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14 Cognitive Processes in
Speech Perception

JAMES M. MCQUEEN AND
ANNE CUTLER

-1 Introduction

The recognition of spoken language involves the extraction of acoustic-phonetic
information from the speech signal, and the mapping of this information onto
cognitive representations. To develop accurate psycholinguistic models of this
process, we need to know what information is extracted from the signal, and
when and how it is integrated with stored knowledge.

The central knowledge store for speech perception is the mental lexicon, that
is, our stored representations of words. The utterances that we hear may be
new to us, but they are made up of known words; by recognizing the words and
parsing their sequence we are able to understand what has been said. Word
recognition, we argue, is therefore at the heart of speech perception.

The cognitive processes we will discuss, therefore, concern the relationship
between lexical processing (the recognition of words) and prelexical processing
(getting from the acoustic-phonetic input to the representations of words). Models
of spoken-word recognition have been distinguished principally by their charac-
terization of this relationship, in particular their proposals regarding the direc-
tionality of flow of information between the prelexical and lexical levels. The role
of the lexicon in prelexical speech processing is discussed in section 2.

In every language, the vocabulary contains tens or hundreds of thousands of
words. Since all these words are made up from just a few phonemes (across
languages, the average phoneme repertoire size is around 30; Maddieson, 1984),
it is necessarily the case that words resemble one another. Successful speech
recognition thus entails discriminating the phonemic contrasts that distinguish a
word from the other words that resemble it — for instance, deciding that we have
heard word, and not bird, ward, or work. The processing of segmental information
in word recognition is discussed in section 3.

One of the most salient and important facts about speech perception is our ability
to understand speech from talkers we have never heard before, and to perceive
the same phoneme despite acoustically very different realizations (e.g., by a child’s
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voice versus an adult male’s). This ability has been characterized as a process
“normalization,” in which an underlying commonality is extracted from the surfa
variation. The relevant research is discussed in section 3.2 (and see also Johnson,
2005, for a review of models of the normalization process). The role played by
abstract underlying representations of the kind assumed in such accounts has;
however, been called into question in recent years because of accumulated evi-
dence both that individual speech perception episodes contribute to the knowledge
that is stored about speech, and that they can influence later processing (see, e.g.
Johnson & Mullennix, 1997). Speech perception theory is currently in an exciting
state of transition to a new generation of models in which a role for abstract
representations is combined with a role for veridical representations of speech
episodes or exemplars. The evidence which shows that both types of represen-
tation are involved in speech perception is also summarized in section 3.2.

An account of the cognitive process of speech perception would, finally, bg
incomplete if it considered only segmental and lexical information, for the
suprasegmental dimensions in which the speech signal varies also contribu
significantly to listeners’ processing decisions. This is documented in section 4.

The recognition of speech is one of humankind’s most useful and significani
achievements; underlying it is cognitive processing of enormous complexity bu
also admirable efficiency. Modeling this process has occupied psycholinguist:
and speech scientists for decades, and, as our concluding summary in section 5.
demonstrates, the search for the ultimately accurate model is not over yet. ’

2 Lexical Information

We examine the role of lexical information in speech processing by contrasting -
interactive models with autonomous models. Interactive models hold that lexical
information influences prelexical processing. We will focus on one particular mode
of this class, TRACE (McClelland & Elman, 1986; McClelland, 1991; see left panel -
of Figure 14.1). This interactive-activation model has three levels of processing
containing, respectively, featural representations, phonemes, and words. Units
within a level compete with each other via lateral inhibitory connections. Units
at lower levels activate the units at higher levels with which they are consistent
via facilitatory connections. Thus, during word recognition, activation of a feature :
node leads to activation of consistent phoneme nodes, which in turn activate word
nodes. Importantly, higher-level units also facilitate lower-level units. Activated word
units boost the activation of their constituent phonemes: this top-down facilitation
instantiates the claim that lexical information influences prelexical processing.

We will contrast the TRACE model with an autonomous model which holds
that lexical information is not involved in prelexical processing. The Merge model
(Norris et al., 2000; see right panel of Figure 14.1) also has three levels of process
ing: a prelexical level, a lexical level, and a level at which explicit decisions ar
made about speech sounds. Units within each of the latter two levels inhibit eachi
other. Prelexical units facilitate lexical and decision-level units with which they :
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Figure 14.1 Sketches of the processing architecture of, on the left, the interactive
TRACE model (McClelland & Elman, 1986), and, on the right, the autonomous Merge
model (Norris et al., 2000). Excitatory connections between nodes at different levels

are shown with solid lines and arrows; bidirectional inhibitory connections between
nodes within levels are shown with dashed lines and closed circles. Not all connections
are shown.

are consistent, and lexical units also facilitate decision-level units. There are only
these feedforward connections in Merge. Critically, there is no feedback from the
Jexical to the prelexical level, so the lexicon cannot influence prelexical proFessir\g.
Merge is linked to the Shortlist model of spoken-word recognition (Norris, 1.994;
Norris & McQueen, 2008), which is also based on the assumption that there is no
lexical feedback. The prelexical and lexical levels in Merge (i.e., those involvc?d
in word recognition) are interchangeable with those two levels in Shortlist, while
the decision units (and the feedforward connections to them) are not part of the
word-recognition process: they are used only when listeners have to make explicit
phonetic decisions. Below, we will describe how the TRACE and Merge models,
as instances of interactive and autonomous theories, account for lexical involve-
ment in various phonetic tasks.

2.1 Lexical effects

2,11 Monitoring Phoneme monitoring is sensitive to phonetic factors. Foss
and Gernsbacher (1983) found an effect of vowel length: the longer the vowel,
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the Iopger the reaction time (RT) to the preceding target consonant. Another
factor is the phonological similarity of the target phonemes to preceding phonemes
(Newman & Dell, 1978; Dell & Newman, 1980). Detection of target phonemes in
sentences is slower when the word preceding the target-bearing word begins with
a phonc?me closely related to the target. Several studies, however, have failed to
find lexical effects. Foss et al. (1980) found that monitoring was no faster for words
than fo; nonwords, and that the frequency of occurrence of the target-bearin
word did not influence RT. Segui et al. (1981) also failed to find an RT advanta: E
for word responses over nonword responses, and Segui and Frauenfelder (198g6)
.fopnd no frequency effect when subjects were required to monitor only for word-
initial phonemes (“standard” phoneme monitoring).

These_ results support the claim that phoneme monitoring is based on prelexical
processing which is open to the influence of phonetic information but not lexical
mformation. But there are some studies which have demonstrated lexical effects
Segui and. Frauenfelder (1986), for instance, did obtain a word-frequency effecé
when subjects were required to monitor not just for word-initial targets, but for
targets Which could appear anywhere in the words (“generalized” phoneme
monitoring). Rubin et al. (1976) also found a word/nonword effect: subjects were
faster to detect e.g. /b/ in bat than in bal. Cutler et al. (1987) examined word/
nonword effects in a series of experiments. Lexical effects were found to come
and go. Responses to targets in words were faster than those to targets in non-
words only when task monotony was reduced.

