentences are analysed in terms of
their propositional constituents, the difference in affordances emerges quite clearly.

Figure 8.8 shows the dependency tree for (a). The figure shows that the relevant propo-
sition involves the target words and ‘(to) cover (his) face’. If you simply take the cosine
between the three targets and the whole sentence, you would conclude that (b) was the
best alternative and (c) the worst. Glenberg and Robertson have obtained sensibility
ratings on a scale of 1 to 7 which show that (c) is highly sensible, (a) is less sensible,
but (b) is clearly not. An ICA (or LSA) analysis that respects the propositional units
obtained by a dependency analysis yields similar results, simply because, according to our
experience with language, cover-face has a high cosine with ‘ski mask, not quite as high a
cosine with ‘newspaper’, and a low cosine with ‘matchbox’.

4 A more detailed analysis of the Solomon and Barsalou (2001) results is given in Kintsch (2007).
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Table 8.2 Three examples from Glenberg and Robertson (2000) with LSA cosines between the
sentence frames and the target items, sensibility ratings of the target items for each sentence
frame, and ICA cosines between the target words and the relevant portion of the sentence
frames

LSA cosine (sentence) Sensibility rating ICA cosine (dependency)
‘Being clever, he walked into a store and bought a to cover his face.”
newspaper 0.35 5.08 0.18
matchbook 0.42 1.16 0.03

ski mask 0.40 6.04 0.53

‘.She gave.h.fm a to play .v;rfrh. e

plastic spoon 0.48 5.58 0.07
large refrigerator 0.49 1.08 -0.03
red beanbag 0.39 6.29 0.59
Adafﬁ.bﬁh.’éd out of his golf baga mand used 'f-har to chisel an inch of ice off his windshield.”
seven iron 0.50 4.50 0.42
ham sandwich 0.56 1.00 0.16
screwdriver 0.60 5.00 0.63

ICA = integrated component analysis; L5A = latent semantic analysis.

Walked

Fig. 8.8 Dependency tree for the sentence ‘Being clever, he walked into a store and bought a
newspaper to cover his face.’
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Table 8.2 also shows two other examples from the Glenberg and Robertson study. For
the sentence ‘She gave him a to play with,’ people accept the target items ‘red
beanbag’ and ‘plastic spoon’ as sensible, but not ‘large refrigerator’. The dependency
analysis suggests that the target item is to be compared with ‘(to) play (with). This analysis
correctly yields a high cosine for ‘red beanbag’ and a low cosine for ‘large refrigerator’, but
the cosine for ‘plastic spoon’ is not as high as it should be according to the sensibility
rating participants provided.

For the sentence ‘Adam pulled out of his golf bag a and used that to chisel
an inch of ice off his windshield, the target items are ‘seven iron, ‘ham sandwich’, and
‘screwdriver’. The dependency analysis shows that ‘and’ dominates both pull-(the target
item] and ‘used that to chisel an inch of ice off his windshield. This comparison correctly
selects ‘screwdriver’ as the most sensible completion, and ‘seven iron’ as also possible, but
rejects the ‘ham sandwich’, much like people do. Overall, ICA correctly selects the
completion that is both related and afforded in all of the experimental examples and
rejects the unrelated, unafforded alternative. The cosines for the afforded but unrelated
alternative are more variable, as we have seen in the examples above. Perceptual represen-
tations obviously add something to symbolic representations, but purely symbolic repre-
sentations do a remarkably good job of discriminating between perceptually afforded
and unafforded alternatives.

Let me comment briefly on some other criticisms of symbolic representations that
I think are misguided. The objection is not only to ungrounded symbols, but also to
arbitrary symbols. Apparently, icons are regarded as somehow better, easier, and more
natural than symbols. To comprehend meaning entails understanding the difference
between a symbol or icon and the real thing; that is, dual representation. This may in fact be
easier when the symbol is arbitrary (as words are) than when it is not (as pictures are).
Children as old as 2.5 years are apt to mistake photographed objects for the object itself and
treat small toys as if they were much larger (DeLoache 2004). They do not confuse an arbi-
trary sound with the object it represents, but do attempt to sit down on a miniature toy
chair. Babies confuse pictures with the objects they depict, as seen in American babies who
are familiar with pictures as well as Ivory Coast babies who are not. It is not at all trivial to
Jearn that concrete, nonarbitrary icons represent something that they are not. Teaching
math with manipulatives can be counterproductive because the children learn to manipu-
late objects without ever inferring abstract mathematical principles. The consequences of
the confusion between objects and their representation can be serious, as when dolls are
used in courtrooms to represent a child’s body — but the child is unable to think of the doll
as both a doll and a representation of herself (Ceci and Bruck 1995). Icons and analogue
presentations are not necessarily easier than digital representations or arbitrary symbols.

The fact that symbolic processes involve the same brain areas as action and perception
(e.g. Pulvermiiller, Chapter 6, this volume) does not imply that symbolic processes and
sensorimotor processes are the same. In the course of evolution nature discards very
little, the new is generally built upon the old: fins turn into legs, and sensory brain areas
become involved with symbol processing. But symbol processing is still at a different
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level than sensorimotor processes. Other primates and humans are very similar in their
sensorimotor processes, but differ radically in their symbolic processing. Humans
operate at multiple levels of representations, from the most primitive ones shared by all
animals to the symbolic level. But that does not justify reducing symbolic systems to
sensorimotor processes.

