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INTRODUCTION

The study of speech perception is concerned
with the listener’s ability to perceive the acous-
tic waveform produced by a speaker as a string
of meaningful words and ideas. By this defi-
nition, speech perception has been researched
since at least the turn of the century, when one
of the earliest empirical studies was published
by Bagley (1900-1901; see Cole and Rudnicky,
1983). Bagley’s experiments addressed a sur-
prisingly wide variety of topics that have since
been rediscovered, including phonemic resto-
ration, semantic priming, importance of word-
initial information, and sentence context effects
on word recognition. A common theme of
Bagley’s experiments was their focus on the
influence of semantic and lexical knowledge on
the perception of distorted words, As Cole and
Rudnicky (1983) observed, Bagley anticipated
many empirical phenomena and theoretical
accounts of speech perception and spoken
word recognition that remain central to dis-
cussions today.

If Bagley’s results and arguments were pre-
sented today, they would most Jikely be consid-
ered relevant to language perception rather than
to speech perception per se. Speech perception
has, for a variety of reasons, come to refer more
specifically to phoneme perception than to the
perception of words of phrases. Unlike a process
such as visual perception, in which the recogni-
fion of objects or motion is available to the
observer, speech perception as the researcher
defines it is a process of which we are generally
unaware. As Darwin (1976, p. 175) comiments,

of greetings, warnings, questions,
ments; while their
speech, goes largely

sentence.’
vation, the majority of
perception in the past three
only on the unnoticed vehicle,

chology. For example,
ous efforts been applied
speech perception not as an

«Oyr conscious perceptual world is composed
and state-
vehicle, the segments of
unnoticed and words are
subordinated to the framework of the phrase or
* Despite the truth of Darwin’s obser-
research on speech
decades has focused
phonetic percep-
tion. This rather myopic approach has resulted
in a large theoretical body of literature that is
somewhat divorced from more general theories
of perception and mainstream cognitive psy-
only recently have seri-
to model the process of
end in itself but as
subservient to word recognition (Pisoni and
Luce, 1987). This chapter considers the effects

of this segregated research and theorizing on our
understanding of speech as the front end of
language. ' :
Numerous papers and chapters review the
theories and data in speech perception
(Studdert-Kennedy, 1974, 1976; Darwin, 1976;
Cutting and Pisoni, 19783 Pisoni, 1978; Pisoni
and Luce, 19865 Luce and Pisoni, 1987; Miller,
1990). In large part, the fundamental issues in
speech perception and the data relevant to those
issues have remained unchanged over the past
several years. Accordingly, although this chapter
will address several fundamental jssues in speech
perception, it is not a comprehensive review of
the empirical literature in the field. Neverthe-
this chapter is fairly eclectic, and we hope to
wide range of topics. We
do not. marshal evidence for one particular
theory or class of theories at the expense of all
others; instead, we examine and evaluate a wide

less,
address a sufficiently

range of theories. Finally, throughout the chap- -

ter we examine how research and theory in
speech perception have or have not developed

over the years with
“problems” of speech. The next section begins
with a review of several of the long-standing

basic issues in speech perception.

BASIC ISSUES IN SPEECH PERCEPTION

Ltinearity, Lack of Acoustic-Phonetic
mvariance, and the Segmeniation
Problem

Since the mid-1950s no finding has influenced
speech research and theory more profoundly
than the failures of the speech signal to satisfy
conditions. The
assumes that for each per:
there must be a particular

the linearity and invariance
linearity condition
ceived phoneme,

corresponding stretch of sound in the utterand
(Chomsky and Miller, i

phoneme Y, the stretch of sound associated wit
phoneme X must precede the stretch of soun
associated with phoneme Y in the physi
signal. The invariance condition assumes

correlates must occur in all phonetic context

X implies that the features for X occurred int

speech signal ina discrete time window and th

respect to the fundamental

1963). For example, if the
listener perceives that phoneme ¥ occurs beforl

that fo
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FIGURE 8-1 Spectrograms showing acbustiophonetic invariance for the word-initial conse-
nants /g/ and /d/. The upper spectrogram shows the sentence, “Goons gummed Gary's gears.”
The lower spectrogram shows the sentence, “Don’t doctors deal dope daily?”

no other features or temporal distributions of
featnres could have occurred.

Neither the linearity nor the invariance con-
dition is met in natural speech, primarily because
of the way speech is produced: the speech articu-
lators move continuously in production so that
the shape of the vocal tract for each intended
phoneme is influenced by the shapes for the pre-
ceding and following phonemes. Coarticulation
results in overlapping features, simearing, among
neighboring phonemes. Hockett {1955) likens
the relation between intended phonemes and the
physical speech signal to a series of Easter eggs
that are pushed through a wringer. The effect of
the speaker’s coarticulatory wringer is to create a
speech signal in which there is rarely a stretch of
sound that corresponds uniquely to a given pho-
neme. Instead, the cues overlap in time, resulting
in what Liberman et al. {1967) termed the “en-
coded nature of speech.” Coarticulation pro-
duces complex mappings between acoustic cues

- and perceived phonemes. Acoustic features for

phonemes vary widely as a function of varying

. phonetic contexts, speaking rates, and other fac-

tors. Figure 8-1 shows the variations in the
acoustic forms of second-formant transitions for
the phonemes /d/ and /g/ as a function of varying

- vowel contexts (Liberman et al., 1954; Delattre,

Liberman, and Cooper, 1955). Comparison of
the various physical manifestations of the /dfs
and /gfs demonstrates acoustic-phonetic vari-
ability. Although the second-formant transi-
tions provide the cues for place of articulation
necessary to recognize these phonemes, the
acoustic realizations of transitions are clearly
not invariant.

The failure of the speech signal to satisfy the
linearity and invariance conditions is perhaps
the most important puzzle in speech percep-
tion. It constitutes what Studdert-Kennedy
(1983) calls the “animorphism paradox™ -—the
invariant units of perception do not correspond
to invariant acoustic segments in the signal.
Indeed, the problems of acoustic-phonetic in-
variance have guided speech research since its
beginning, and many researchers are working
on these problems today, While some research-
ers have continued the quest for invariant
aspects of the acoustic signal (Stevens and
Blumstein, 1978, 1981; Kewley-Port, 1982,
1983; Kewley-Port and Luce, 1984; Sussman,
1989, 1991; Sussman, McCaffrey, and Mat-
thews, 1991; Sussman, Hoemeke, and Ahmed,
1993; Fowler, 1994), and others have ad-
dressed the problems of invariance via theo-

retical innovation (Liberman and Mattingly,
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FIGURE 8-2 Spectrogram of the utterance, “I owe you a yo-yo,” demonstrating that percep-
tual segmentation is not clearly reflected in acounstic segmentation.

1985; McClelland and Elman; 1986), the prob-  create another problem, the selection of a
fem of contextual variability in speech remains minimal unit of perceptual analysis. Given the
central in research. information-tich speech waveform and limited
Coarticulation poses another problem for channel capacities of the auditory system and
research, namely the lack of clear scgmentation auditory memory, it is clear that raw sensory
in the speech signal. Although listeners perceive information must be encoded into some schetne
speech as a series of discrete phonemes and that can be efficiently processed (Broadbent,
words, physical temporal boundaries between 1965; Liberman et al., 1967). Consider the
phonemes are not reliably found in the spoken estimate of Liberman, Mattingly, and Turvey
atterance. Although the sentence in Figure 8-2  (1972) that the conversion of speech sounds into
displays almost no physical landmatks on which phonemes reduces the information transfer rate
to base segmentation, it does not pose any of speech from approximately 40,000 bits per
special difficulty for listeners. The rate of infor- second to 40 bits per second. The conversion of
mation transmission in speech is enormous, phonemes into higher units of linguistic analysis
clearly requiring that listeners somehow convert  further reduces the bit rate.