Lex.ical effects thus appear to be present only in some phoneme-monitoring
experiments. Stemberger et al. (1985) took this variability as support for inter-
active rpodels like TRACE. Lexical influences were taken to result from top-down
facilitation from word nodes increasing the level of activation of target phoneme
nodes, thus speeding responses to targets in words relative to nonwords. Where
there were no lexical effects, it was assumed that responses were being made
fr'om the phoneme-node level, with lexical feedback switched off through some
kind of attentional process. But the presence of lexical effects, and their variability,
can equally well be explained by autonomous models (Cutler et al., 1987; Norrir;
et al., 2000). In Merge, lexical effects in phoneme monitoring are due to t1:|e feed-
foryvard influence of the lexical level on decision nodes, and their absence, just
as in the TRACE account, is assumed to reflect the fact that the lexical inﬂu;ence
due for example to attentional factors, has been switched off. '

Both models. can therefore account for the lexical effect, and its variability, in
phoneme monitoring. In another task, rhyme monitoring, where subjects deéect
words and nonwords which rhyme with a prespecified cue, responses are faster
to words than to nonwords, and responses are faster to high- than to low-frequency

rl;fynzing words (McQueen, 1993). Again both models can explain these lexical
effects.

21.2 Phonemic' restoration If the medial /s/ of the word legislatures is replaced
W}ﬂ’l a cough, listeners report hearing a cough and the complete legislatures,
with the absent phoneme perceptually restored (Warren, 1970). Low-level factors
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influence the effect: if the replacing noise is acoustically similar to the removed
phoneme, the illusion is more likely to occur (Warren & Obusek, 1971; Samuel,
1981a, 1981b); and there is more restoration for fricatives and stops (which are
more noise-like) than for liquids, vowels and nasals (Samuel, 1981a, 1981b).

Samuel (1981a) found that several lexical factors influenced the extent of the
illusion: there was more restoration for longer than for shorter words; there
was a more reliable illusion in words than in phonologically legal nonwords;
and presenting an intact version of the target word before the target word also
increased restoration. Samuel (1987) found further that there was more restoration
for items with several possible restorations (e.g., “egion: legion or region) than for
items with a unique restoration (e.g., *esion: lesion). He also found that there was
more phonemic restoration in words which become unique early, moving left to
right through the word (e.g., boysenb*rry) than in words which became unique
late (e.g., indel*ble). Samuel (1996) showed that, as with lexical involvement in
phoneme monitoring, lexical effects in phonemic restoration are variable; to use
his words, they are “real but fragile.” Samuel explained these results in terms of
lexical feedback.

An autonomous account of these data, however, is once again also possible.
If the illusion is due to attention being focused on lexical information, then the
lexical effects can be explained without recourse to top-down connections. In
Merge’s terms, lexical influences in restoration occur when listeners are using the
connections from the lexical level to the decision level. Just as with the monitor-
ing tasks, the evidence for lexical involvement in phoneme restoration reviewed
so far does not allow us to distinguish between the two models.

213 Phonetic categorization In the phonetic categorization task, with a con-
tinuum of sounds from /d/ to /t/ in the contexts deep—teep and deach—teach,
for example, a lexical effect would be shown by an increased proportion of /d/
responses in the ambiguous region of the continuum when the voiced endpoint
formed a word (deep), and an increased proportion of / t/ responses when the
unvoiced endpoint formed a word (teach). This effect was originally demonstrated
by Ganong (1980), and replicated by Fox (1984). In TRACE, this effect is once again
accounted for by top-down connections. In Merge, the effect once again reflects
the integration of prelexical and lexical information at the decision level.

Connine and Clifton (1987) found both a lexical shift and an RT advantage for
word responses relative to nonword responses in the boundary region. They
further showed that the lexical effect was not due to postperceptual bias: it was
not equivalent to an effect obtained using monetary reward to bias subjects’ re-
sponses. Lexical effects have also been reported by Burton et al. (1989), who found
that the categorization of a word-initial continuum depended on the acoustic-
phonetic quality of the continuum, and by Miller and Dexter (1988), who showed
that lexical involvement in categorization (as in phoneme monitoring and the
phonemic restoration illusion) is not mandatory.

McQueen (1991) and Pitt and Samuel (1993) have found lexical effects for
phonemes in word-final position (e.g., for an /f/—/s/ continuum in contexts such
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as fish—fiss and kish—kiss). McQueen (1991) also replicated Burton et al.’s (1989)
finding that lexical effects in the categorization task only appear when the materials
are of poor acoustic quality. Pitt and Samuel (1993), however, have shown that
poor stimulus quality is not a necessary condition for a lexical effect: lexical shifts
were obtained with high-quality materials in both word-initial and word-final
categorization. Critically, however, the basic lexical effect in this task is consistent
with both types of model.

2.2 Test cases

Both models can account for lexical effects in several tasks. Are there any test cases
which might allow us to distinguish between the models? Can we establish whether
or not lexical information is used in prelexical processing? Several attempts have
been made to contrast divergent predictions of the TRACE and Merge models.

2.2.1 Inhibitory lexical effects in phoneme monitoring Frauenfelder et al.
(1990) presented evidence from the phoneme-monitoring task which challenges
the interactive position. TRACE predicts that activation of a lexical candidate will
both boost the activation of its constituent phonemes by top-down facilitation
and inhibit the activation of nonconstituent phonemes because of phoneme-to-
phoneme inhibition. As this study showed, there are strong facilitatory effects on
the detection of targets (such as /p/ in olympiade), which occur after the word
becomes unique, relative to matched nonwords (e.g., arimpiako). In TRACE terms,
this could be due to top-down facilitation of /p/ from the word node. If this were
the case, detection of /t/ in vocabutaire should be inhibited relative to detection
of /t/ in a matched nonword such as socabutaire, because of top-down facilitation
of /1/ from the activated vocabulaire node followed by inhibition of other phoneme
nodes by the /1/ node. No such inhibition was found.

Mirman et al. (2005) have recently shown, however, that lexically induced
delays in phoneme monitoring do occur, but only if the target phoneme and the
lexically consistent phoneme are phonetically similar (e.g., /t/ detection in arsenit
was delayed because /t/ is similar to the lexically consistent /k/ in the base word
arsenic, but /t/ detection in abolit was not delayed, presumably due to greater
dissimilarity between /t/ and the /[/ of abolish). Mirman et al. present TRACE
simulations showing that this kind of lexical inhibition only arises in the model
if there is some bottom-up support for the lexically consistent sound (i.e., when
it is acoustically similar to the target). As Norris et al. (2000) argue, Merge predicts
that there should be lexical inhibition in phoneme monitoring when there is
perceptual support for two competing phonemes. Thus, while the absence of
lexical inhibition in phoneme monitoring was for many years a problem for the
interactive account, more recent research has shown that this is not in fact a test
case that distinguishes between interactive and autonomous models.

