Listen, You Know What | Mean ...
— But How Do You Get There?

Lena Kastner

1 Introduction

A mystical story surrounds Pink Floyd's “Another Brick in the Wall” (Harder,
1996). Shortly after the song had been recorded Peter Fischer, the band's Ger-
man sound engineer, disappeared and something strange was found in the record-
ing: the children's choir clearly sang the German line “Holt ihn, holt ihn unters
Dach!” (“Get him, get him under the roof!") in the chorus. All members of the
choir assured to have sung the original English text “All in all it's just another
brick in the wall”, however. Fischer was found hanged in the studio’s attic. Inves-
tigations revealed he had formerly worked in an orphanage and abused children.
Was this their late revenge?

If you listen to the song carefully after reading this, you will easily make out
the German line — but the whole story is pure fiction! This nicely illustrates how
easily we can be deceived in our auditory perception. But why?

Speech processing is not just a matter of translating sounds into neural code;
it requires the recognition of words, parsing of sentences, and inferring of mean-

ing. And potential flaws lure at any step. Why can we still communicate effec-



tively? — Basically, it is because we ignore irregularities, guess what is most likely
to come next in a train of speech, and use multiple sources to disambiguate the
perceived input.

This essay focuses on auditory speech perception in the adult brain. It will
sketch the basic properties of the speech signal, a series of psycholinguistic or
computational processing steps required to analyse it, and review empirical evi-
dence to illuminate how auditory language comprehension is possibly realised in
the brain. In due course, the challenges a listener faces will be considered. | will

close with a number of questions subject to future research.

2 The Speech Signal: Trains of Phonemes

Speech is sound produced by vocal organs of a speaker; it typically ranges from
80Hz (deep male voice) to 400Hz (child voice). The signal is remarkably vari-
able: there are different languages, dialects, and accents, different speakers with
different voices, different paces and pitches of speech, different stresses, rhythms
and prosody, ...At the same time, the rate of data transmission is extremely
high: “I met a friend yesterday and we went to the British Museum.” takes
only 2.7 seconds to utter but contains 12 (not even clearly separated) words, 17
syllables, 46 phonemes, and even prosodic information.

Phonemes are the smallest perceptually distinct units of speech. The Inter-
national Phonetic Alphabet (IPA) classifies 100 different phonemes across lan-
guages. Not every language uses the full range, however. For instance, in English

aspirated and non-aspirated “p” are allophones, i.e. their substitution will not

cause a change in word meaning. But in Thai aspirated and unaspirated “paa”



(meaning “spilt” and “forest”, respectively) form a minimal pair (Ward, 2006).

Our sensitivity to non-native speech sound differences declines drastically
during the first year of life (e.g. Werkera & Tees, 2002). This “native tuning”
is useful e.g. because it reduces the number of possible input interpretations.
It will thus be less problematic for a listener that phonemes are influenced by
pre- and proceeding phonemes in normal speech as such variations are less likely
to change word meaning; an analogous claim explains why we can understand
accents.

Another effect of language experience is categorical perception (Ramez et
al., 2001): to most English speakers, e.g. “ba” and “pa” are clearly distinct
though they actually vary continuously along a spectrum. Categorical perception
helps us deal with different voices but it also may also cause problems of initial
misunderstanding. For example, | may realise only during semantic processing,
that the dog likely is not “parking” but “barking".

Even in a monolingual environment without noise or interfering voices, speech
sounds are often too ambiguous to recognise their constituent phonemes. For
effective communication, the listener will have to rely on additional cues — be
it semantics (as with the barking dog), lip patterns, conversational context,
grammar, general world knowledge, or even pragmatics — when processing the

continuous unlabeled stream.



3 Word Recognition, Sentence Parsing &
Interpretation

Psycholinguistic theories and computational models of auditory language pro-
cessing employ phonemes as the basic building blocks fed into a computational
chain. Once phonemes have successfully been identified, we can recognise words,

access word meaning, construct sentences, and interpret them.