the continuous waveform into discrete, abstract Figure 8-3 shows several possible units of
units for cognitive processing (Liberman et al., analysis. The question for theories of speech
1967; Neisser, 1967). However, the speech perception has typically concerned selection of
signal does not lend itself to simple segmental  the “hest” or most natural coding unit; claims of
analysis. Although it is possible to segment primacy have been made for phonetic features,
speech according to purely acoustic criteria  phonemes, syllables, and words. Researchers it
(Fant, 1962), the segmentation provided by such generative linguistic theory have even propose
algorithms typically does not correspond to the  units as farge as the clause OF sentence (Miler,
segmented representation that a fistener would  1962; Bever, Lackner, and Kirk, 1969).
perceive. The importance and the difficulty of Debates concerning the primacy of various
segmentation become immediately apparent units were prevalent in the Jiterature for S.e_\"fﬂ-'?l_‘1
when considering recent attempts to develop years. A long-standing debate in the 19708 tha
speech recognition devices; lack of segmenta- has returned to prominence recently (see PIff
tion, linearity, and invariance have been intrac- and Samuel, 1993) centered on claims that t
table problems. syllable is a more basic perceptual unit than t
phoneme (Savin and Bever, 1970; Massar
1972). Massaro (1972) argued that syll

Units of Analysis in Speech Perce tion : . -
4 P P more discretely represented in the Speecs x2 -

Nonlinearity, the lack of acoustic-phonetic in-  than phonemes, so selection of the syil_‘ablﬂ‘

variance, and the nonsegmental nature of speech the primary unit of perception re_Sﬂl"eS
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FIGURE 8-3 A section of a speech processing network containing numerous units of analy-
sis, including morphemes, syllables, syllable rimes, consonant clusters, phonemes, and pho-
netic features. (From Dell, G. [1986]. A spreading activation theory of retrieval in sentence

production. Psychological Review, 93, 283-321))

problems of segmentation and invariance quite
easily. Unfortunately, invariance is no more
tractable with syllable-sized units than with
phoneme-sized units. Furthermore, the infor-
mation conveyed by syllables may depend on

retrieval of their segmental constituents, so the

issuc of primary units is not resolved (Hawles
and Jenkins, 1971; Pisoni, 1978).

Recent theories in speech perception imply
that during comprehension of fluent speech,
the primacy of any particular unit of speech
may be less important than the obligatory units
of speech and their interactions (McClelland
and Elman, 1986). Although problems of coar-
ticulation have discouraged researchers from
positing the phoneme as an obligatory unit,
numerous alternatives have been proposed.
Examples include syllables (Cole and Scott,
1974a, 1974b; Studdert-Kennedy, 1974, 1980;
Massaro and Oden, 1980; Segui, 1984), context-
sensitive allophones (Wickelgren, 1969, 1976),
and context-sensitive spectra (Klatt, 1979). All
of these approaches have attempted to alleviate
the problem of acoustic-phonetic invariance via
the proposal of units that are relatively invariant
in continuous speech. Although there is still
ample reason to consider the importance of seg-
mental representations in speech perception and
word recognition (Pisoni and Luce, 1987), other
context-sensitive perceptual units incorporate

contextual variability directly in their represen-
tations and may therefore prove more robust to
the problems of coarticulated speech.

These four fundamental problems have
shaped speech perception research and theory
for nearly four decades and will no doubt figure
prominently in future work as well. Although
other issues have characterized speech research
in recent years, these issues capture the essence
of the problem of speech perception; how does
the listener convert the continuously varying
speech waveform into a series of discrete repre-
sentations for linguistic analysis? Any reasonable
theory of speech perception must address this
fundamental question. The next section ad-
dresses other issues that have been less focal but
no less interesting. These include the specializa-
tion of speech, the problem of perceptual
constancy, and the importance of suprasegmen-
tal and source information in speech.

FURTHER ISSUES IN SPEECH PERCEPTION
Specialization of Speech Perception

For many years, Liberman and his colleagues at
Haskins Laboratories have proposed a view of
speech perception as a specialized process re-
quiring specialized neural mechanisms unique to
humans (Studdert-Kennedy, 1980; Mattingly

NG ST
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and Liberman, 1988; Liberman and Mattingly,
1989). Barly support for the claim that speech is
special came from a well-known study by Liber-
man et al. (1957), who generated a synthetic
continuum of consonant-vowel (CV) syllables
ranging from /b/ to /d/ to /g/ by changing the
second-formant transitions in graded steps. Al-
though the physical changes between adjacent
stimuli were small, subjects’ identification re-
sponses were sharply discontinuous. Despite the
graded steps in the continuum, subjects’ percep-
tion of the syllables shifted abruptly, falling into
natural categories for the phonemes /b/, /d/, and
/g/. Moreover, when subjects were asked to dis-
criminate among tokens from the stimulus con-
tinunm, their discrimination of tokens from dif-
ferent phonemic categories was nearly perfect,
but their discrimination of tokens within the
same phonemic category was nearly at chance.
The phenomenon of discontinuous, categorical
perception for speech sounds was markedly dif-
ferent from typical results of psychophysical ex-
periments employing nonspeech stimuli such as
pure tones, Nonspeech continua are perceived
continuously, resulting in discrimination func-
tions that are monotonic with respect to the
physical scale. These differences between speech
and nonspeech perception led researchers to
propose that speech perception is subserved by
specialized mechanisms distinct from mecha-

nisms for general audition (see Repp [1983a] for .

a comprehensive review of the categorical per-
ception literature).

A number of other phenomena have been
purported to demonstrate the specialized nature
of speech. These include findings of phonetic
discrimination in infants, the rigidity of adule
phonetic categories, cross-modal cue integra-
tion, cue trading relations, and duplex percep-
tion. These phenomena are considered in this
chapter. However, for the development of
speech perception, see Ashin and Pisoni, 1980;
Eimas, et al., 1971; Walley, Pisoni, and Aslin,
1981; and Chapter 9 of this volume.

Perception of Speech and
Nonspeech Signals

Some of the carliest empirical support for the
claims of specialization for speech came from the
categorical perception of speech stimuli com-
pared with the continuous perception of non-
speech stimuli, The explanation for these differ-
ences offered by Liberman (1970a, 1970b),

Liberman et al. (1967), and Studdert-Kennedy
and Shankweiler {(1970) was based on the motor
theory of speech perception, in which speech
perception is assumed to be mediated by knowl-
edge of articulation. Considering the stimulus
continuum examined by Liberman et al. (1957),
although the physical scale was composed of
many graded steps of second formant transi-
tions, production of /b/, /d/, and /g/ corresponds
to three discrete, discontinuous places of articu-
lation. Listeners’ perception of these sounds
does not follow the continuous physical at-
tributes of the signal but seems to follow the
abstract, discontinuous places of articulation.
The fact that nonspeech signals are continuously
perceived was taken as further support that at
least for stop consonants, speech perception en-
tails a specialized speech mode of perception.
The motor theory account of categorical
perception, and the generality of the dara
themselves, were challenged by researchers who
believed that the same phenomena could be
explained via general principles of auditory
perception {(Massaro, 1972, 1987; Cutting,
1978; Schouten, 1980; Pastore, 1981). A prob-
lem with using the basic psychophysical studies
as the contrast to the speech perception studies

was that neither the nonspeech stimuli nor-
nonspeech categorization tasks were adequately

matched to their speech counterparts (Pisoni,

1991). More recently, 2 number of experiments .
using analogs of speech have demonstrated that
subjects can perceive continuously varying -

stimuli categorically even though they report-
edly hear the stimuli as nonspeech events such
tones or beeps. Such demonstrations of categorl-
cal perception for nonspeech signals imply that
generic psychophysical principles may account
for categorical perception; perception may be
discontinuous, ostensibly without reference 0,
articulatory knowledge. Accordingly, these t
searchers have attempted to account for ca
egorical perception of speech stimuli via general
auditory processing of acoustic stimuli, whetl
speech or nonspeech.