2.2.2 The time course of lexical effects in categorization McQueen (1991)
showed that the lexical effect in categorization of word-final ambiguous fricatives,
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in contexts such as fish-fiss and kish-kiss, was larger for faster responses. This
finding was replicated by Pitt and Samuel (1993) and by McQueen et al. (2003).
Previous research (Fox, 1984; Miller & Dexter, 1988; Pitt & Samuel, 1993) had
shown that lexical effects in categorization of ambiguous word-initial sounds
(e.g., /d/ and /t/ in deep—teep vs. deach—teach) build up over time, but McQueen
et al. (2003) also showed that, at least under some circumstances, lexical effects
in word-initial categorization can also decrease over time. In TRACE, the lexical
feedback loop becomes stronger over time, and bottom-up evidence thus tends
to be overwritten by lexical knowledge. TRACE thus wrongly predicts that
lexical effects should build up gradually over time, for word-initial (McClelland
& Flman, 1986) and word-final categorization (McClelland, 1987). In Merge, in
contrast, there is no feedback loop, and lexical knowledge does not overwrite
bottom-up evidence. So lexical effects can reach an asymptote, and indeed die
away over time (if lexical input to the decision nodes is switched off, the bottom-up
evidence, as represented at the prelexical level, can re-assert itself at the decision
level). These time-course analyses thus favor autonomous accounts.

2.2.3 Compensation for coarticulation One type of result appears to support
interactive models. Mann and Repp (1981) showed that stops midway between
/t/ and /k/ were more often categorized as /k/ after /s/, butas /t/ after /{/. The
perceptual system thus appears to compensate for fricative-stop coarticulation.
Elman and McClelland (1988) replicated this effect for ambiguous word-initial stops
following fricative-final words such as Christmas and foolish, and, most importantly,
they showed that the effect occurred when the word-final fricatives were replaced
with an ambiguous fricative. When the final /s/ in Christmas was replaced with
an ambiguous sound /?/, midway between /s/ and /[/, there were again more /k/
responses to the ambiguous stops. With fooli?, there were more /t/ responses.
Elman and McClelland (1988) claimed that this effect was strong evidence in
favor of interactive models like TRACE. Lexical information appears to be influ-
encing a compensation process that can be assumed to be operating prelexically.
This seems to be direct evidence against the autonomous assumption that there
is no lexical feedback. But Pitt and McQueen (1998) argued that there was an
alternative account of these data. In English, /s/ is more likely than / [/ after schwa
(as in Christmas), and /f/ is more likely than /s/ after /1/ (as in foolish). Pitt and
McQueen then showed, first, that if vowel-fricative transitional probabilities were
controlled, there was no lexical effect with ambiguous fricatives in stop categoriza-
tion, and second, that if vowel—fricative transitional probabilities were manipulated
in nonwords, those probability biases on ambiguous fricative identification did
lead to a consequent shift in stop categorization. Pitt and McQueen thus argued
that if the prelexical level were sensitive to transitional probabilities, the Elman
and McClelland results would be consistent with an autonomous model. Studies
in the next round of this debate have claimed to show that lexical influences in
fricative—stop compensation for coarticulation can be found when vowel-fricative
transitional probabilities are controlled (Magnuson et al., 2003; Samuel & Pitt,
2003). The Magnuson et al. result, however, appears to be due to a bias induced
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by their practice trials (McQueen et al., 2009), and Samuel and Pitt’s findings ma
re'ﬂec.t longer-range transitional probabilities than those concerning the vowelZ
fricative sequence alone (McQueen, 2003). This issue is not yet resolved (McClelland
et al., 2006; McQueen, Norris, et al., 2006), and appears to depend on increasing}:
sgbt!e experimental manipulations. There has to date been no completely con}j
vincing demonstration of lexical involvement in compensation for coarticulation.

Another aspect of Pitt and McQueen's (1998) data, replicated by McQueen et al
(2909), is problematic for interactive models. Listeners were asked to identify the;
fricatives (as /s/ or /[/) as well as the stops (as /t/ or /k/). A lexical effect was
found in the fricative judgments (just as in the Ganong, 1980, and McQueen, 1991
studies, listeners judged more ambiguous sounds to be lexically consistent thar;
to be lexically inconsistent). Yet in the very same trials there was no lexical effect
in the stop judgments. If the lexical effect on the fricatives were due to feedback
as in the TRACE account, then that feedback ought to have had an effect on thé
prelexical compensation for coarticulation mechanism, and there thus ought also
to have been a lexical effect on the stops. This dissociation challenges TRACE. 1t
is consistent with Merge, however, since lexical effects on fricative decisions reflect
the influence of the lexicon on the decision level and thus not on the prelexical
level where the compensation mechanism is assumed to operate.

2.24 Selective adaptation Samuel (1997, 2001) used a logic similar to Elman
and McClelland (1988), and again tested for lexical influences on a prelexical
process (selective adaptation rather than compensation for coarticulation). In
selective adaptation, judgments about speech sounds change through repeated
exposure to one sound (e.g., after hearing /da/ repeatedly, listeners report more
stimuli on a /da~ta/ continuum to be /ta/; Eimas & Corbit, 1973). The locus of
this adaptation effect appears to be prelexical (Samuel & Kat, 1996). Samuel (1997)
used sounds replaced with noise as adaptors (capitalizing on the phoneme restor-
ation illusion), and Samuel (2001) used ambiguous sounds as adaptors (capitalizing
on the Ganong, 1980, effect). In both cases these ambiguous adaptors appeared
in lexical contexts. Adaptation effects were found which were similar to those
thgt would be observed with unambiguous lexically consistent sounds. In line
Wlth interactive models such as TRACE, lexical knowledge thus appeared to be
influencing the prelexical adaptation process. As we discuss below, however, these
results appear to be consistent with the autonomous view that the lexicon does
not influence on-line prelexical processing.

2.3 On-line feedback versus feedback for learning

As our review of these test cases reveals, there is no clear winning theory. Some
experiments favor the interactive view embodied in TRACE, some favor the
autonomous view in Merge, and some test cases have proven not to distinguish
between the models. Norris et al. (2000) argued, however, that even if the data
are not definitive, there are important theoretical arguments to consider. They
pointed out that feedback, as instantiated in TRACE, cannot be of any benefit to
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word recognition, and can be harmful to phoneme recognition. The best a word-
recognition system can do is recognize the words that are most consistent with
the input. Thus, if processing is optimal, feedback cannot improve on the decisions
made at the lexical level (all it does is copy the decisions made at the lexical level
onto the prelexical level). Feedback can help with phoneme recognition (e.g., when
a sound is ambiguous), but can potentially create phonemic hallucinations, where
lexical knowledge overwrites perceptual evidence. Norris et al. thus argued that,
in the absence of clear experimental data in support of interactive models, auton-
omous models such as Merge should be preferred simply because there is no
good reason to postulate feedback connections.

