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1 Introduction

Over the last few years, considerable advances have been made in our understanding of

the processes that allow listeners to perceive and extract meaning from speech. To a

significant extent, these advances have been facilitated by the development of

instrumental techniques that have been routinely available to researchers for some time

now and are used in conjunction with more standard experimental procedures. For

example, eye-tracking (e.g., Allopenna et al., 1998; Creel et al., 2008; Dahan et al., 2008)

and the tracking of hand movements (Spivey et al., 2005) now make it possible to

continuously follow the dynamics of speech processing as the speech signal unfolds over

time. Likewise, event-related brain potentials studies (Dehaene-Lambertz, 1997; Molfese

et al., 2005; Phillips, 2001) and brain-imaging studies (Scott, 2003; Scott and Johnsrude,

2003) provide crucial new insight into the cerebral underpinnings of speech perception

and comprehension (see **Idsardi and Poeppel**, this volume, for a review). Another

major development concerns the fact that speech perception studies now go well beyond

the processing of speech sounds produced by an individual speaker in a laboratory

setting, and extend to spoken language in the context of its primary site of occurrence

(Local, 2003), that is, social interaction. Fragments of conversational speech are used as
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material in perceptual tests for example, and more generally, rigorously-controlled

experimental designs have been combined in a variety of innovative ways with large-scale

investigations of spontaneous speech data2. Yet another important evolution relates to

the increasingly large number of studies of the contribution to speech perception of visual

articulatory information associated with movements of the speaker’s face (Massaro,

1998). These advances in speech perception research have contributed to establishing new

links with speech technology, among other disciplines, and to triggering the development

of automatic speech recognition systems whose design partly mirrors the way in which

speech is processed by human listeners (Moore, 2007; Scharenborg, 2007).

In extending beyond the limits of its traditional domain, speech perception

research has shed new light on what has consistently constituted one of the most

important issues for laboratory phonology: the way in which speech sound patterns are

represented in the speaker/listener’s brain. Indeed, conjectures have been made for quite

a long time — well before the inception of laboratory phonology itself — about what

such representations might be. In the following, a short overview will be presented of

what recent speech perception studies tell us about the form and function of these mental

representations for speech sound patterns.

2 Central issues

Speech sounds are highly variable, yet, listeners seem to extract meaning from speech

effortlessly and successfully in most circumstances. To account for this seemingly

paradoxical fact of our everyday experience, theories and models of speech perception
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and comprehension have to deal with two central problems. The first problem relates to

how speech sound patterns are represented in the listener’s memory. The second problem

concerns the way in which access to such representations is achieved by the listener from

the input speech signal. I will refer to these as the representational and the mapping

problem, respectively. The solutions offered by speech perception models to these two

problems are inevitably intertwined (**Hawkins**, this volume): for example, the

mapping mechanism is likely to take a different form if the sound shape associated with

each word in memory is specified as a function of the context of occurrence for that word,

as opposed to being context-independent.

According to an approach that long prevailed (see Klatt, 1989, for a historical

overview), speech perception involves retrieving invariant properties relative to distinctive

features and phonemes, independent of the variability shown by the corresponding speech

sounds both within and between speakers, and it is in terms of these invariant properties

that words are represented in the listener’s mental lexicon. In this approach, a clear

demarcation is posited between the surface phonetic form of a word and the underlying

phonemic representation for that word. Variations in the production of speech sounds

attributable to inter-individual anatomical differences are assumed to be factored out at

an early stage of perceptual processing by means of a speaker normalization procedure.