Lisker and Abramson (1964, 1967) demi
strated that categorical perception betwe:
voiced and voiceless stops (/b/ versus /p/, /d/¥¢
sus /t/, /g/ versus /k/) is determined by ¥
onset time. VOT is the silent interval be
the burst release at the articulators and the ¢
of voicing. In voiceless stops, there is typi 2
long lag between the burst release and voi€
in voiced stops, the lag is shorter and may
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be negative (voicing begins before the stop is
released). The finding that the temporal coordi-
nation of articulatory gestures determines cat-
egorical perception is consistent with an
articulation-based mode of speech perception.
However, similar findings have been obtained in
experiments using nonspeech materials. Miller
et al. (1976) created nonspeech VOT analogs by
generating  stimuli that contained aperiodic
noise bursts followed by periodic buzzing. The
interval between the noise burst and the buzz
was varied in small steps, following Lisker and
Abramson’s earlier VOT experiments. Subjects
asked to classify the stimuli according to “noise”
vs. “no noise” showed categorical perception
and discrimination very similar to those found
with speech stimuli. Similarly, Pisoni (1977) em-
ployed stimuli that were even less speechlike
than those used by Miller et al. {1976) and still
observed categorical perception. Pisoni pre-
sented stimuli composed of only two tones, one
at 500 Hz and one at 1500 Hz. The low tone
either preceded or followed the high tone by as
much as 50 ms, with graded steps in between.
Categorical identification and discrimination
closely resembled those obtained by Lisker and
Abramson (1967). In addition, Jusczyk et al.
{1980) found that infants perceive the two-tone
stimuli categorically, just as they perceive speech
stimuli (Eimas et al., 1971).

Comparison of the perception of speech and
nonspeech signals reveals that other phenomena
believed to demonstrate specialized speech pro-
cessing can be explained by general auditory
mechanisms. In a study of the effect of perceived
speaking rate on phonetic classification, Miller
and Liberman (1979) generated a series of
synthetic speech stimuli ranging from /ba/ to
fwal by gradually changing the duration of the
formant transitions leading into the steady-state
vowel formants. The most important manipula-
tion was varying the duration of the syllables,
hence the perceived speaking rate of the syl-
lables. Miller and Liberman found that, as
perceived speaking rate increased, subjects’ cat-
egory boundaries shifted toward /wa/, implying
that at faster speaking rates, listeners accept
shorter transitions as /w/. Miller and Liberman
accounted for these data by proposing that
specialized perceptnal mechanisms compensate
for changes in speaking rate in the perception of
stops versus glides (see also Miller and Wayland,
1993). Eimas and Miller (1980) demonstrated
the same compensatory phenomenon with in-
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fant subjects, implying that the specialized
mechanism is innate.

However, it was later found that the compen-
sation for speaking rate could be obtained using
nonspeech analogs of speech. Pisoni, Carrell and
Gans (1983) generated nonspeech analogs (three
component tones) of the Miller and Liberman
(1979) stimuli. Subjects categorized these.
stimuli as either “gradual onset” or “abrapt on-
set” and displayed a category boundary shift de-
pendent upon duration that bore a striking re-
semblance to the speech data (Fig. 8-4). From
these data Pisoni, Carrell, and Gans (1983, p.
320) suggested that postulation of specialized,
rate-sensitive mechanisms for speech may be un-
warranted. Instead, they argued that “context
effects in discrimination may simply reflect the
operation of fairly general auditory processing
capacities.” Indeed, Oller, Eilers, and Ozdamar
(1990) proposed a simple psychophysical model
based on linear regression to account for the rate
compensation effect. Finally, Jusczyk et al.
(1983) replicated the Pisoni, Carrell, and Gans
(1983) experiments, showing that 2-month-old
infants exhibit the boundary shift for nonspeech
as well as speech.

These speech-nonspeech comparison studies
suggest that the proposal of specialized mecha-
nisms for speech perception may be unwar-
ranted. However, despite the studies demon-
strating the similarities of speech and nonspeech
perception, important differences have also been
observed (Pisoni, 1991). A number of studies
have shown that when listeners are induced to
process nonspeech auditory signals in a speech
mode (for instance, when told they will hear
poor-quality synthetic speech and should label
the stimuli using phonetic categories), their
perception changes markedly. Such demonstra-
tions are typically provided by between-subjects

experiments using a common pool of perceptu-
ally ambiguous stimuli that can be heard as
either speech or nonspeech, according to the
listener’s expectations. In one condition subjects
are told that they will hear synthetic speech, and
in the other they are told that they will hear
beeps or tones. After some performance measure
is collected from subjects, they are typically
queried to ensure that they actually thought the
stimuli sounded like either speech or tones,
depending upon their assigned group.
When subjects were presented with the sine
wave speech sentence “Where were you a year
ago?” Remez et al. (1981) found that simply
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FIGURE 8-4 A shows categorization functions for synthetic speech stimuli (Miller and Liber-

man, 1979). B shows similar categorization functions
as tones. {Adapted from Pisoni, D. B., Carrell, T. D., & Gans,

for nonspeech stimuli that subjects heard
S. J. [1983]. Perception of the

duration of rapid spectrum changes in speech and nonspeech signals. Perception & Psycho-

physics, 34, 314-322.)
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rming subjects that the signal was speech
naniged subjects’ perception from a series of
histles and beeps to a correctly transcribed sen-
ce (see also Bailey, Summerfield, and Dor-
an, 1977; Grunke and Pisoni, 1982; Tomiak,
Miillennix, and Sawusch, 1987). Of course, the
emez et al. (1981) results may have been due to
either a qualitative change in perception or any
umber of changes in response biases. In an ex-
periment that left less room for a bias interpreta-
tion, Schwab (1981) found substantial backward
masking and upward spread of masking for sine
‘wave stimuli heard as tones. However, all mask-
g was climinated when subjects heard the
stimuli as speech
The major difference between perception in
the speech and nonspeech modes for ambiguous
stimuli appears to be the difference between
holistic and componential analysis. It seems that
listeners in the speech mode spontaneously
-forego detailed spectral analysis of the stimuli
and make their speech categorizations based on
entire, complex configurations of cues.” Con-
versely, subjects in a nonspeech mode behave
more analytically, actually hearing the compo-
nent parts of the stimuli individually. Further
evidence of this was provided by Tomiak,
. Mullennix, and Sawusch (1987) in an experi-
ment using the Garner {1974) speeded classifi-
cation task. When told that they would classify
nonspeech patterns, subjects separately pro-
cessed the component dimensions of noise-tone
analogs of fricative-vowel syllables. Irrelevant
variation in the noise spectra did not affect
reaction times for classifying tones. However,
when subjects were told that the stimuli were
synthetic fricative-vowel syllables, the compo-
nents were processed integrally so that irrelevant
variation in either dimension increased reaction
times to classify stimuli along the other dimen-
sion. Finally, in an experiment reported by
Grunke and Pisoni (1982), subjects were asked
to identify ambiguous stimuli with either pho-
netic or acoustic labels, depending on their
assignment to conditions. The stimuli were
composed of either one, two, or three compo-
nent tones. In the one- and two-tone conditions,
subjects who used the acoustic categories “ris-
ing” and “falling” performed better than sub-
jects who used phonetic categories. However,
when a third tone was added, acoustic classifi-

*Another interpretation may be that subjects in a speech
mode process components of the signal separately but in
accordance with well-learned combirations.

cations were greatly impaired and phonetic
classifications were substantially improved. Ap-
parently the third tone made the signal more
speechlike to listeners in the speech mode and
noisier to listeners in the nonspeech mode.

Given these and similar findings, it is apparent
that speech and nonspeech modes of perception
differ in fundamental, qualitative respects (see
Fowler [1990] for a different view). However,
the basis of these differences remains to be
explained. Are the differences due to the selec-
tive operation of different perceptual modules,
response strategies, or attentional capacities?
This question carries great theoretical impor-
tance and merits deeper investigation.

In sum, studies comparing speech and non-
speech perception have repeatedly called into
question the strong claims regarding the special-
ized nature of speech perception. However, the
evidence and arguments on both sides are
equivocal, and the implications of these studies
are subject to interpretation. To appreciate the
degree to which the meaning of these studies is
in the eye of the beholder, compare the conclu-
sions from two reviews of the speech-nonspeech
literature on categorical perception:

The nonspeech studies to this point do more than
just refute the view that caregorical perception is
specific to speech. They demonstrate that there are
certainy important similarities in the ways certain
classes of speech and nonspeech sounds are per-
ceived. (Jusczyk, 1986, p. 43).