3.1 Words

Word recognition is an incremental process heavily affected by context and lan-
guage experience. Warren (1970) demonstrated that listeners perceive a com-
plete word even in absence of its last syllable. This restoration effect illustrates
how “clever guesses” aid language comprehension. Marslen-Wilson (1987) sug-
gested a cohort model according to which all words initially consistent with the
input are processed in parallel until enough of the input is revealed to identify
a single match. Recent eye-tracking studies support this view (e.g. Spivey et
al., 2002). Similarly, Hartmann (2004) found that German speakers identify the
target stimulus even prior to its onset if preceded by an article indicating gender
and/or an agreeing adjective. Semantic and/or syntactic processing may thus
figure in word recognition questioning the sequentiality of speech processing so
often assumed.

Computational models, e.g. Finite State Transducers or Markov Chains (see
Jurafsky & Martin, 2009), highlight how guesses as to how an auditory stim-

ulus continues can be based on the statistical properties of a language (word



frequency, likelihood of a combination of phonemes, inflectional morphology) we
learn through experience. Indeed, native language experience appears to play
a pivotal role in word recognition, as Spivey and Marian (1999) demonstrated.
Hahne (2001) made an analogous observation at the level of sentences. This
evidence speaks in favour of “native tuning” beyond the level of phonemes.
The facilitating nature of context (including grammar and linguistic experi-
ence) is particularly useful where speech signals are incomplete, noisy, or highly
ambiguous — but successful guesses are not guaranteed, otherwise we would be

less easily deceived.

3.2 Sentences: Who does What to Whom?

Word recognition alone is insufficient to parse sentences and infer their meaning.
For instance, “till"” can have differential meanings depending whether it is used as
noun or preposition. Similarly, “Mary hits John." and “John hits Mary.” consist
of the same words but have very different meanings. Words thus need to be
tagged with categories and features (gender, case, number, time, transitivity,
etc.) before syntactic and sentence-level semantic analysis can take place.

However, some semantic and/or syntactic interpretation may be required
beforehand to disambiguate the identify a grammatically licensed word sequence.
The exact order of operations is as much a matter of debate as how we achieve
them.

Frazier and Rayner (1982) argue for structure driven parsing, i.e. that a
sentence's parse is determined solely by the syntactic features of its constituent

words. Computational models such as recursive descent and shift-reduce parsers



illustrate the difficulties with mere structure driven approaches: expensive back-
tracking and re-analysis are often required (cf. Jurafsky & Martin, 2009). How-
ever, the view is supported by garden path sentences like “Since John jogs a
mile seems a short distance to him.” Here, the common parse will not be correct
as there is a parsing preference for noun-phrase-plus-verb over noun-phrase-plus-
relative-clause. This preference for particular structures, again, likely is a matter
of (native) language experience. Some parsing algorithms, e.g. the probabilis-
tic CKY (Cocke-Kasami-Younger-Kasami) algorithm (Ney, 1991), take this into
account and rely on frequencies associated with particular structures for disam-
biguation. Empirical studies (e.g. Trueswell, Tanenhaus & Kello, 1994) indicate
similar principles may underlie parsing in the brain.

If semantic factors (word meaning, context) aid parsing, it could be discourse
driven (MacDonald, Pearlmutter, & Seidenberg, 1994). This view is supporedt by
experiments demonstrating how visual context helps resolve parsing ambiguities
(Altmann et al., 1994; Eberhard et al., 1995). Similarly, prosody may act as
syntactic markers and aid parsing (Friederici, Meyer & von Cramon, 2000).

What cues and strategies the brain actually employs to analyse sentences is
unclear. Recently, models of language processing as probabilistic inference have
come into focus (e.g. Chater & Manning, 2006); hopefully, these will illuminate

how the brain processes speech.

3.3 Intended Meaning

Once a sentence has successfully been parsed, the listener can infer its meaning.