It is now generally considered that this approach does not offer a satisfactory

characterization of a number of major properties that have been found to coexist in the

speech perception system. One of these properties is the remarkable robustness to

alterations in words’ surface shapes caused by various phonological processes. To explain
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how words can be successfully recognized in spite of these alterations, researchers have

moved away from the traditional approach, to propose either more sophisticated mapping

mechanisms, alternative lexical representations, or both. Another no less remarkable

property is the sensitivity shown by listeners to indexical information about the speaker’s

individual and social identity. Such a phenomenon appears to be largely inconsistent

with phoneme-based models of speech perception, and a major challenge today is

understanding how sensitivity to speaker indexical information may combine with

perceptual robustness despite phonological variation. Other recent studies have raised yet

more questions for the traditional view by suggesting that so-called fine phonetic detail

can be perceptually relevant for listeners. These properties now attributed to the speech

perception system are successively discussed in the next sections. We start with the

perceptual processing of phonological variation.

3 Spoken word recognition in the face of phonological variation

Words can show substantial variations in their surface form under the influence of a

variety of phonological phenomena such as assimilation or deletion (**Anttila**, this

volume). A well-known example is provided by word-final coronals which take the place

of articulation of a following labial or velar consonant in English3 among other languages

(Nolan, 1992), as in green boat [gôi:m b@Ut]. It has been a matter of much discussion how

listeners can correctly identify words in which the final segment has undergone regressive

place assimilation. Indeed, this phenomenon has come to form a key test for speech

perception models whose domain of application extends much beyond the processing of
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assimilation itself (see, among others, Darcy, 2003; Gaskell and Snoeren, 2008;

**Lahiri**, this volume; Pitt, 2009; Ranbom and Connine, 2007).

In a series of studies (Eulitz and Lahiri, 2004; Friedrich et al., 2008; Lahiri and

Marslen-Wilson, 1991, 1992; Lahiri and Reetz, 2002; see also Fitzpatrick and Wheeldon,

2000; Wheeldon and Waksler, 2004, as well as **Lahiri**, this volume), Lahiri and her

colleagues have gathered both behavioral and brain-imaging data suggesting that

assimilation does not have a disruptive effect on word recognition, and that listeners are

in fact little or not sensitive to it. In the Featurally Underspecified Lexicon (FUL) model

of word recognition proposed by Lahiri and colleagues, this is attributable to the fact

that each word is associated in the mental lexicon with a highly abstract phonological

representation, which is underspecified for certain features such as [coronal]. As a result,

variations that a surface form may show with respect to these features do not prevent it

from remaining consistent with the underlying phonological representation.4 According

to the featural underspecification hypothesis, it is because of the way in which lexical

representations are tailored that listeners are able to successfully recognize phonological

variants of a given word, and this applies irrespective of the context in which these

variants are encountered.

By contrast, Gaskell and his colleagues (e.g., Gaskell and Marslen-Wilson, 1996;

Gaskell, 2003; Gaskell and Snoeren, 2008; Snoeren et al., 2009) have emphasized the role

that context may play in the perceptual treatment of assimilation. Gaskell and

colleagues’ view is that listeners retrieve the underlying form of a word by means of an

inference process that aims to reverse the effect that assimilation may have had on how
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this word was produced. Studies conducted by the authors have revealed that this

compensation-for-assimilation process is triggered in the context of a viable environment

only, as opposed to an unviable one (in the case of word-final coronals in English,

environmental viability refers to a subsequent word-initial labial or velar consonant). In

contrast, in the context-independent and representational FUL approach, assimilatory

variation is dealt with as the input word form is mapped onto the lexicon, the

phonological inference account assumes that compensation for assimilation occurs at a

prelexical level and may extend to novel words or nonwords.

Although assimilation is traditionally characterized as causing a categorical change

in the value of a segmental feature, studies on the phonetic realization of segments that

occur in a context appropriate for assimilation have found a variety of patterns from

non-assimilated forms through cases of partial assimilation to fully assimilated forms

(e.g., Browman and Goldstein, 1990; Ellis and Hardcastle, 2002). When assimilation is

incomplete, cues to the underlying identity of the target segment are still available to

listeners in the speech signal (e.g., see Snoeren et al., 2008; Surprenant and Goldstein,

1998). In yet a different model of the perception of assimilation, namely the feature

cue-parsing model developed by Gow (2001, 2002, 2003), listeners are tuned to these

fine-grained acoustic cues, which provide them with information about both the

(partially) assimilated segment and the assimilating segment. There is evidence showing

for example that when a word-final alveolar is assimilated to the following velar, as may

be the case in lead covered, differences in F1 and F2 frequency extending throughout the

preceding vowel and possibly even further towards the beginning of the word can be
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found, relative to a /g/-final word such as leg in leg covered (Nolan, 1992; Local, 2003).