In summary, despite a few suggestive results, there
is no conclusive evidence so far for any significant
parallelism in the perception of speech and non-
speech. (Repp, 19834, p. 50).

Buplex Perception

Duplex perception is a phenomenon discovered
by Rand (1974) and recently cited as strong
evidence for a dissociation of phonetic percep-
tion from general auditory perception (Liber-
man, 1982; Repp, 1982; Studdert-Kennedy,
1982; Liberman and Mattingly, 1985, 1989).
The general procedure for eliciting the duplex
percept is simple. A listener is presented with
two simultaneous, dichotic stimunli. One ear
hears an isolated third-formant transition that
sounds like a nonspeech chirp. At the same time
the other ear receives a base syllable. This base
syllable consists of the first two formants,
complete with transitions, and the third formant
without a transition. Typically, the transition
presented in isolation completes the syllable to




286 Par i Speech Perception

. .
formant
transitions

1 i

FREQUENQCY vt

1

wowel
steady state

|

i

i b

| H

one | 1
of Formant 3

these | i

Formant 2

\ Formant 1

TIME ——e

[¢ia] to fga}
NORMAL (BINAURAL} PRESENTATION

base
(to one ear)

create a /da/ or /ga/, sometimes in graded steps
along a continuum (Fig. 8-5). When the base and
the transition are presented dichotically, the
listener’s percept is duplex; that is, the com-
pleted syllable is perceived and the nonspeech
chirp is heard at the same time. Liberman and
Mattingly (1989) argue that the phonetic mod-
ule and a separate general auditory module each
respond to different aspects of the stimuli, thus
creating the duplex percept.

Several further findings support the claim that
segregated modes of processing are responsible
for the separate percepts. For example, in one
study, Mann et al. (1981; reported in Liberman,
1981) presented a series of different third-
formant transitions such that upon fusion the
entire syllables consisted of a continuum from
/da/ to /ga/. When subjects attended to the
nonspeech side of the percept, continuous dis-
crimination functions typical of nonspeech were
obtained. When subjects attended to the speech
percept, categorical discrimination functions
were obtained, implying that the separate per-
cepts are subserved by separate processing sys-
tems. Other experiments have demonstrated

DUPLEX-PRODUCING . (DICHOTIC) PRESENTATION

FIGURE 8-5 Stimuli used in a duplex perception experiment. The upper panel shows a syn-
thetic speech syllable with a range of third formant transitions. When presented binavrally,
these syllables range from /da/ to /ga/. The lower left panel shows the constant syllable base
that is always presented in the dichotic listening task. The lower right panel shows a series

of third-formant transitions, ranging from /ga/ to da/, which are combined with the syllable
base. (From Mann, V. A., & Liberman, A. M. [1983]. Some differences between phonetic and
auditory modes of perception. Cogrition, 14, 211-235.)
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that various stimulus or procedural manipula-
tions can affect the speech or nonspeech percept
independently, again implicating separate pro-
cessors (Isenberg and Liberman, 1978; Bentin
and Mann, 1990; Nygaard and Eimas, 1990;
Nygaard, 1993).

Taken together, these findings on duplex
perception support the claim of an independent:’
and specialized phonetic recognition system. As::
Repp (1982, p. 102) concludes: ‘

Duplex perception phenomena provide evi;
dence for the distinction between anditory arid
phonetic modes of perception. They show that, it
the duplex situation, the auditory mode can gait
access to the input from the individual edrs
whereas the phonetic mode operates on ‘th
combined input from both ears. The “phonologt
cal fusion” discovered by Day (1968)—two di
chotic utterances such as “banket” and “Jank
yield the percept “blanket”-is yet another ¢
ample of the abstract, nonauditory level of infe
gration that characterizes the phonetic mode::

Similarly, Whalen and Liberman (1987
171) describe the phenomenon of dupllffx_-_P:—
ception as evidence for the preemptivel
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of speech, arguing that the speech module
gets the first crack at interpreting an auditory
signal: “The phonetic mode takes precedence
in processing the transitions, using them for its
special linguistic purposes until, having appro-
priated its share, it passes the remainder to be
perceived by the nonspeech system as auditory
whistles.”

These interpretations of duplex perception
are not universal; several lines of counterevi-
dence have been offered. Pastore et al, (1983)
observed duplex perception for musical chords
(two notes in one ear, a third note in the other),
casting doubt on the claim that duplex per-
ception is a solely speech-based phenomenon.
In addition, Nusbaum, Schwab, and Sawusch
(1983) demonstrated that listeners use the in-
formation in the third-formant transition in-
dependently of the base, casting doubt on the
claim that the transition in isolation is a true
nonspeech signal (see, however, Nusbaum,
1984, and Repp, 1984). This finding by Nus-
baum, Schwab, and Sawusch (1983) implies
that subjects in the studies reported earlier
could have generated their phonetic decisions
without any process of auditory fusion between
the ears.

An especially strong challenge to the speech
module interpretation of duplex perception
comes from Fowler and Rosenblum (1990,
1991}. Borrowing language and ideas from Gib-
- son’s {1966} event perception, Fowler and
Rosenblum argue that duplex perception may
demonstrate not the preemptiveness of speech
per se but simply the preemptiveness of any
meaningful event, The argument is that hu-
man sensory systems have evolved to recog-
nize important objects and events around us
‘(“affordances,” in Gibson’s [1979] terminol-
ogy). Therefore, our perceptual and cognitive
systems are naturally attuned to perceive mean-
‘ing from any stimulation. Accordingly, Fowler
‘and Rosenblum predicted that duplex percep-
.tion would occur whenever two acoustic frag-
ments, when integrated, specify a natural event
“and when one of the fragments has any unnatu-
1l quality, Fowler and Rosenblum (1991, pp.
21, 52) write, “Under these conditions, the inte-
-Brated event should be preemptive and the in-
ense fragment should be duplexed regardless of
he type of natural sound-producing event that is
nvolved, whether it is speech or nonspeech, and
hether it is profoundly biologically significant
t biologically trivial.”

To demonstrate duplex perception for a

biologically erivial event, Fowler and Rosenblum
dichotically presented a low-pass filtered record-
ing of a slamming metal door to one ear and the
remaining high-frequency noise to the other ear.
Alone, the base sounded like a wooden door
slamming, and the chirp sounded to the authors
like a can of rice being shaken (recall that we are
biased to perceive sounds as events). When the
stimuli were played together with the chirp at a
higher amplitude than the base, most subjects
reported the duplex perception of metal door +
chirp. This demonstration of duplex perception
for such a completely nonspeech signal calls into
question both the relevance of duplex percep-
tion to speech research and the specialized
nature of speech perception (see Hall and
Pastore [1992] for a similar demonstration of
duplex perception using musical chords). Find-
ings such as Fowler and Rosenblum’s clearly

~underscore the need for deeper investigation

into duplex perception before it is too richly
interpreted.

Trading Relatfions and Integration of Cues

A third class of findings cited as evidence for the
specialization of speech perception comes from
studies of cue trading and cue integration (see
Repp, 1982). The speech signal is replete with
cues to phonetic contrasts, and several different
cues may indicate a single contrast (Delattre et
al., 1952; Denes, 1955; Harris, et al., 1958;
Hoffman, 1958; Repp, 1982). This makes it
possible that when the utility of one cue is
reduced, another cue becomes primary. It is
assumed that trading relations occur because the
cues are phonetically equivalent with respect to
the contrast in question. The cues may trade in
importance when necessary or may integrate to
provide robust contrasts when all cues are
provided equally. Examples of cue trading have
been provided by Denes (1955} and Fitch et al.
(1980), who demonstrated the perceptual
equivalence of closure durations and first-
formant transitions in signaling the contrast
between minimal pairs such as slit—split (Repp,
1982). In Figure 8-6 the phonetic trading
relation of closure duration and formant transi-
tion is clearly evident.