There is one critical exception to this argument. Feedback for perceptual learning
would be of benefit in speech perception. If listeners could adjust their prelexical
representations over time, using lexical knowledge, then they could learn how to
interpret a talker speaking in an unusual way (e.g., a talker with a speech impedi-
ment, or someone with a regional or foreign accent). If, for example, a talker with
a lisp produces an ambiguous /s/ sound in words where an /s/ (and not an /f/)
is expected (e.g., at the end of platypu-), then listeners could use this lexical
knowledge to adjust their category boundary between /f/ and /s/, facilitating
subsequent recognition of speech by that talker. Norris et al. (2003) found support
for this prediction in a Dutch perceptual-learning experiment. After exposure to
only 20 /s/-final words ending with an ambiguous /fs/ sound (e.g., radij?, based
on radijs, ‘radish’), listeners’ category boundaries shifted to include more /f/-like
sounds in the /s/ category. Another group of listeners heard the same sound in
20 /f/-final lexical contexts (e.g., olij?, based on oliff, ‘olive’), and learned to include
more sounds in their /f/ category. Control conditions showed that lexical know-
ledge was required for this kind of perceptual learning. Subsequent research with
this lexical retuning paradigm has shown that the learning can be, but need not
be, talker-specific (Eisner & McQueen, 2005; Kraljic & Samuel, 2005, 2006, 2007),
and that it is stable over at least 12 hours (Eisner & McQueen, 2006).

Norris et al. (2003) argued, therefore, that there is lexical feedback in perceptual
learning. The prelexical level appears to be flexible enough to be able to adjust
its operation over time, using stored lexical knowledge, as it encounters different
talkers. This kind of feedback is logically distinct from the kind of feedback in-
stantiated in TRACE, where lexical knowledge modulates, on-line, the perceptual
process. Thus, while the feedback mechanism in TRACE may offer an explanation
for both on-line and learning effects (McClelland et al., 2006), there is no necessity
that both types of effect be explained by the same mechanism. A perceptual learn-
ing mechanism using lexical feedback could therefore be added to Merge, without
there being any effects of that feedback loop on on-line perception (Norris et al.,
2003). Furthermore, this kind of model could explain the Samuel (1997, 2001)
results. The selective adaptation paradigm requires repeated exposure to stimuli,
and, as Norris et al. argued, may thus involve the same kind of perceptual retuning
as they observed (see also McQueen, Norris, et al., 2006; Vroomen et al., 2007).

In our chapter in the first edition of this book we concluded that the lexicon
does not influence prelexical processing. This conclusion has stood the test of
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—

time, at leas't wit‘h respect to on-line processing. It now appears, however, that:
‘there is lexical 'mvolvement in prelexical perceptual learning. Perhaps most
importantly, while on-line feedback is of no benefit to word recognition, retuning ‘

of perception over time does benefit speech perception. There is thus onl .
of the type that helps listeners. P us only feedback

3 Segmental Information

We now.c.onsider two key questions about the role of segmental information in
’Fhe cognitive processes underlying speech perception. First, we ask whether, dur-
ing Yvord recognition, segmental information is processed serially, orin a caséaded
fashion. Our focus is on word recognition, since, as we have already argued, it is
on}y through recognizing words that the listener can understand spoken mess:ages
Ft is entirely uncontroversial that segmental information must play a central role;
in spoken-word recognition. The primary way in which listeners determine whether
they have heard word or bird is through identifying that the first sound is a /w/
and not a /b/. It is also uncontroversial that a wide variety of acoustic cues are
gsed in segment perception (see Raphael, 2005). The question we must ask, then,
is how ‘these cues modulate word recognition. One possibility is that they,do scg
ina se_rlal manner: First, segments are identified on the basis of these cues (at the
prelexmal stage of processing), and then, second, words are recognized. Alterna-
tively, acoustic-phonetic information may flow in cascade through the recognition
system, such that it influences lexical-level processes without any prior definitive
categorization of the input into segmental categories. We consider these two
alternatives in section 3.1.
. But there is an even more fundamental question about the uptake of segmental
information. So far, we have assumed that there is a prelexical stage of processing
vyhere the speech input is recoded (in either a serial or cascaded fashion) intc,)
linguistically abstract segmental categories prior to and for lexical access. But
there may be no such prelexical abstraction process. We consider arguments for
and against abstraction in section 3.2.

3.1 Cascaded processing of segmental information

Mul‘tiple lexical hypotheses are activated during the word-recognition process
(Swinney, 1981; Marslen-Wilson, 1987, 1990; Zwitserlood, 1989; Shillcock, 1990;
Gow & Gordon, 1995; Tabossi et al., 1995; Vroomen & de Gelder, 1997; Allo’penna;
et al., 1998). We can thus ask whether segmental information is passecll serially or
in cascade to the lexical level, by measuring whether lexical activation changes
as a function of subsegmental differences in the input. According to a serial model,
subsegmental ambiguities should, if possible, be resolved prelexically and thur;
sk.lould not affect lexical activation levels. But in a cascaded model subsegmental
differences should be passed on to the lexical level and influence the degree of
activation of different lexical hypotheses.
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Andruski et al. (1994) reduced the Voice Onset Time (VOT) of the initial stop
of, for example, king. In English, VOT is a major acoustic-phonetic cue to the
distinction between voiceless stops (e.g., /k/, with long VOTs) and voiced stops
(e.g., /g/, with short VOTs). Ina cross-modal priming task, responses to semantic-
ally related targets (e.g., queen) were faster after king than after an unrelated word.
This priming effect became smaller as VOT was reduced (i.e., as the /k/ became
more like a /g/). This suggests that subsegmental detail influences lexical acti-
vation (the degree of activation of king was reduced as the /k/ was shortened),
in keeping with the cascaded model. Further evidence is provided by McMurray
et al. (2002) and Utman et al. (2000).

Other evidence in favor of cascaded models comes from research examining
the effects of mispronunciations. The phonetic similarity between an intended word
(e.g., cabinet; Connine et al., 1997) and a mispronounced nonword (e.g., gabinet
vs. mabinet vs. shuffinet) influences how disruptive the mispronunciation is to
lexical access. The greater the similarity between the mismatching sound and the
intended sound, the more strongly the intended word appears to be activated
(see also Connine et al., 1993; Marslen-Wilson et al., 1996; Ernestus & Mak, 2004).
In the domain of research on continuous speech processes (such as place assimi-
lation in English, Gow, 2002; liaison in French, Spinelli et al., 2003; and /t/ reduc-
tion in Dutch, Mitterer & Ernestus, 2006) it appears that fine-grained phonetic
detail (e.g., the duration or spectral structure of segments) modulates the degree
of lexical activation, again as predicted by the cascaded account.

A considerable body of evidence suggests further that, once words consistent
with the input speech have been activated, they compete with each other (Goldinger
et al., 1989, 1992; Cluff & Luce, 1990; Slowiaczek & Hamburger, 1992; McQueen
et al., 1994; Norris et al., 1995; Vroomen & de Gelder, 1995; Vitevitch & Luce, 1998,
1999; Luce & Large, 2001; Gaskell & Marslen-Wilson, 2002). Accessed words
compete with each other until one word dominates the others; this one word can
then be recognized. This competition process is instantiated, in different ways, in
current models of spoken-word recognition: the Neighborhood Activation Model
{Luce & Pisoni, 1998), TRACE (McClelland & Elman, 1986), Shortlist (Norris, 1994;
Norris & McQueen, 2008) and the Distributed Cohort Model (DCM; Gaskell &
Marslen-Wilson, 1997).