Such differences may contribute to explaining why assimilated alveolars are perceptually

recoverable from speech (Wright and Kerswill, 1989). This is consistent with recent work

showing more generally that perceptually relevant cues to the identity of a given segment

are spread over an interval that can extend well outside the segment’s most prominent

boundaries in the speech signal (e.g., Hawkins and Nguyen, 2004; West, 1999). Because

these cues are both numerous and largely distributed in the temporal domain, the feature

cue-parsing model contends that listeners are in most circumstances able to directly

identify segments from speech, and that neither underspecified lexical representations nor

phonological inference mechanisms are necessary for word recognition.

Work on the role of phonological variation in word recognition has recently turned

to another potentially influential factor, namely the listener’s degree of exposure to this

variation. It is well known that lexical frequency has an important function in both

production and comprehension, e.g. high-frequency words are recognized more rapidly

than low-frequency words (see Jurafsky, 2003, for a review). There is now evidence that

frequency effects apply to the phonological variants for a given word. For example,

Connine (2004) showed that American English listeners are biased towards perceiving the

word pretty (as opposed to the nonword bretty) to a greater extent when presented with a

speech sound sequence that contains the more frequently produced voiced alveolar flap

([pôIRi]), compared with the less frequent voiceless alveolar stop ([pôIti]) in intervocalic

position. According to Connine and her colleagues (Connine, 2004; Connine et al., 2008;

Connine and Pinnow, 2006; Ranbom and Connine, 2007), this is inconsistent with a
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model of word recognition in which pretty has a single underlying phonological

representation with a voiceless alveolar stop, which is recovered by the listener from the

flapped variant. Rather, Connine and colleagues have argued that the main phonological

variants of a word are jointly stored in the listener’s mental lexicon and that each of these

variants has a strength in memory that reflects the listener’s frequency of exposure to

that particular form. In Connine and colleagues’ proposal, phonological variation is

therefore directly encoded in the lexicon, in the form of a repertoire of alternative

phonological representations for each word, contrary to the featural underspecification

theory (in which the representation for each word is unique) as well as both the inference

process and the feature cue-parsing theory (which assume that phonological variation is

factored out at a prelexical stage of processing).

As we have seen, the models of speech comprehension reviewed above diverge from

one another in quite a large measure with respect to the characterization of how

phonological variation is dealt with by the listener. One major bone of contention relates

to how much of this variation is incorporated into the lexicon, and how much is

abstracted away during lexical access. In that respect, an opposition has arisen between

the abstractionist viewpoint, as embodied by the FUL model for example, and the

exemplar-based viewpoint, according to which each word is associated in the lexicon with

a list of exemplars that each reflect a particular context-dependent realization for this

word. Studies on indexical effects in speech perception, to which we now turn, have

allowed further advances in this debate.
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4 Indexical effects in speech perception

Speech contains a large variety of properties which relate to the speaker’s physical,

psychological, and social characteristics, and which have been referred to as indexical

properties (Abercrombie, 1967). As listeners, we are highly sensitive to these properties.