Phonetic trading relations have been cited as
evidence of a speech mode of perception for two
main reasons: First, trading relations can occur
between both spectral and temporal cues distrib-
uted over relatively long intervals. Repp (1982)
argues that it is difficult to imagine that such cues
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Hawles, T, Erickson, D. M., & Liberman, A. M. [1980]. Perceptual equivalence of two
acoustic cues for stop-consenant manner. Perception and Psychophysics, 27, 343-350. Ci
, T
would be integrated into a single percept unless lation and resolve inconsistencies in the acox{stic Al
some speech—speciﬁc system were mediaﬂng formation by perceiving the most plausible articy K ét{
perception. Repp argues further that listeners latory act. This explanation requires that the. o
must possess abstract articulatory knowledge to listener have at least a general model of huina T
vocal tracts and of their ways of action. 1

integrate such disparate cues {see also Liberman
and Mattingly, 1985). Repp (1982, p. 93) The second reason that trading relat

suggests that:

Trading relations may occur because listeners
perceive speech in terms of the underlying articu-

ions have,
been cited as evidence for the speech mode Of_

perception comes again from comparis
speech and nonspeech perception. Best, Mo

ons of



‘rongiello, and Robson (1981) reported two
experiments using sine wave speech, which may
be heard as either speech or nonspeech; depend-
ing primarily upon the listener’s expectation.
They found that listeners in 2 speech mode
-exhibit cue trading and integration, but listeners
in a nonspeech mode do not. They considered
these findings proof that the integration and
perceptual equivalence of multiple cues are
specific to speech.

Their conclusion has been challenged. For
example, Massaro and Oden (1980) have pre-
sented a model of speech perception that ac-
counts for trading relations while making no
assumptions of specialized processing (see also
Massaro, 1972, 1987, 1989; Massaro and Co-
hen, 1976, 1977; Oden and Massaro, 1978; and
Derr and Massaro, 1980). Massaro and Oden
argue that multiple features corresponding to a
single phonetic contrast are extracted indepen-
dently from the speech waveform and are
integrated multiplicatively into a unitary per-
cept. The weight given to each feature in this
integration is determined by the strength, or
certainty, of the feature’s presence. By this
account, speech perception reduces to a “pro-
totypical instance of pattern recognition” (Mas-
saro and Oden, 1980, p. 131).

Repp (1983b, p. 132) arrived at a conclusion
similar to that of Massaro and Oden, stating that
trading relations . . . aré not special because,
once the prototypical patterns are known in any
perceptual domain, trading relations follow as
the inevitable product of a general pattern
matching operation. Thus, speech perception is
the application of general perceptual principles
to very special patterns.”

In short, as in the earlier debates regarding
speech versus nonspeech perception and duplex
perception, the evidence provided by trading
relations is ambiguous with respect to claims of
a specialized speech mode of processing.

i Cross-Modal Cue integration
{The McGurk Effect)

Another recent finding in speech perception
attributed to specialized mechanisms is cross-
modal cue integration, Of the McGurk .effect
{MacDonald, 1976; MacDonald and McGurk,
1978; Summerfield, 1979, 1983; Roberts and
Summerfield, 1981). The phenomenon is 2
perceptual illusion, demonstrated as follows: A
subject is presented with a video display of 2
talker (or synthesized face; see Massaro and
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FIGURE 8-7 The procedure used to clicit the
McGurk illusion. The video displays a face articu-
fating the syllable /tap/ and the audio channel
outputs the syllable /map/. Audiovisnal integration
feads the subject to perceive the syllable /nap/.
(From Summerfield, Q. [1983]. Audio-visual speech
perception, lipreading and artificial stimulation. In
Lutman, M. E., & Haggam, M. P. (Bds.), Hearing
Science and Hearing Disorders. London: Academic
Press.)

Cohen, 1990) articulating simple CV syllables
and hears spoken syllables synchronized with
the visual display. The McGurk effect occurs
when the visual and auditory syllables are
incongruous. The listener typically reports hear-
ing neither the spoken syllable nor the lip-read
syllable, but something in between. For example,
when presented with a face that articulates /ma/
and an auditory syllable /ta/, most subjects report
hearing /na/ (Fig. 8-7).

According to subjective reports of the
McGurk illusion, the effect is quite striking.
Liberman (1982) points out that the procedure
affects listeners’ experience of hearing the syl-
lable as an integrated event, to an extent that
listeners cannot determine the degree to which
their perception of syllable identity is due to
either source of information. For example, Repp
(1982, p. 102) reports,

I have experienced this effect myself (together with
a number of my colleagues at Haskins} and can
confirm that it is a true perceptual phenomenon
and not some kind of inference or bias in the face
of conflicting information. The observer really
believes that he or she hears what, in fact, he or she
only sees on the screen; there is little awareness of
anything odd happening.
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The McGurk illusion has been interpreted as
particularly strong evidence for a specialized
speech perceptual system that makes reference
to articulatory gestures. Fowler and Rosenblum
(1991, p. 37) speculate, “Why does integration
occur? One answer is that both sources of infor-
mation, the optical and the acoustic, provide
information about the same event of talking, and
they do so by providing information about the
talker’s phonetic gestures,” However, there are
detractors to this position. Massaro and Cohen
(1983, 1990, 1993) have shown that their fuzzy
logical model of perception provides precise ac-
counts of the McGurk and MacDonald data
without postulation of any speech-specific mec-
hanisms. In addition, the generality of the phe-
nomenon is limited. Easton and Basala (1982)
found that the illusion is not invoked if whole
words are used instead of syllables (although
Dekle, Fowler, and Funnell, 1992, reported oth-
erwise). This finding and Massaro’s model sug-
gest that the illusion is the product of general
perceptual biases that are revealed only by highly
ambiguous stimuli. Finally, one of the principal
assumptions of cognitive psychology is that hu-
mans routinely perform intricate information

processing that may involve any number of -

stages, computations, heuristics, or biases with-
out any awareness of the operations they per-
form. Accordingly, despite the impressions of
listeners regarding the illusion, the fact that a
phenomenon seems truly perceptual does not
allow us to conclude by fiat that the results can-
not be due to biases (Neisser, 1967; Cutting,
1987).

Two further findings related to cross-modal
integration do seem to tip the scales back in
favor of a specialized-processing account. Millex
(1990) cites 4- and S-month-old infants’ sensi-
tivity to auditory-articulatory correspondence as
strong evidence for innately specified perceptual
mechanisms (Kull and Meltzoff, 1982; Mac-
Kain et al., 1983). Kuhl and Meltzoff (1982)
found that infants prefer to watch a display of an
articulating face if the accompanying spoken
syllables match the articulation rather than
incongruent audiovisual displays. Furthermore,
Roberts and Summerfield (1981) used the
McGurk phenomenon in a clever test of selec-
tive adaptation (see Eimas and Corbit, 1973).
They presented subjects with an auditory syl-
lable /be/ and visual syllable /ge/, producing the
percept of /de/. However, on a test of adaptation,
the perceived audiovisual syllable had the same
effects as a purely auditory /be/ on a /be/~/de/

series; subjects’ phonetic perception of the
stimulus as /de/ was not reflected in their
adaptation data. Studdert-Kennedy (1982, p. 7}
considers this finding a powerful indication of
the dissociation of general auditory and pho-
netic perception:

I take [the procedure of] audio-visual adaptation to
demonstrate unequivocally the on-line dissocia-
tion of auditory and phonetic perception. More-
over, following Summerfield (1979), 1 take the
results of the audio-visual adaptation study to
demonstrate that the support for phonetic percep-
tion is information about the common source of
acoustic and optical information, namely, artice-
latory dynamics.