The lexical competition process provides a litmus test about how segmental
information flows through the speech recognition system. If fine-grained phonetic
detail modulates the competition process, then it must have been passed forward
to the lexical level. Several of the effects just reviewed have been shown to
interact with lexical factors. Van Alphen and McQueen (2006) have shown, for
example, that the influence of VOT variability on lexical activation in Dutch
depends on the lexical competitor environment (i.e., whether the voiced and
voiceless interpretations of the stops are both words, as in, e.g., the English
pair bear—pear, or both nonwords, as in English blem—plem, or one word and
one nonword, as in blue—plue and brince-prince), and Marslen-Wilson et al.
(1996) also found that segmental mismatch effects were modulated by lexical
factors.
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Clear demonstrations of this interaction between subsegmental and lexical
information come from a series of experiments with cross-spliced stimuli (Streetes
& Nigro, 1979; Whalen, 1984, 1991; Marslen-Wilson & Warren, 1994; McQueen
et al., 1999; Dahan et al., 2001). Cross-splicing the initial consonant and vowel of
jog with the final consonant of job, for example, produces a stimulus which sounds
like job, but which contains {in the vocalic portion) acoustic evidence for a /g/.
These phonetically mismatching stimuli are more difficult to process, but the
extent to which they interfere depends on whether the entire sequence is a word
or nonword (e.g., job vs. shob) and on whether its components derive from words
(e.g., jog) or nonwords (e.g., jod). It thus seems very clear that there is cascade of
segmental information to the lexical level.

3.2 Segmental abstraction in speech perception

There are two ways in which segmental information might cascade to the
lexicon. One possibility is that phonetic segments are extracted explicitly, in some
prelexical level of representation, with a classification of the speech signal
into linguistically abstract “units of perception” (McNeill & Lindig, 1973; Healy
& Cutting, 1976). Units which have been postulated include acoustic-phonetic
features (Eimas & Corbit, 1973; Marslen-Wilson, 1987; Marslen-Wilson & Warren,
1994; Stevens, 2002), phonemes (Foss & Blank, 1980; McClelland & Elman, 1986;
Norris, 1994; Norris et al., 2000), context-sensitive allophones (Wickelgren, 1969),
syllables (Cole & Scott, 1974; Mehler, 1981), and articulatory gestures (Liberman
& Mattingly, 1985). Any of these units could operate in cascade, passing infor-
mation continuously forward to the lexicon. Alternatively, segmental information
could be used implicitly, in a direct and continuous mapping of the signal onto
the lexicon with no explicit intermediate classification into prelexical units. Klatt
(1979, 1989) suggested a template-matching process, where spectral information,
as analyzed by the peripheral auditory system, is mapped directly onto a lexicon
of spectral templates of diphone sequences. The models of Goldinger (1996, 1998),
Johnson (1997), Pierrehumbert (2002), and Hawkins (2003), though differing in
many respects, share the assumption that the lexicon consists of episodic memory
traces of particular tokens of words, stored with all their acoustic detail (e.g.,
including talker- and situation-specific details).

The class of models with abstract prelexical representations provide a ready
solution to the invariance problem. It is well known that the acoustic cues to
segments are far from invariant. They vary greatly depending on a large number
of factors, including: coarticulation (the realization of segments depends upon
both preceding and following phonological context; Fowler, 1984; see Farnetani
& Recasens, this volume); speech rate (e.g., temporal cues such as VOT change
depending on speed of articulation, requiring rate-dependent processing; Miller,
1981; Gordon, 1988); and variation between speakers due to differences in sex,
age, and dialect (see Ni Chasaide & Gobl, this volume). Some authors have argued
that this variation is dealt with by the extraction of acoustic cues which are invari-
ant (Stevens & Blumstein, 1981); others that the variation is lawful, and can be
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exploited by the listener (Elman & McClelland, 1986). In either case, however, it
is clear that the perceptual system must be able to deal with this variability through
some kind of normalization process. The same physical signal must be interpretable
as different segments, and different signals must be interpretable as the same
segment (Repp & Liberman, 1987). If normalization takes place prelexically, prior
to lexical access, then only abstract phonological knowledge would need to be
stored in the mental lexicon.

In a study of speech rate normalization, for example, Miller et al. (1984) demon-
strated that subjects labeled more ambiguous consonants, midway between /b/
and /p/ and embedded in the continuum bath—path, in a contextually congruent
manner (i.e., more bath responses in a bathing context), but only when subjects
were explicitly told to attend to the sentence context. These effects were absent
in a speeded response condition, which focused the subjects’ attention on the
target words. Speaking rate was also varied, resulting in shifts in the category
boundary between /b/ and /p/, but the task-demand manipulation did not
influence this rate-dependent boundary placement. Miller and Dexter (1988) also
used the phonetic categorization task to examine effects of lexical status and
speaking rate. They found that under speeded response conditions, there was no
tendency to label ambiguous initial consonants in a lexically consistent manner
(e.g., as /b/ in a beef-peef continuum and as /p/ in a beece-peace continuum).
Listeners could not ignore the rate manipulation, however: even under speeded-
response instructions they based their decision on the early portion of the
syllable, treating it as if it was physically short (the /b/-/p/ boundary shifted
to a smaller VOT for fast responses). These studies neatly demonstrate that rate
normalization (unlike the use of lexical knowledge) is a mandatory feature of
speech processing. The analysis of acoustic information specifying speech rate
appears to be essential for accurate lexical access (Miller, 1987). Such results thus
support the view that rate normalization is a prelexical process that necessarily
modulates word recognition.

Other, more recent evidence on the need for prelexical abstraction comes from
the lexical retuning paradigm reviewed earlier. Norris et al. (2003) argued that
adjustments to prelexical phonetic categories would be of benefit to speech per-
ception because, once an adjustment had been made, it could be applied to the
recognition of any words containing the adjusted sound. McQueen, Cutler, et al.
(2006) tested whether there was indeed generalization of learning to the process-
ing of words that were spoken by the trained talker but that had not been heard
during the training phase. Instead of using the phonetic categorization test task
(as in, e.g., the Norris et al. study described in section 2.3), they used a cross-
modal identity-priming task. The experiment was again in Dutch, and the test
phase contained minimal pairs such as doof~doos, ‘deaf-box’. In a training phase
identical to the Norris et al. study (i.e., with no minimal-pair words), listeners
were encouraged to learn that an ambiguous /fs/ sound, “1?1”, was either /f/ or
(for a second group) /s/. In the subsequent test phase, the pattern of priming
effects indicated that the listeners in the first group tended to hear [do?] as doof,
while listeners in the second group tended to hear it as doos. This demonstration
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of generalization of learning to previously unheard words confirms that the locus
of the learning effect is prelexical. It also underlines the major benefit of prelexical
abstraction: Once something about how a talker realizes a speech segment has
been learned, and that knowledge is stored prelexically, then it can automatically
be used to assist in the recognition of all words containing that segment that that
talker might produce. Further evidence of lexical generalization of perceptual
learning has come from experiments examining adjustments to vocoded speech
(Davis et al., 2005) and to an artificial dialect (Maye et al., 2008).