Rejecting a reductionism that denies the autonomy of symbolic processes does not
imply that we should not make every effort to gain a better understanding of how
symbolic and nonsymbolic representations interact. To learn more about how perceptual
representations and symbolic representations are coordinated and how they interact, is a
very important goal, and considerable progress has been made as the chapters presented
in this book attest, both at the level of brain processes, as in the work of Pulvermiiller
already cited, as well as the behavioural level (e.g., Zwaan, Chapter 9, this volume). This
problem has also been addressed at the level of computational modelling. Goldstone
et al. (2005) explicitly address the problem of connecting words to each other as well as
to the world. Howell et al. (2005) have described a neural network model that simulates
the acquisition of language based on prelinguistic concepts. A group of linguists and
computer scientists at Berkeley have developed what they call a ‘simulation semantics’ to
reflect their belief that much of language understanding involves embodied enactment
(e.g., Feldman & Narayanan 2004; for more information see http://www.icsi.
berkeley.edu/NTL). In simulation semantics, the mind simulates the world while func-
tioning in it. Concrete action schemata, for instance, become symbolically extended.
Understanding at the symbolic level may involve this kind of simulation, but it can also
remain at the purely symbolic level — the world that LSA describes. Research like this
serves as an existence proof that it is possible to model the interface between symbolic
and nonsymbolic representations.

8.5 Discussion

The sensitivity of language to perceptual information (as well as emotion and action)
should surprise no one. Most of the words we know we have learned from reading, which
precludes a direct perceptual association. And for words we know at both the verbal level
and the action—perception level — the crucial anchor words that link these different levels
of representation — language has encoded in its own way the information it needs to
mirror the world. I conclude with two quotes that Chomsky used in his discussion of
language (Chomsky 1966) and that I have also cited in Kintsch (1998):

Les langues sont le meilleur miroir de lesprit humain.
(Languages are the best mirror of the human mind.)
Gottfried Wilhelm Leibniz, 1765

Der Mensch lebt mit den Gegenstiinden hauptsiichlich, ja, da Empfinden und Handeln in ihm
von seinen Vorstellungen abhingen, sogar ausschliesslich so, wie die Sprache sie ihm zufiihrt.

(We interact with objects mainly as they are represented by language; indeed, exclusively
50, since perception and action depend upon memory images.)

Wilhelm von Humboldt, 1792
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Debate

Arthur Glenberg: | agree with you that there’s an awful lot of structure that’s available
in covariance and analysed covariance as you presented it. But, in the spirit of this
debate, what I'd like to hear from you is how we might determine whether people are
using those sorts of representations; whether people are extracting information from
language in similar ways.

Walter Kintsch: I make predictions about what people do, I observe the behaviour and
see how well the predictions fit. That’s all I can say.

Glenberg: And I agree with you, that the predictions do fit nicely. I think I need to
formulate my question more incisively. The question really should be, how can we tell
if this is a better theory than perhaps the embodied theory? In other words, where are
the predictions that are different from an embodied theory?

Kintsch: Well, I don’t think that that’s so much the question, what’s a better theory?
I think most people are agreed that cognition has symbolic aspects and has embodied
aspects, and that’s worthwhile to study. It’s not an either/or kind of thing. This is
clearly what I wanted to show.

Friedemann Pulvermiiller: Thanks very much for an excellent and very interesting
talk. It is a very good thing to have these measures of relatedness of semantic distance
between words and concepts, or family resemblance. However, the information
that would not be included in this relationship — distance measures — would be, for
example, that ‘bark’ is in one case an action and in the other case an object. And one
wouldn’t have directions from this very abstract representation about in which
brain areas one would have to look. Of course, one could take a very abstract strategy
and just say ‘I take this description and make a correlation with brain activation.
But on the other hand, it might be a good thing to connect these descriptions, these
semantic descriptions, with some information that links the representation to particular
cognitive domains and brain systems as well, a priori. Obviously, an embodied descrip-
tion might have the advantage in providing that. These measures we are discussing,
these covariance measures, they would also incorporate important information which a
purely embodied theory might lack. So both sides might learn from each other.

Kintsch: Well, I think that suggestion is a very interesting one, and that’s something
we can actually look into. Because, if I have a lot of nouns and a lot of verbs, I can
get them to cluster in very distinct clusters, so the verbs are here and the nouns are
over there. Now, if you have a word like ‘bark’, which could be either one, I don’t
know what would happen. But if I can construct, now, the ‘dog’ meaning of ‘bark],
which is a verb, and the ‘tree’ meaning of ‘bark’, which is a noun, those two vectors
should be in different clusters.

Pulvermiiller: Sure, yes.

Kintsch: If ’'m right. And it might also be interesting from a brain standpoint to
see what happens with homonyms that have two different functions, how they are
represented in two different places.
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Pulvermiiller: Right. Two overlapping styles is what we would propose, or have
proposed. May I make another little comment on the syntax part? I've tried to argue
that, using a model consisting of sequence detectors, it is actually possible to formu-
late dependency grammar. So I have a feeling that if you have the basic sequencing of
words and on top of that a separate grammar dependency processor, there might be
some redundancy.

Kintsch: I know, I was thinking whether that couldn’t be put together. A very interesting
thought.

Author note

Preparation of this report was supported by National Science Foundation grant
#153-4712.
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