Studdert-Kennedy may be correct. Alterna-
tively, we may assume, as in an information-
processing model of speech perception (Cutting
and Pisoni, 1978), that the pathway from
audition to phonetic perception is composed of
processing stages (see also Studdert-Kennedy,
1974, 1976). The locus of the phonetic percep-
tion of the McGurk paradigm and the locus of
the adaptation effect could be separated so that
the adaptation manipulation affects some stage
of processing that precedes the audiovisual
integration, This seems likely. Presumably the
integration of information from vision and
andition occurs somewhat late in the speech
perception process. If so, the Roberts and -
Summerfield (1981} data may not imply a strict
auditory versus phonetic dissociation; the adap-
ration stimulus may simply affect precategorical
phonetic perception, an explanation that would
be compatible with either a motor theory or an
auditory theory. Perhaps the only firm conclu-
sion is that the McGurk effect, like duplex -
perception, may eventually constitute compel-
ling evidence for specialized speech perception :
based on articulatory gestures. For the present, -
however, more complete investigation of these
phenomena is clearly hecessary.
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Role of Linguistic Expetience
in Speech Perception

An important but neglected issue relevant to th
question of specialization concerns the role o
linguistic experience on adult speech perceptio!
(see Studdert-Kennedy et al., 1970). It has lo
been known that infants can categorically dis
criminate among the phonemes of their natl¥
language and among many other nopnatl¥
phonemes. With continued linguistic exper:
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ence, the listener’s ability to discriminate be-
tween speech sounds not phonemically contras-
tive in the native tongue seems to be virtually
lost (Strange and Jenkins, 1978; Aslin and
Pisoni, 1980; Aslin, 1985; Logan, Lively, and
Pisoni, 1991; Pisoni, Logan, and Lively, 1994).
Maturation appears to pare down the set of all
possible contrasts {or at least most; see Best,
MacRoberts, and Sithole, 1988) that listeners
can originally discriminate to only the set re-
quired for the native language (see Polka, 1992;
Best, 1994; Polka and Werker, 1994). Evidence
for the language-specific discrimination abilities
of adults was first provided by Lisker and
Abramson (1964, 1967; see also Abramson and
Lisker, 1967). They investigated the abilities of
speakers of varying languages to perceive three
sets of synthetic speech stimuli that formed
continua along the dimension of VOT that
corresponded to labial, velar, and palatal sounds.
The results of their experiments demonstrated
that, in general, subjects from different linguistic
backgrounds identified and discriminated the
stimuli according to the contrastive phono-
logical categories of their languages. The cross-

language identification functions obtained by
Lisker and Abramson (1967), shown in Figure
8-8, demonstrate the influence of the native
language on perceptual classification.

Beyond the influence of the native phonemic
repertoireon the typical identification of speech
sounds, many studies have demonstrated the in-
flexibility of the adult listener’s phonemic cat-
egoties. Training an adult speaker of one lan-
gnage to discriminate reliably between pho-
nemes of another language is very difficult and
requires extensive training to obtain even small
improvements (Strange, 19724 Vinegrad, 1972;
Strange and Jenkins, 1978; Strange and Ditt-
mann, 1984). Therefore, it was argued that the
development of phonetic categories may require
a plastic neural substrate that becomes less flex-
ible after a critical period (Eimas, 1975). This
view of the nature and development of phonetic
categories is clearly compatible with the assump-
tion, recently defended by Liberman and Mat-
tingly (1989), that speech perception is modular.
Fodor (1983) describes perceptual modules as
innately specified, neurally hardwired and non-
modifiable. Fodor's modularity is therefore
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compatible with the view that speech perception
is subserved by perceptual and memory systems
that are flexible only in infancy, becoming au-
tonomous and impenetrable as early as possible.

More recent research, however, has demon-
strated that significant improvements in dis-
crimination of nonnative phonetic contrasts can
be obtained using laboratory training proce-
dures. In one experiment, Pisoni et al. (1982)
trained English-speaking subjects to perceive
three categories along a VOT continuum where
only two categories naturally exist. A more re-
cent example comes from training procedures
employed by Logan, Lively, and Pisoni (1991;
see also Pisoni, Logan, and Lively, 1994} to teach
Japanese listeners to discriminate /¢/ from /V/.
Previous research showed that training Japanese
listeners to distinguish these phonemes is ex-
tremely difficult and usually produces only mar-.
ginal results (Goto, 1971; MacKain, Best, and
Strange, 1981; Mochizuki, 1981; Strange and
Dittmann, 1984). However, Logan, Lively, and
Pisoni argued that neither the stimulus materials
nor the training procedures employed in most of
these studies were ideal for teaching listeners the
intended contrast. For example, Strange and
Dittmann (1984) used laboratory training pro-
cedures. Their methods failed and they con-
cluded that training procedures are ineffective in
modifying the phonetic categories of adult lis-
teners. However, several aspects of their meth-
odology call this global conclusion into ques-
tion. First of all, the stimuli were synthetic to-
kens of “rock’” and “lock”, and no other stimuli
were used. In addition, the procedure was a stan-
dard same-different discrimination task with
limited feedback.

Logan, Lively, and Pisoni used natural tokens
of minimal pairs contrasting /t/ and /l/. Further-
more, to provide listeners with more robust
categories, they presented tokens produced by a
variety of talkers. In addition, the target pho-
nemes occurred in a variety of phonetic envi-
ronments. Clearly, these natural and variable
tokens contain far more cues and more ecologi-
cal validity than the synthetic tokens employed
in earlier studies. Using these varied materials
and extensive feedback, Logan, Lively, and
Pisoni observed substantial improvements in
discrimination for all of their subjects. Similar
preliminary results have been reported by Pruitt
et al. (1990) in training English listeners to
distinguish Hindi retroflex-dental consonants.

Findings such as these, as well as a large body

of developmental data {Aslin and Pisoni, 1980;
and Chapter 9 of this volume) have prompted
several researchers (e.g., Jusczyk, 1985, 1986) to
ptopose that phonological categories develop
and are maintained by general attention and
categorization mechanisms. These theories as-
sume that the phonological inventory for any
given language can be derived by selectively
attending to relevant contrastive dimensions
while selectively ignoring variation along irrel-
evant dimensions. Nosofsky (1986, 1987) has
shown that this kind of selective attention
strategy applied in simple category learning
tasks can account for a wide variety of findings
in the literature on categorization, perceptual
identification, and the nature of psychological
similarity. Logan, Lively, and Pisoni (1991) also
refer to these attentional mechanisms to explain
their learning data and to account for the
learning failures of earlier studies. These pro-
posals imply that the processes of speech per-
ception rely on general cognitive principles of
pattern recognition, attention, and categoriza-
tion rather than highly specialized mechanisms
unique to speech perception. However, we
cannot determine whether these training proce-
dures affect early phonetic perceptual processes
or some later decisional processes. Clearly, we
are still a long way from complete understanding
of these issues, especially the developmental
aspects of phonetic perception. For the present,
however, we can maintain that adult phonetic
categories are not rigid, as has been suggested,
and that their flexibility is consistent with a view
of speech perception based on general cognitive
mechanisms.

Studies of Speech Perception
in Noenhumans

One final area of research that merits consider-
ation in this discussion is speech perception by
nonhuman animals. The logic that motivates
such research is simple: When strong claims
were made that categorical perception was:
speech-specific phenomenon, researchers 2
tempted to demonstrate categorical perceptio
of nonspeech signals. Similarly, when claim
were made that categorical perception W
uniquely human and speech-specific, research
attempted to demonstrate that nonhuman an
mals with auditory systems roughly analogous.
the human auditory system could also percel
speech sounds categorically. Clearly, animals:
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iy phoneuc content from human speech,
scrimination or categorization data pro-
the animals must reflect general audi-
d classification processes.

1 studies of speech discrimination by mon-
Morse and Snowdon (1975) and Waters
AWilson (1976) found preliminary evidence
onkeys perceive place of articulation
egoricaliy. More convincing evidence was
vided in experiments conducted by Kuhl and
Giller (1975, 1978) on perception of speech by
hmchllias In experiments on categorization (as
icated in an avoidance-conditioning task), it
vas demonstrated that, for stimulus continua
ying VOT, chmch;lias categorization bound-
aries were remarkably similar to those for
English-speaking listeners (Fig. 8-9). Moreover,
“Kluender, Diehl, and Killeen (1987) demon-
* strated that Japanese quail can learn apparently
robust phonetic categories for stop consonants
/bl /df, and /g/. The quail learned the stops in CV
syllables followed by four different vowels and
later could discriminate the three stops in the
context of eight novel vowels; this generaliza-
tion implies some form of abstraction of the
category.