For example, we are able to recognize the correspondence that may exist between a

specific phonetic pattern and the speaker’s social category (Foulkes and Docherty, 2006;

Labov, 1966; Stuart-Smith, 2007). Little or no attention was paid to indexical properties

in traditional models of speech perception (§ 2), which assumed that listeners concentrate

on the most prominent acoustic cues relative to phonemic contrasts as a first step

towards extracting meaning from speech. The role of indexical properties in the

recognition of the speaker’s individual and social identity was undisputed, but these

properties were assumed to be processed independently of phonemic cues. However,

studies over the last twenty years have revealed that speech sounds are processed

differently by listeners depending on the speaker’s perceived gender (Johnson et al., 1999;

Strand, 2000), age and social class (Hay et al., 2006b), idiolect (e.g., Norris et al., 2003),

and dialect (Dahan et al., 2008; Evans and Iverson, 2004; Hay et al., 2006a; Niedzielski,

1999), and that indexical properties have a significant impact on spoken word recognition

itself. These findings have contributed to reshaping our conceptions on the listener’s

mental representations for speech patterns.

An early demonstration of the effects of indexical properties on word recognition

was provided by Mullenix et al. (1989). These authors showed that response speed and
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accuracy in a word recognition task both decrease when listeners are presented with

words produced by multiple speakers rather than a single speaker. The fact that it is

more difficult for listeners to identify words originating from more than one speaker may

be accounted for in a way consistent with traditional speech perception models, if one

supposes that decreased performance in the multiple-speaker condition is due to the

greater amount of computing resources consumed by a speaker normalization mechanism

that comes into play prior to lexical access. However, an alternative explanation has been

proposed that relies on the assumption that speaker-specific phonetic characteristics are

encoded by listeners in long-term memory as spoken words are being processed (e.g.,

Bradlow et al., 1999; Pisoni, 1993). Empirical evidence from experimental studies has

accumulated in support of this proposal. For example, Palmeri et al. (1993) found that it

is easier for listeners to recognize that a word has already been presented to them (i.e. an

“old” word as opposed to a “new” one) when both tokens of that word were produced by

the same speaker rather than by different speakers. Likewise, Goldinger (1996) showed

that prior exposure to a word facilitates later recognition of that word to a greater extent

when the speaker is the same as opposed to different across the two repetitions. On this

account, the Mullenix et al. (1989) effect is attributable to the fact that memory

encoding of speaker-specific phonetic characteristics takes more time and resources when

listeners are exposed to voices from a larger variety of speakers.

The finding that indexical properties come into play in word recognition has lent

strong support to so-called exemplar-based models of speech perception and

understanding (Coleman, 2002; Goldinger, 1996, 1998; Johnson, 1997). While these
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models draw on a long-established line of research in cognitive psychology, their

introduction into the field of speech perception is relatively new and they stand in stark

contrast to the traditional phoneme-based approach. Exemplar models take the view

that, for each encountered token of the word, an exemplar forms in the listener’s memory

that includes all the perceptual and contextual details specific to that token. These

include sensory-motor, semantic and pragmatic characteristics, but also indexical

information about the speaker’s identity and the situation of occurrence, to mention but

a few properties. Exemplars are therefore deeply anchored within their context of

occurrence in the largest possible sense and this has drastic implications for how spoken

language may be represented in the brain (Bybee and McClelland, 2005). In non-analytic

models such as Johnson’s (1997; 2005) XMOD, exemplars have no internal structure, and

are conceived as unanalyzed auditory representations associated with whole words. More

abstract representations associated with words’ sound shapes are assumed to exist, but

only as the result of a pattern formation process in the online processing of speech. In

this view, “abstract phonological structure is a fleeting phenomenon—emerging and

disappearing as words are recognized” (Johnson, 1997), as opposed to being more

permanently stored in memory, as is assumed in abstractionist models.