This is not necessarily as straightforward as assessing semantic knowledge of



the words and their relations. Gestures, body language, prosody, ... may signif-
icantly affect conversational meaning as utterances may be ironic, or may have
implications beyond literal meaning.

To deal with this, Grice (1975) suggested speakers should make their con-
versational contribution qualitatively and quantitatively adequate (no lies, not
telling too little/much), relevant, and in a non-obscuring and cooperative fash-
ion. These maxims taken for granted, the intended or pragmatic meaning of a
proposition may deviate from its literal interpretation: if you brought two bottles
of wine and are asked whether you brought “a bottle”, “No.” — the logically
correct answer — will probably not be considered appropriate.

Pragmatics may be considered as reasoning rather than speech processing
and receives little attention in speech processing brain research. Note though,

that pragmatic considerations need not be restricted to a final processing stage.

4 A Neural Basis for Auditory Sentence

Processing

4.1 From the Air to Al

To process auditory speech signals, the brain must first translate them into neural
code. When vibrating air molecules hit our external ears, sound is selectively
amplified and directed towards the middle ear. The signal propagates through the
tympanic membrane and ear ossicles which mechanically transmit sound waves
from air to the fluid inside the cochlea causing vibrations of the basilar membrane;

these are translated into neural signals and sent down the auditory nerve to



primary auditory cortex (Al). If this system is not finely tuned, perception may
in accurate.

Al lies on the medial surface of the temporal lobe bilaterally in Heschel’s gyri;
it is tonotopically organised, containing complex spectotemporal receptive fields
(Talavage et al., 2004; Wang et al., 2005). Temporal and frequency information
is encoded via different pathways projecting to Al. At this early stage, speech
processing is not lateralised (Binder et al., 2000) although language is typically
associated with a left-lateralised perisylvian network (Friederici, Meyer, & von

Cramon, 2000; MacSweeney et al., 2008; Price, Thierry, & Griffiths, 2005).

4.2 The Left Brain’s “What” and “How”

The left-lateralisation of language has initially been emphasised by two types of
aphasia both due to damage in left-hemispheric regions. Patients with Broca's
aphasia (1861) typically suffer from articulatory deficits and agrammatism; they
have difficulties discriminating syllables while auditory comprehension was pre-
served (Blumstein et al., 1977). Patients with Wernicke's aphasia (1874) show
the reverse pattern, i.e. fluent but non-sentential speech, poor auditory com-
prehension, but intact syllable discrimination (Ward, 2006). It has thus been
hypothesised that damage to Broca's area (BA44/45) affects speech motor out-
put whereas damage to Wenicke's area (posterior BA22) affects speech motor
comprehension (Geschwind, 1967).

Finding that the two syndromes are less distinct than initially assumed (e.g.
Caramazza & Zurif, 1976), challenged this view. Still, contemporary theories

of speech perception build on them suggesting, e.g., that there are at least



two functionally dissociable left-lateralised routes of speech perception from Al
onwards. Hickok and Poeppel (2000) argue that sound based representations
feed, in a task-dependent manner, either into a ventral what stream connecting
to distributed conceptual systems via the tempo-parietal-occipital junction or into
a dorsal how stream via inferior parietal, and frontal areas. Compatible with this
view, Ward (2006) includes the superior temporal sulcus (STS), superior temporal
gyrus (STG), temporal pole (associated with semantic knowledge; Patterson,
Nestor & Rogers, 2007), and Broca's area into the lexico-semantic what route
while Wernicke's area, the angular gyrus and, again, Broca's area constitute the
how stream. Whereas the lexico-semantic route is recruited for tasks requiring
access to the mental lexicon, the how stream is recruited for access to sub-lexical
segments, e.g., phoneme recognition which may be based on their corresponding
motor commands (Liberman & Wahlen, 2000). The proposed distinction between
what and how streams of speech perception parallels that between visual what
and where streams (Ungerleider & Mishkin, 1982) and is supported by studies
in auditory object identification (Scott & Johnsrude, 2003). The hypothesised
double-role for Broca's area may be due to its involvement in working memory
and monitoring processes (see section 4.3).