What are we to make of this? The results are
certainly suggestive: If nothing else, they imply
that given an auditory system similar to the
human and a rudimentary ability to distingnish
between stimuli, animals tend to respond differ-
entially to speech signals that correspond to
human phonetic categories. This implies that we
need not hypothesize specialized, articulatory-
based perceptual mechanisms to account for
human speech perception. Unfortunately, the
results of the animal studies can be taken only as
suggestive. There is no reason to assume, for
instance, that human languages would have
evolved phonetic contrasts that were especially
difficult for our auditory systems to discriminate
(Stevens, 1972). The animal data may simply
illustrate that phonetic categories are evolution-
arily well conceived. Furthermore, since we have
10 access to the animals’ experience, we have no
basis for assuming that anything speechlike is
perceived at all. In short, examining their
behavior is rather like examining the behavior of
a Turing machine—it may resemble human
performance, but that does not mean it derives
from the same underlying mechanisms (see also
Repp, 1983a).

Finally, what are we to conclude about the
entire debate concerning the specialization of
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speech perception? There are viable arguments
on both sides of the issue. This debate has been
fruitful for the sake of continuing research--
more data have been generated and energy
devoted to its resolution than to any other issue
in speech perception. At the same time, the
specialization hypothesis may be empirically
unassailable. This may be true especially now
that the specialization mechanism has been
described in terms of the modularity hypothesis.
Fodor (1985) describes three necessary charac-
teristics of any experiment considered a bona
fide counterexample to the modularity of a
perceptual system: (1) The experiment must
demonstrate the influence of background infor-
mation (higher cognitive processes) on percep-
tual output. {2) This influence must clearly
involve the perceptual system; it cannot reflect
postperceptual processing or a decisional crite-
rion shift. {3) The cognitively penetrated system
must be the usual system for natural perception
in the given domain, not involving some backup
systems that are required only in special circum-
stances, such as in perceiving degraded stimuli.
Consider, for example, the finding that mere
instructions change the percept of sine wave
speech from a sequence of tones into a sentence
(Remez et al., 1981). At first glance, this appears
to violate the impenetrable nature of the pho-
netic module, whose operations are supposed to
be impervious to the listener’s beliefs and
expectations. {Fodor’s preferred examples are
optical illusions, such as the Mueller-Lyer illu-
sion, which- persists even when the observer
knows that the lines are of equal length.) Clearly
the sine wave speech demonstration satisfies the
first condition, but the second and third are
questionable. Furthermore, almost any experi-
ment aimed at demonstrating the nonspecialized
nature of phonetic perception may fail to satisfy
at least one of these criteria. The challenge for
future research is to address the relevant issues

while circumventing these pitfalls.

Normalization Problems in
Speech Perceplion

The problems posed for theories of speech
perception by the inherent nonlinearity, variabil-
ity, and nonsegmental nature of the speech signal
arise from the basic assumption that listeners
must somehow map distorted information in the
speech signal onto canonical linguistic represen-
tations in memory. Typically, researchers in
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<yeech perception have limited their study of
ariability to the effects of different phonetic

contexts. However, many factors beyond pho-
aetic context influence the acoustic realizations
of phonetic contrasts. Collectively, perceptual
ommodations to variations in speech patterns

5 recover canonical linguistic units fall into the

ategory of perceptual normalization. Recent

rescarch on normalization focuses on sources of
wariation such as talkers” vocal tract differences

and speaking rate differences (although the
‘problem of perceptual constancy is also intro-
“duced by a speaker with a mouthful of food, a

singing voice, etc.).

Tndividuals differ in the sizes and shapes of
their vocal tracts (Joos, 1948; Peterson and
Barney, 1952; Fant, 1973), glottal characteristics

{Carrand Trill, 1964; Monsen and Engebretson,

1977, Carrell, 1984), their idiosyncratic articu-
tatory strategies for producing speech (Lade-
foged, 1980; Johnson, Ladefoged, and Landau,

- 1993), and the dialects of their native regions
_ (Abercrombie, 1967). This produces wide vari-

ability in production of the same words and

phrases across individuals. Nevertheless, human
listeners accurately perceive speech across vir-

tually all (reasonably intelligible) speakers with-
out any apparent difficulty. At present, little is
known about the perceptual processes respon-
sible for the implied perceptual compensations,
nor is it known whether perceptual compensa-
tion occurs at all.

A related matter is time and rate normaliza-
tion. Speech is.a temporally distributed signal,
Accordingly, the cues to individual phonetic
contrasts in speech are distributed in time and
are substantially influenced by changes in speak-
ing rate. Moreover, the acoustic durations of
phonetic segments are influenced by the loca-
tions of syntactic boundaries in fluent speech, by
syllabic stress, and by the component features of
adjacent segments (Gaitenby, 1965; Lehiste,
1970; Klatt, 1975, 1976, 1979). Segmental
durations are modified further by contextual
factors in speech. For example, vowels of words
spoken in sentences are approximately half the
duration of vowels of the same words spoken in
isolation {(Luce and Pisoni, 1987). In sum,
phonetic contrasts in conversational fluent
speech are characterized by widespread duora-
tional variation. Furthermore, it is well known
that some durational variation in speech carries
important information about niimerous pho-
netic contrasts, word boundaries, and so on. In

English, numerous phonetic contrasts are distin-
guished by durational cues. Thus, the listener
must attend to and use durational cues to stress,
phonemic contrasts, and pragmatics while ignor-
ing irrelevant durational variations due to par-
ticular- talkers or circumstances (Port, 1977;
Miller, 1980).

Indexical Information in Speech

The human voice conveys information about a
speaker’s age and gender, as well as more
cultural information such as regional origin,
temperament, and social group membership.
Such aspects of speech, known as indexical
information {Abercrombie, 1967), do not, in
general, relate directly to processes of phonetic
perception (other than adding still more vari-
ability) but are heavily used in linguistic com-
munication nonetheless. For example, most of
us are reasonably expert at discriminating a New
England accent from a Japanese accent, just as
we are reasonably expert at discriminating the
speech patterns of children from those of adults.
Indexical information also alerts the listener to
the speaker’s identity and to important changes
in the physical or emotional state of the speaker.
Ladefoged and Broadbent (1957) call these
aspects of the voice “personal information.”
The use of indexical information in everyday
communication is pervasive, as when we infer
quite extensive information about a speaker’s
origin and background; in many societies speech
patterns are commonly associated with social
status {Abercrombie, 1967). Aside from cultural
speech patterns, speech patterns of an individual
speaker are richly informative. We are remark-
ably sensitive to the emotional or physical state
of a speaker within our own culture, and we can
readily identify people we know from their voice
alone (Van Lancker, Kreiman, and Emmorey,
1985; Van Lancker, Kreiman, and ‘Wickens,
1985). We also recognize signature voices; for
instance, most of us can identify even a poor
impersonation of W. C. Fields or Porky Pig.
Finally, the entire realm of changes we cali “tone
of voice” is pervasive in communication and 1s
readily perceived as anger, depression, or joy.
Occasionally, tone of voice modifies the seman-
tic content of an utterance, as in a sarcastic
comment. Finally, research has demonstrated
that listeners incidentally store detailed infor-
mation about speakers’ voices and implied
connotative states when listening to speech
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(Geisclman and Bellezza, 1977; Geiselman and providing examples of a speaker’s point vowels

Crawley, 1983).
These facts raise two apparently contradic-

tory questions in consideration of variability found that listeners ad

among talkers. The Grst concerns the listener’s
ability to recognize the segments of the language
despite the idiosyncratic variability introduced
by each new voice. The second concerns the
listener’s ability to exploit such variability to
perceive the characteristics of the talker and the
communicative situation.