Central to the exemplar approach is the assumption that indexical properties are

integral to how words are represented in the mental lexicon, along with

lexically-contrastive phonetic properties. More generally, talker-specific information and

linguistic information are viewed as being processed in an integrated fashion by the

listener (Nygaard, 2005). However, experimental evidence suggests that listeners are little
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sensitive to at least some aspects of the talker’s voice in spoken word recognition. For

example, artificially-produced variations in words’ overall acoustic amplitude do not

affect response accuracy in a word recognition (Sommers et al., 1994) or word monitoring

(Magnuson and Nusbaum, 2007) task, and overall amplitude does not seem to be

retained in long-term memory as a perceptually-relevant aspect of the words’ surface

forms (Bradlow et al., 1999; Church and Schacter, 1994). Thus, listeners seem to employ

a mechanism that filters out overall amplitude and potentially other acoustic

characteristics prior to the long-term storage of surface forms. More generally,

representations for words in memory must be, to a certain extent at least, abstract, since

it is estimated that the auditory trace of speech fades away after about 400 ms (Pardo

and Remez, 2006). Recent repetition-priming studies (Luce and McLennan, 2005;

McLennan et al., 2003; McLennan and Luce, 2005) indicate that both abstract

phonological representations and talker-specific exemplars may in fact coexist in memory

and come into play at different stages in spoken word recognition. Specifically, early

processing would be dominated by abstract representations, whereas talker-dependent

information would exert an influence at a later stage of processing.

5 Beyond the lexicon: Perceptual relevance of fine phonetic detail

In recent years, research has increasingly focused on the listener’s sensitivity to properties

of the speech signal that are generically referred to as “fine phonetic detail” (FPD; see

**Hawkins**, this volume). This research suggests that FPD has a significant impact on

speech perception and understanding, at least in some circumstances. FPD includes
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allophonic variation, sometimes specific to certain words or classes of words

(Pierrehumbert, 2002). Fine phonetic detail is designated as such in the sense that it is to

be distinguished from the local and most perceptually prominent cues associated with

phonemic contrasts in the speech signal. Crucially, FPD “rarely, if ever, is a major

contributor to distinguishing the citation form of lexical items from one another. In other

words, FPD is subphonemic phonetic variability that contributes to phonological or other

contrasts that distinguish meanings, but not necessarily lexical items” (Hawkins, 2010).

Recent studies on the role of FPD in spoken word recognition have provided

evidence that perceptually-relevant allophonic variation includes vowel-consonant

acoustic transitions (e.g., Marslen-Wilson and Warren, 1994), within-category variations

in voice onset time (Allen and Miller, 2004; Andruski et al., 1994; Ju and Luce, 2006;

McMurray et al., 2009), long-domain resonance effects associated with liquids (West,

1999), and graded assimilation of place of articulation in word-final coronals (e.g.,

Gaskell, 2003).5 To a certain extent, however, the fact that listeners are sensitive to

allophonic variation was established much earlier. For example, studies conducted in the

1970s and 1980s consistently showed that coarticulation between neighboring segments

provides listeners with perceptually-relevant cues to segment identity (and by extension

to word recognition). A well-known example is regressive vowel-to-vowel coarticulation in

English, which allows the identity of the second vowel to be partly predictable from the

acoustic cues associated with it in the first vowel (Martin and Bunnell, 1982). Between

these early studies and more recent research on fine phonetic detail in speech perception,

however, a change in the focus of interest has occurred. Whereas the former centered on
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the role of coarticulation in phoneme identification, the latter extends the potential

influence of fine phonetic detail to higher levels of processing, ranging from lexical access

and syntactic parsing to the interpretation of conversational interaction. Central to this

line of research is the assumption that information contained in fine phonetic detail can

percolate up to the lexical level and above, contrary to an approach to speech perception

in which access to meaning from the speech signal is accomplished through the mediation

of a sequence of abstract infra-lexical units from which fine phonetic detail is left out.

FPD-oriented research takes the view that the central place typically attributed to

the lexicon in theories of speech understanding has led to an overemphasis on

short-domain phonetic properties related to phonemic contrasts. It is argued that shifting

the focus away from the lexicon allows us to see fine phonetic properties associated with

phonological contrasts that are spread over long temporal windows, and/or which

perform functions other than lexical differentiation. Thus, the phonetic exponents of

phonological contrasts (including fine phonetic detail) have been shown to differ in

function words as opposed to content words, a phenomenon attributed to the fact that

function words and content words form two different systems of contrastivity, with a

restricted inventory and less variation in phonological structure for function words

(Local, 2003). Likewise, it is now established that fine phonetic detail is related in

systematic ways to the time course of conversational interaction, and in particular to

patterns of turn-taking and cooperative exchange of information in a conversation (e.g.,

Local, 2003; Ogden, 2006; Plug, 2005; Szcezepek-Reed, 2006).