Findings from subliminal priming studies (Kouider & Dupoux, 2005), identifi-
cation tasks (Nearey, 1990), phonological priming (Radeau et al., 1995; Slowiaczek
et al., 2000), and studies on phoneme-sequence learning (Onishi et al. 2002) also
support prelexical abstraction. Yet more evidence comes from the second-language
literature. Listeners have considerable difficulty learning new phonemic categories
(Logan et al., 1991; Strange, 1995), and are influenced by the phonemic categories
of their native language while listening to a nonnative language (Best, 1994;
Pallier et al., 2001; Weber and Cutler, 2004; Cutler et al., 2006). These findings
suggest that, once abstract prelexical categories have been acquired, they neces-
sarily influence speech recognition, even in a second language.

There is therefore considerable evidence for prelexical abstraction. According
to an extreme version of the abstractionist position, details about speaking rate,
talker, etc., could be discarded prior to lexical access. But there is also consider-
able evidence that episodic details of words (e.g., how individual talkers produced
specific words) are preserved in long-term memory, as measured, for example, in
recognition memory experiments (Martin et al., 1989; Goldinger et al., 1991; Palmeri
et al., 1993; Church & Schacter, 1994; Goldinger, 1996; Luce & Lyons, 1998): Words
are recognized better as having already occurred in the experiment if they are
repeated by the same talker. There are also effects of talker-specific detail when
participants have to repeat words that they hear (Goldinger, 1998): Repetitions
tend to become more like the way the input talker produces them. All of these
results show that talker-specific detail cannot be thrown away during word recog-
nition, and thus that extreme abstractionist models are not tenable. But extreme
episodic models — in which all acoustic-phonetic detail, including talker-specific
attributes, is passed on to the lexicon without normalization — are equally unten-
able. Such models have the disadvantage that they (unlike abstractionist models)
have no ready solution to the invariance problem, and they cannot account for
the experimental evidence on abstraction.

What appears to be required, therefore, is a hybrid model in which there is
prelexical abstraction, but in which episodic details are not thrown away. On
this view, talker-specific features in the speech signal (and other situational
details) may be stored in nonlinguistic long-term memory (i.e., not in the mental
lexicon), just like other episodic memories (e.g., for faces, colors, or odors), but
may also be used in the word-recognition process. That is, just as there appears
to be prelexical normalization for speaking rate, there may also be prelexical
talker normalization. Indeed, there is evidence that prelexical processing involves
adjustments based on talker variability. As already noted, for example, perceptual
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learning about unusual segments can be talker-specific (Eisner & McQueen, 2005;
Kraljic & Samuel, 2005, 2007). Mullennix et al. (1989) showed that listeners could
identify words more easily in lists spoken by a single talker than when the same
word-lists were spoken by 15 different talkers, and that this effect was more
marked when the speech signal was physically degraded. Nygaard et al. (1994;
see also Nygaard & Pisoni, 1998) found, in addition, that familiarity with voices
(after extensive training in associating those novel voices with names) made it
easier to recognize new words spoken by those voices. Adjustment to talker differ-
ences thus appears to occur at a prelexical level, just like rate normalization.

Mullennix and Pisoni (1990) have further shown that talker normalization, again
like rate normalization, is mandatory. Subjects could not ignore voice variability
when categorizing unambiguous initial phonemes in lists of words spoken by
one or several talkers, nor could they ignore variability in those initial consonants
when categorizing the words as being spoken by either a male or female speaker.
Asymmetries in this interference suggested that extraction of phonetic and speaker
information are independent but closely related processes: phonetic decisions
appear to be at least partially contingent upon the process of talker normalization,
and vice versa.

Segmental information is thus extracted prelexically, recoded into linguistically
abstract representations, and used in word recognition. The evidence summarized
in section 3.1 suggests that this process operates in cascade. The evidence just
reviewed suggests further that this abstraction process is not destructive: acoustic-
phonetic details about rate, voice, and so on are used by the normalization process,
but are then stored rather than discarded.

4 Suprasegmental Information

As Lehiste (1970) pointed out, it is difficult to carve out a domain of speech
research dealing just with suprasegmentals. All speech is realized in time with
every subcomponent having a measurable duration, fundamental frequency (fo)
and amplitude. Segment identification thus depends on computations involving
for duration (for instance, of vocal tract closure), or amplitude (for instance, of
frication in a given frequency range; see Johnson, 2005; Raphael, 2005, for reviews).
In quantity languages, there are contrasts between long and short versions of
the same segment (Estonian vowels have three levels of duration, for example).
Nevertheless, the durational, amplitude, and f, patterns of speech also encode
structural information at higher levels, and listeners exploit this information
in the process of recognizing words (section 4.1), parsing prosodic structure
(section 4.2), and segmenting the continuous speech stream (section 4.3).

4.1 Suprasegmental cues to lexical identity

Just as durational contrasts at the segment level allow listeners to distinguish
between words, so do durational contrasts at the syllable level; for instance, the
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greater length of a syllable in isolation than in a polysyllabic sequence (speed by
itself is longer than speed in speedy or speediness; Lehiste, 1971) allows listeners to
know whether they are hearing ham or hamster, dock or doctor (Davis et al., 2002;
Salverda et al., 2003). This usefully allows listeners to avoid accidentally recog-
nizing words which are only spuriously present in the speech signal, embedded
in longer words (such as ham in hamster). However, there are also ways in which
word pairs which are segmentally identical may contrast suprasegmentally.

In languages with lexical tone, such as Mandarin, Vietnamese, or Yoruba, syl-
lables are realized with a f; pattern which is phonemically contrastive. Word
recognition in such languages depends on processing this f, information; to all
intents and purposes the tones function at the segmental level, so that a given
vowel with a rise—fall tone and the same vowel with a level tone may be regarded
as different segments. The available experimental evidence on spoken-word
recognition in tone languages indeed supports a parallelism between segmental
processing and the processing of tonal information.