An initial phonetic analysis of the speech signal may be localised predomi-
nantly in superior temporal regions as speech processing typically aims at con-
veying content and will thus involve the lexico-semantic route wherein phoneme
perception precedes accessing semantic stores. On-line analysis of an input’s
specto-temporal structure (silent gaps, noise burst, formant transitions) crucial
for classification of speech sounds has been found to implicate STS and STG

(Leech et al., 2009). Phoneme recognition in these areas may be aided by top-



down connections from higher-level areas accounting for categorical perception
(Binder et al., 2004). This begs the question of relevance for the how route

previously described.

4.3 Syntax and Semantics

Taking into account the considerations in section 3, it seems speech processing
may not be a (fully) sequential process. Investigations into its neural basis are
thus complicated as processes occurring all at once and/or being carried out in
the same structures are difficult to separate. Sequential processing steps are
more easily investigated and tempting to assume. Indeed, fractioning of cortical
regions into increasingly complex processing areas has been suggested (Davies &
Johnsrude, 2003). Even if the involvement of higher brain areas in theoretically
higher-level processing can be verified with experimental procedures, this does
not guarantee such areas are actually triggered by linguistic processing. For
instance, Price et al. (2005) demonstrated that any part of “speech-specific”
STS is at least recruited by either environmental sounds, melody, or conceptual
processing.

Although semantics may interact with syntax, a dissociation between syntac-
tic and semantic processing is supported neuropsychological cases: patients with
semantic dementia are selectively impaired on semantic tasks but do not display
syntactic impairments (e.g. Warrington & Shallice, 1984) while Ostrin & Tyler
(1995) report a patient with the reverse pattern.

Assuming syntax and semantics are indeed neurally dissociable, Friederici,

Meyer & von Cramon (2000) suggest syntax to be primarily processed in left
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posterior STG, bilateral STS, and left inferior frontal cortex while part of Broca's
area (pars triangularis), the inferior frontal gyrus bilaterally, left STS, and the
banks of posterior STS are crucial for semantic processing. The involvement of
frontal areas in both cases may be due to strategic and/or memory aspects in
language processing where BA45/47 is relevant for the semantic, and BA44 for
the syntactic domain (Friederici, 2002). Thus, syntactic and semantic routes
could be subdivisions of the what stream. To what extent any of these areas
are actually recruited by language per se rather than thematic processing, struc-
ture building, and general working memory, is debatable (Fiebach et al., 2001,
Newman et al., 2003).

Whilst lesion and imaging data illuminate localisation, electrophysiology helps
investigate the time course of speech processing. Some EPR components are
associated with specific processing steps: a negativity peak 400ms after word
onset, N400, is observed if a word cannot be semantically integrated (Kutas &
Hillyard, 1984); left-anterior negativity (LAN) is associated with morphosyntac-
tic errors such as incorrect inflection (Coulson, King & Kutas, 1998); an early
LAN (ELAN) is observed in connection with word-category mistakes (Friederici,
Pfeifer & Hahne, 1993); and a late (after 600ms) posterior positivity, P600,
is associated with syntactic violations and garden-path sentences (Osterhout &
Holcomb, 1992). What does this mean for the time course of speech processing?

One interpretation is that syntactic processing precedes semantic interpreta-
tion as ELAN occurs prior to N400 (Pulvermiiller et al., 2008). Building on the
idea of syntax-driven parsing, Frazier and Fodor (1987) suggest a model of such a
syntax first view. Marslen-Wilson and Tyler (1980), on the other hand, argue for

an interactive view according to which all types of linguistic information interact
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at all times. Friederici (2000) combines both views; her neurocognitve model
postulates three phases of auditory processing: an early (100-300ms) phase of
parsing that relies on word-category information, an intermediate (300-500ms)
phase of lexico-semantic and morphosyntactic processing leading to thematic role
assignment, and a late (500-1000ms) information integration phase during which
initial parses are revised (see Figure 1). Thus syntax is processed autonomously

at first while at a later stage different types of information interact.
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Figure 1: Adopted from Friederici (2002).