The phonetics of conversational interaction (e.g., Couper-Kuhlen and Ford, 2004)
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is an area in which evidence for the role of FPD in speech perception is growing. In the

course of such an interaction, the behavior of each talker can evolve with respect to that

of the other talker in two opposite directions: it may become more similar to the other

talker’s behavior (a phenomenon referred to as convergence, or imitation) or more

dissimilar. Convergence effects have been shown to be systematic and recurrent, and

manifest themselves under many different forms, which include posture (e.g., Shockley

et al., 2003), head movements and facial expressions (e.g., Estow et al., 2007; Sato and

Yoshikawa, 2007) and, as regards speech, vocal intensity (Natale, 1975), pitch curve

(Bosshardt et al., 1997; Gregory et al., 1993) and rate of speech (Giles et al., 1991).

These phenomena may facilitate conversational exchange by contributing to setting a

common ground between speakers (Giles et al., 1991). Recent studies (e.g., Pardo, 2006)

have indeed shown that perceived similarity in pronunciation between talkers increases

over the course of the interaction and persists beyond its conclusion. Conversational

interaction therefore seems to have long-term effects on the pronounced form of words,

and this may be taken as indicating that words are stored in memory in a form that is

highly dependent on their context of occurrence. More specifically, it now appears that

the representations associated with words in the mental lexicon for each talker may

dynamically evolve during conversation under the influence of the other talker’s speech

patterns, and retain the traces of that influence once the conversation has ended.
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6 Conclusion: Towards hybrid models of speech perception and understanding

Experimental evidence is now available that provides support for the role of both detailed

phonetic characteristics and abstract phonological categories in speech perception. This

has opened the way towards the development of new models of speech perception and

understanding that aim to bridge the gap between the exemplar-based and abstractionist

approaches. For example, Tuller and her colleagues (Tuller et al., 1994; Tuller, 2004; see

also Nguyen et al., 2009) have proposed a model that uses concepts from the theory of

nonlinear dynamical systems to account for the mechanisms involved in the

categorization of speech sounds, and according to which there are two complementary

aspects to speech perception. On the one hand, speech perception is assumed to be a

highly context-dependent process sensitive to the detailed acoustic structure of the speech

input. On the other hand, it is viewed as a non-linear dynamical system characterized by

a limited number of stable states, or attractors, which allow the system to perform a

discretization of perceptual space and which are associated with abstract perceptual

categories. The recent development of so-called hybrid models (Hawkins, 2003, 2010; Luce

and McLennan, 2005; McLennan and Luce, 2005; Pierrehumbert, 2006) is also governed

by the assumption that detailed phonetic properties and abstract phonological categories

combine with each other in the representations associated with words in memory.
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Notes

1Thanks are due to Cheryl Frenck-Mestre, Pauline Welby, one anonymous reviewer, and

the Editors, for helpful comments on an earlier version of this section.

2In a different but complementary perspective, **Holt**, this chapter, shows how the

growing focus on ecological validity leads studies using laboratory speech to be increasingly

combined with work on more natural speech communication.

3Recent work by Dilley and Pitt (2007), however, showed that regressive place assimilation

in word-final coronals in conversational speech in English is less frequent than has been

previously assumed.

4For example, a so-called no-mismatch relationship will be said to exist between the

surface form [gôi:m] and the phonological representation for green, because the coronal

place of articulation of the final consonant in green is assumed to be underspecified in the

lexicon. Thus, listeners are expected to interpret both [gôi:m] and [gôi:n] as referring to

the word green.

5The studies cited here were conducted on either American or British English.
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