For instance, lexical information can affect tone categorization in just the same
way as it affects segment categorization. In the segment categorization study of
Ganong (1980), listeners’ category boundaries between /t/ and /d/ shifted to
produce more /d/ responses preceding -eep but more /t/ responses preceding
-each; similarly, in a tone categorization study by Fox and Unkefer (1985), listeners’
category boundaries between two tones of Mandarin Chinese shifted as a function
of which endpoint tone produced a real word given the syllable the tone was
produced on. (This was of course only true when the listeners were Mandarin
speakers; English listeners showed no such shift.) Lexical priming studies in
Cantonese also suggest that the role of a syllable’s tone in word recognition is
analogous to the role of the vow;l (Yip, 2001; Lee, 2007). The f, cues to tone are
realized over vocalic segments, but the consequence of this is that vowel identity
is apprehended more rapidly than the tone information encoded in the same
portion of the speech signal (Cutler & Chen, 1997; Ye & Connine, 1999); thus
listeners can detect the difference between two CV syllables with the same onset
and the same tone but a different vowel more rapidly than they can detect the
difference between two CV syllables with the same onset and the same vowel
but a different tone. Suprasegmental contrasts between lexical items in other
languages pattern across syllable sequences. In pitch accent languages such as
Japanese, words exhibit one of a small number of permissible patterns across
syllables (thus the accent pattern of Toyota is HLL and of Mitsubishi LHLL; in each
case the syllable labeled H is accented). Although pitch accent patterns are defined
across words, however, their realization in the f, contour is easily apprehensible
for listeners. Listeners can tell from which of two words differing in accentual
structure a given syllable has been extracted (e.g, ka from baka HL vs. gaka
LH; Cutler & Otake, 1999), incorrect accent patterns delay word identification
(Minematsu & Hirose, 1995), and accent patterns are used to distinguish between
competing word candidates in spoken-word recognition, so that, for example,
listeners hearing na- from nagasa HLL know that it cannot be the beginning of
nagashi LHH (Cutler & Otake, 1999; Sekiguchi & Nakajima, 1999).
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Like pitch accent, word stress patterns in lexical stress languages are realized
across polysyllabic sequences. There is now an extensive literature on the realiza-
tion and perception of lexical stress, which has recently been analyzed in detail
by Cutler (2005). Listeners can use lexical stress patterns in word recognition, too,
so that Dutch listeners can accurately tell from which of two words differing in
stress a given syllable has been extracted (e.g, voor from initially stressed voornaam
‘first name’ vs. finally stressed voornaam ‘respectable’; Cutler & Donselaar, 2001),
incorrect stress in Dutch words inhibits word recognition (van Leyden & van
Heuven, 1996), and Dutch listeners can use stress to distinguish between com-
peting word candidates in spoken-word recognition, so that hearing domi- from
initially stressed dominee ‘minister” is evidence that it cannot be the beginning of
finally stressed dominant ‘dominant’ (Donselaar et al., 2005). The same results are
observed in Spanish: espi- from finally stressed espiral ‘spiral’ is perceived as
evidence against espiritu ‘spirit’ with stress on the second syllable (Soto-Faraco
et al., 2001).

However, the same experiment in English, testing for example admi- from initi-
ally stressed admiral versus admiration with stress on the third syllable, produces
a much weaker effect (Cooper et al., 2002). There is also considerable evidence
that mis-stressing effects in English are quite weak unless vowel quality is also
changed (Bond & Small, 1983; Cutler & Clifton, 1984; Small et al., 1988; Slowiaczek,
1990), and cross-splicing English vowels with different stress patterns likewise
produces unacceptable results only if vowel quality is changed (Fear et al., 1995).
In Fear et al.’s study, listeners heard tokens of, say, autumn, which has primary
stress on the initial vowel, and audition, which has an unstressed but unreduced
vowel, with the initial vowels exchanged; they rated these tokens as insignificantly
different from the original, unspliced, tokens.

The difference in the patterns of results across lexical stress languages can be
ascribed to the relative usefulness of stress in distinguishing between words.
It is true that studies of English vocabulary structure show that stress pattern
information could be of use in word recognition; thus a partial phonetic transcrip-
tion which includes stress pattern information applies to a smaller candidate set
of words than one which does not (Aull, 1984; Waibel, 1988), and an automatic
recognition algorithm operating at this level of phonetic specification performs
significantly better with stress pattern information than without (Port et al., 1988).
But the equivalent effects in Spanish and Duich are very much larger (Cutler &
Pasveer, 2006). This is because of the widespread reduction of vowels in unstressed
syllables in English. Cognate examples of the cross-language asymmetry abound.
For example, stressed word-initial com- in English could be the beginning of
comedy, or of comma, compliment, etc., but comedy’s morphological relative comedian
has the reduced vowel schwa in its initial syllable. In Spanish comedia ‘comedy’
(stress on the second syllable) and comico ‘comedian’ (initial stress) have the same
vowel in the first syllables; in Dutch, komedie ‘comedy’ (stress on the second syl-
lable) and komediant ‘comedian’ (stress on the fourth syllable) have the same
vowels in their first and in their second syllables. English listeners can instantly
distinguish between comedy and comedian as word candidates on the basis of the
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vowel in the first syllable, whereas Spanish i
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4.2 Prosodic structure
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/s/ duration distinguishes Dutch een spot ‘a spotlight’ from eens pot ‘jar once’;
Shatzman & McQueen, 2006a). The differences which are used vary across
languages. Thus, in both English and Dutch, listeners make use of prosodic
strengthening of /t/ to infer the onset of a prosodic constituent, but the way the
strengthening is realized is exactly opposite in these languages (Cho & McQueen,
2005). In English, a strengthened /t/ has a longer VOT (which enhances the
contrast with short-VOT /d/). In Dutch, strengthened /t/ has a shorter VOT
(because the strengthening consists in a longer closure, enhancing the contrast
with /d/ which in Dutch is prevoiced).

Even the durational differences which allow listeners to distinguish between
stand-alone words and accidentally embedded words such as hamster versus ham
embedded in hamster (Davis et al., 2002; Salverda et al., 2003; see also Shatzman
& McQueen, 2006b) are modulated by prosodic structure. Thus taxi (/taksi/) is
embedded in both the sequence pak de tak sinaasappels ‘orab the branch of oranges’
and pak de tak citroenen ‘grab the branch of lemons’; but in the first, the syllable
/si/ after tak is stressed, while in the second it is unstressed just as is the second
syllable of taxi. Salverda et al. made two versions of a sentence containing, for
example, taxi, by cross-splicing the tak syllable either from the above sinaasappels
context or from the citroenen context. They found that the competing shorter
word tak was more available in the former case. Moreover, they found that what
primarily influenced the relative availability of the words was the duration of the
initial syllable in the ambiguous portion; ham, tak, etc. are longer than the same
syllables in hamster, taxi, etc., but the isolated words are also longer when they
are followed by a stressed rather than an unstressed syllable. By manipulating
the duration of this syllable, Salverda et al. found that they could influence what
listeners considered as the most likely word at that moment.

4.3 Rhythmic structure and the recognition of
continuous speech

Speech is a continuous signal without consistent demarcation of the words which
make it up. Listeners must extract the component words from each speech signal
in order to understand the speaker’s message. One of the ways they do this is
by exploiting the relationship between the rhythmic structure of speech and word-
boundary location.

In English, and similar languages such as Dutch, thythmic structure is stress-
based, and segmentation of continuous speech can be usefully based on an
assumption that strong syllables are most likely to be word-initial. Evidence that
English- and Dutch-speaking listeners do actually operate with such an assump-
tion comes partly from studies of word boundary misperceptions, in which listeners
most commonly err by assuming strong syllables to be word-initial and weak
syllables to be noninitial (Cutler & Butterfield, 1992; Vroomen et al., 1996). Further
evidence is to be found in studies with the word-spotting task, in which real
words embedded in nonsense bisyllables are harder to detect if detecting them
requires processing segments from two consecutive strong syllables, i.e., across the
canonical point of speech segmentation (Cutler & Norris, 1988; McQueen et al.,
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1994; Norris et al., 1995; Vroomen & de Gelder, 1995; Vroomen et al., 1996). Syllable
strength is here encoded in terms of vowel quality; recall that Fear et al.’s (1995)
study described in section 4.1 showed that this is the most important feature
of syllable strength in English. Cutler and Norris (1988), for example, compared
detection of the word mint in mintayf and mintef, both bisylilables had initial stress,
but they differed in the vowel which occurred in the second syllable. The embedded
word mint was much harder to detect when the second vowel was strong, as in
mintayf. The explanation is that the strong syllable -tayf triggered speech segmenta-
tion, so that the /t/ was momentarily considered to be the beginning of a new
word rather than the end of mint; recovering from this interfering segmentation
delayed recognition of mint.