Friederici's model builds on electrophysiological data indicative of error pro-
cessing in the brain (ELAN, LAN, N400, P600). It accounts for single errors and
combinations of them: if word-category and semantic violations occur together,
only an ELAN but no N400 is observed (Friederici, Steinhauer & Frisch, 1999).
This is consistent with the model’s prediction of syntax being processed initially:

the non-occurrence of N400 indicates lexical integration to be prohibited while
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semantic processing takes place. Similarly, the interaction of different types
of information in the late window is supported by observed P600 modulation
when morphosyntactic and semantic violations are combined (Gunter, Friederici
& Schiefers, 2000).

A possible extension for Friederici's model provides the finding that (global)
phrase structure building and (local) verb argument processing — two theoretically
different syntactic processes — differentially correspond to ERP patterns, viz.
ELAN/P600 and N400/P600, respectively (Friederci & Meyer, 2004).

As a note of caution, it should be added that the model substantially builds
on data interpretation in terms of ERP components. Some of these (and thus
the model) may be found to be in need of revision if additional components of

language processing, possibly interfering with known ones, are discovered.

5 Future Directions

In due course, challenges occurring during speech perception — ranging from
phoneme recognition to pragmatic interpretation — have been outlined. As an
attempt to understand how the brain possibly deals with these problems, what
and how routes (see section 4.2) as well as a neurocognitive model of auditory
sentence processing (see section 4.3) have been considered. Despite their ex-
planatory strengths, both should be taken with a pinch of salt: the relevance of
the how stream for higher-level processing and its integration with the lexico-
semantic route are not entirely clear; and many “speech-specific” regions included
in neural models are not just speech specific.

Assuming there are macro-anatomical modules neatly corresponding to psy-
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cholinguistic/computational processing steps is almost certainly flawed. A more
biologically plausible suggestion is that speech recognition emerges from con-
nectivity (Price et al., 2005) between auditory areas (perhaps specifically tuned
to the statistical properties of the auditory input we experience) that builds the
basis for conceptual and acoustic integration over different time scales. But how
exactly this integration is achieved remains unclear. Possibly, neural oscillations
could be employed, as has been suggested at other occasions where cortically
distributed information needs to be integrated (Bressler & Kelso, 2001; Buzsaki
& Draguhn, 2004; Hart & Kraut, 2007; Tallon-Baudry, & Bertrand, 1999).

Likewise, semantic memory structure and retrieval should be considered more
closely in future. Transforming auditory input into meaningful concepts is re-
quired when words are recognised, sentences parsed, and flawed interpretations
rejected. How this transformation is achieved remains unclear to date (cf.
Formisano et al., 2008) but will likely depend on how semantic stores are or-
ganised.

Finally, cross-linguistic differences should be given consideration. Parsing
involves building phrase structures consistent with perceived word order. Per-
missible word order varies with language and so do surface structure building
and thematic role assignment (e.g. Carnie, 2002). If already two linguistically
different operations (Friederci & Meyer, 2004) can neurally be distinguished, at
least some aspects of speech processing may differ cross-linguistically.

In summary, we have seen that for effective communication the speech signal
must be processed through a complex analysis. A listener will often have to
rely on additional cues — be it semantics, lip patterns, conversational context,

grammar, general world knowledge, or even pragmatics — to disambiguated the
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unlabeled sound waves. Native tuning, language experience, and top-down influ-
ences, e.g. from grammar in phoneme recognition, or from context in sentence
recognition, likely have a significant impact. If you had not been told to listen
for the German line in Pink Floyd's song, you would probably never have heard

it.
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