In other languages with different rhythmic patterns, segmentation procedures
also exploit rhythmic structure: syllabic rhythm in French (Cutler et al., 1986, 1992;
Kolinsky et al., 1995) and Korean (Kim et al., 2008), moraic rhythm in Japanese
(Otake et al., 1993; Cutler & Otake, 1994) and Telugu (Murty et al., 2007). In fact,
rhythm allows a single, universally valid description of otherwise very different
segmentation procedures used across languages (see Cutler, 1994, for further
detail of this proposal).

Rhythmic structure allows listeners to predict accentual patterning as well. The
initial phonemes of nonsense words are detected more rapidly when sentence
rhythm predicts that the syllables containing the target will be accented (Shields
et al., 1974). Pitt and Samuel (1990) presented acoustically constant versions of
disyllabic minimal stress pairs at the ends of auditory lists in which all the disyl-
labic items had the same stress pattern; detection of a phoneme in these words
was again faster when the syllable containing the target phoneme was predicted
to be stressed, suggesting that listeners used the predictive information to attend
selectively to stressed syllables. Likewise, listeners direct attention to words bear-
ing sentence accent; detection of the initial phoneme of an acoustically constant
word token is faster when the word occurs in a prosodic context consistent with
sentence accent falling at that point than when it occurs in a context consistent
with lack of accent (Cutler, 1976; Cutler & Darwin, 1981). Listeners can derive
sufficient information to perform this attentional focus when f, variation has been
removed (Cutler & Darwin, 1981), although when dimensions of prosodic infor-
mation conflict such that, for example, timing predicts accent where f, predicts

no accent, listeners refrain from deriving predictive information from prosody at
all (Cutler, 1987).

5 Conclusions

Knowledge about the cognitive processes in speech perception has advanced
considerably since we wrote our chapter in the first edition of this book. This
development can be seen most clearly, perhaps, in the way the questions that are
asked about this field have changed. In the 1990s, binary questions were being
asked: Does lexical knowledge control prelexical decisions, or not? Is prelexical
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processing serial or is it cascaded? Is speech perception episodic or abstractionist?
The questions we now have to ask are more nuanced. With respect to the issue
of feedback of lexical knowledge, for example, recent research has shown that
we have to distinguish between feedback in on-line processing and feedback in
perceptual learning. A simple yes/no answer to whether there is feedback or not
is no longer appropriate. Furthermore, given that it has been established that
phonetic information cascades continuously to the lexical level, we now have to
ask more specific questions about the nature of the information that is passed
forward to lexical processing. Might its role depend on its informational value,
as our review of cross-linguistic differences on uptake of lexical stress information
suggests? Finally, we now have to consider how speech recognition can be episodic
and abstractionist at the same time. All of these developments are indicative of
a very active field of enquiry; they show that real progress is being made in our
understanding of the cognitive aspects of speech perception.

The field is flourishing in another way. Even though the questions have become
more refined, there are just as many being asked, and some that have still not
been answered. For instance, we do not yet know what the “units of perception”
are (McNeill & Lindig, 1973; Healy & Cutting, 1976). It seems clear that there is
a prelexical level of processing that mediates between auditory (i.e., not speech-
specific) processing and lexical processing, that the prelexical level involves
abstraction and normalization, and that it operates in cascade. Furthermore,
while it appears that this level is impervious to the immediate influence of lexical
feedback, lexical knowledge can be used to retune prelexical processing over time.
But we do not yet know what the unit(s) of representation are at the prelexical
level. An important issue for future research will be to specify whether linguistic
abstraction of segmental information prior to lexical access involves, for example,
featural, allophonic, phonemic, or syllabic representations.

Critically, however, the way in which suprasegmental information is extracted
prelexically will also have to be specified, and an account will have to be developed
for the way in which segmental and suprasegmental information is integrated in
modulating the word-recognition process. One possibility is that there are indeed
two processing channels, one extracting segmental material (e.g., 2 mechanism
computing the current sequence of phones), and one extracting suprasegmental
material (e.g., a device building the prosodic structure of the current utterance).
These two prelexical channels could operate independently, but could still both
influence lexical processing. Another possibility is that there is a single processing
channel which constructs an integrated multidimensional structure consisting of
larger and smaller elements.

The current weight of evidence favors an autonomous account of on-line pro-
cessing. If convincing data for on-line lexical-prelexical feedback were to be found,
however, then it would be necessary to establish the cognitive function that
such feedback serves in normal listening. Since on-line feedback appears to be
of no benefit to word recognition, one possibility is that on-line effects are an
epiphenomenon of the need for feedback in perceptual learning. If, however, the
conclusion in favor of autonomy in on-line processing continues to stand the test
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of time, then it will be necessary to develop a model of speech recognition in
which lexical knowledge cannot modulate prelexical processing as it is happening,
but can retune those processes over time.

An important constraint on the operation of the prelexical level, and thus pos-
sibly also on the nature of the representations constructed there, is that it must
be flexible. The evidence we reviewed on perceptual learning in speech suggests
that the way in which the speech signal is mapped onto the lexicon can be retuned
after very brief exposure, and that that retuning can be specific to the speech of
a single talker. It will be important to ascertain what the limits are on this kind
of flexibility. For example, might there also be retuning of suprasegmental repre-
sentations, and are other sources of knowledge (i.e., other than the lexicon) used
to supervise perceptual learning?

Perhaps the greatest current challenge for cognitive modeling of speech percep-
tion, however, is how to include abstractionist and episodic components in the
same model. Recent research suggests that episodic detail (e.g., how individual
talkers produce specific speech sounds) is used to modulate the prelexical level.
But this contribution of episodic knowledge to the flexibility of the prelexical
processor is unlikely to be the whole story. Recent research also suggests that
details of encounters with specific tokens of words are stored in long-term
memory. The question, then, is how those long-term memories relate to abstract
linguistic processing: do they exist only at the prelexical level, or also at the
lexical level, or do they reside in a more general episodic memory store (i.e., not
in the mental lexicon)?

It is important to note that this debate does not concern talker-specific segmental
details alone. It also concerns suprasegmental details. For example, tokens of
words differ in acoustic-phonetjc detail because of their position in the prosodic
hierarchy. Are all of these tokens stored, or is there abstraction of prosodic know-
ledge? This debate is also about the role of word frequency. One way in which
the frequency of occurrence of a word can be coded is through storage of all
encounters with that word, as in episodic models. But frequency can also be
handled by models with abstract representations (either at the prelexical level or
the lexical level, or both). Reconciling abstractionist and episodic accounts will
thus entail specifying how multiple sources of information — about segments,
suprasegmental structures, talker- and situation-specific details, and lexical fre-
quency - are brought together as listeners hear spoken words. Experimentalists
and computational modelers have plenty still to do.
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