Talket Variability in Speech Perception
and Word Recognition

Although Joos (1948) described the problem of
calker variability, one of the first empirical
demonstrations of its effects was provided by
Ladefoged and Broadbent (1957 see also Peters,
1955a, 1955b). Ladefoged and Broadbent pre-
sented listeners with the synthesized sentence
“please say what this word is:” followed by
“hit”, “bet”, “bat”, or shut’’. The carrier phrase
was altered in different conditions by raising (by
3006) or lowering (by 25%) either the first or
second formant or both. This manipulation
changed the perceived dimensions of the talker’s
vocal tract. Ladefoged and Broadbent observed
reliable changes in subjects’ identification of the
target syllables according to the perceived talker.
The authors concluded that the carrier phrase
allowed the listener to calibrate the vowel space
for the talker and to adjust interpretations of the
target vOwels accordingly (see also Gerstman,
1968). Following this carly demonstration, 2
number of studies sought to investigate and
explain the relative constancy of natural vowel
perception actoss talkers (see Shankweiler,
Strange, and Verbrugge, 1977; Johnson, 1990).
The guiding notion for all such studies was the
idea that listeners must somehow extrapolate
the entire vowel space of any given talker from
a small speech sample (Joos, 1948; Lieberman,
Crelin, and Klatt, 1972).
In further research, however, Verbrugge et al.

(1976; see also Shankweiler, Strange, and Ver-  infants’ discrimination of fricatives was e
brugge 1977) questioned the premise of this affected by talker variability (however,
d that despite talker vari- rell, Smith, and Pisoni, 1981). Finally, JusC
{ identifica- Pisoni, and Mullennix (1992) examine

Peterson and  effects of talker variability on infants’ discrie

approach. They note

ability, listeners’ errot rates in vow
tion tasks are low (only 4% in
Barney’s 1952 experiments). Verbrugge et al
reexamined vowel identification

despite talker variability. They also found tha

across talkers infants could discriminate syllables,
and found that accuracy is generally quite high /bug/ and /dug/, equally well in sin

did not improve listeners’ performance, con-
trary to the notion of calibration. Finally, they

just their criferia accord-
ing to perceived rate of articulation much more
than to perceived length of vocal tract. Ver-
brugge et al. (1976) concluded that talker
normalization either requires very little prior
information or does not occut in speech percep-
tion at all (sec also Strange €t al., 1976). Instead
they suggested that adjustment to talkers may
have more to do with tracking articulatory
dynamics than with frequency-based calibration
(see also Green, Stevens, and Kuhl, 1994).
Verbrugge and Rakerd (1986) presented listen-
ers with /bVd/ syllables spoken by males and
females. The syllables had the middle 60%
removed, leaving only the beginning and ending
cransitions with silence in between. Their results
showed that considerable vowel identity infor:
mation is contained in the transitions and that
this information is independent of the talker.
Verbrugge and Rakerd (1986, p. 56) concluded,
“This strongly suggests that a dialect’s vowels
can be characterized by higher-order variables

(patterns of articulatory and spectral change).
that are independent of a specific talker’s vocal

tract dimensions.”
The fundamental claim of these reports—

that talker normalization involves recovery of
underlying articulatory dynamics—1s familiar.
These findings imply that variability introduced
from individual talker characteristics may be .
resolved in the same manner as all other
acoustic-phonetic variability. This treatment of -
perceptual normalization finds support from
studies of development as well. Experiments
conducted by Kuhl (1979) and by Kuhl and.
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ndings are consistent with a notion Fhat some
spécialized system, perhaps a phonetic module
nsitive £ articulatory gestures, is involved in
talker normalization, just as hypothesized with
regard to more general problems of perceptual
constancy in speech (e.g., Liberman and Mat-
tingly, 1985, 1989).

“ Nonetheless, the data pertaining to effects of
ealker variability are equivocal. Essentially, the
Jaims of noneffects of talker variability come
from tasks of perceptual identification or dis-
crimination with few attentional or time con-
straints. Despite these demonstrations of the
jistener’s remarkable accuracy in perceiving
gpeech from varying talkers, several experiments
have shown reliable effects of talker variability
on speech perception and word recognition,
Creelman (1957) investigated the effects of |
talker variability on the recognition of phoneti-

for: - cally balanced words that were presented in lists
that . of tokens spoken by 1, 2, 4, 8, or 16 talkers.
ker. Perceptual identification of these words in noise
led, " showed that words in lists produced by 2 or
wels more talkers were recognized slightly less accu-
bles rately (differences on the order of 7% to 10%)
18¢) than words in the single-talker list.
scal Later experiments with larger sets of stimulus
materials have shown larger effects of talker
15 variability. Summerfield and Haggard (1973; see
’. of also Summerfield, 1975) observed slower reac-
liar. tion times to recognize spoken words in
wed multiple-talker blocks than in single-talker
" be blocks. Mullennix, Pisoni, and Martin (1989)
her investigated the effects of talker variability on
t of word recognition using a large sample of CVC
-om monosyllables. Words were presented in lists
2nts spoken by either one ralker or by 15 talkers, and
and subjects performed either perceptual identifica-
-old tion of words in noise or auditory naming of
vels nondegraded words. Mullennix, Pisoni, and
Ants Martin observed large and reliable effects of
fac- talker variability. Word recognition was slower
-we! and less accurate with multiple talkers than
uhl within single talkers. Moreover, as shown in
that Figure 8-10, talker variability was a more robust
not effect and was less sensitive to changes in task
*a:;' demands than other variables known to affect
Wh ’ word recognition, such as word frequency and
‘the neighborhood density (see Luce, 1986; Luce,
'z““ Pisoni, and Goldinger, 1990). Finally, Mullen-
that nix, Pisoni, and Martin also found that talker
ikji variability interacted with signal degradation,
rese implying that noise and talker variability atfecta
common stage of processing. From these data
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they suggested that talker variability affects early
stages of speech perception responsible for
immediate phonetic perception.

. Talker Variability in Memory and Atfention

Recent experiments in memory and attention
provide further insights into the nature of talker
variability effects. Martin et al. (1989) investi-
gated serial recall of 10-item word lists spoken
by either a single talker or by 10 different talkers
and found that recall of multiple-talker lists was
less accurate than recall of single-talker lists, but
only for items in early list positions. Moreover,
they found that recall of digits visually presented
before the spoken lists was less accurate if the
subsequent lists were multiple-talker lists than if
they were single-talker lists. Finally, they found
that the differences in recall between single- and
multiple-talker lists were unaffected by a post-
perceptual distractor task (following Peterson
and Peterson, 1959). From these converging
lines of evidence, Martin et al. suggested that
word lists produced by multiple talkers require
greater attention for rehearsal in working
memory than the same lists produced by a single
talker.

Further evidence of the attention-demanding
pature of talker variability was provided by
Goldinger, Pisoni, and Logan (1991), who pre-
sented for serial recall single-talker and multiple-
talker lists at varying speeds. They found that
talker variability interacted strongly with pre-
sentation rate, whereas other stimulus variables;
such as word frequency, did not (Fig. 8-11). Ac
relatively fast presentation rates, recall of single-
calker lists was supetior to recall of multiple-
talker lists, as in the Martin et al. experiments.
At very slow rates, however, recall of multiple-
talker lists was more accurate than recall of
single-talker lists, suggesting that voice informa-
tion is retained in lomg-term memory (see
Schacter and Church, 1992; Palmeri, Goldinger,
and Pisoni, 1993; Church and Schacter, 1994).
'The rate manipulation has long been assumed to
affect the rehearsal processes of the recall task
(Murdock, 1962; Rundus, 1971), so this result
suggests that talker variability taxes these
attention-demanding stages of processing. An-
other interesting finding reported by Lightfoot
(1989) was that subjects’ familiarity with the
talkers” voices also modifies the differences in
recall of single- and multiple-talker lists. When
subjects were trained to recognize the voices of
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the various talkers and associate them with fic-
tional names (Brad, Mary, Jane, Sam, etc.},
multiple-tatker lists were recalled better than
single-talker lists, even at relatively fast presenta-
tion rates. Recently, Nygaard, Sommers, and
Pisoni (1994) used the same procedure to show
that familiarity with a speaker’s voice improves
recognition of novel words produced by the
speaker.

Jusczyk, Pisoni, and Mullennix (1992) fur-
ther elucidated the effects of talker variability on
memory. They observed, as Kuhl and her
colleagues reported eatlier (Holmberg, Morgan,
and Kuhl, 1977; Kuhl, 1979; Kuhl and Miller,
1982), that infants recognize phonemic con-
stancy very well despite variation of the stimulus
voices. However, Jusczyk, Pisoni, and Mullen-
nix also employed a variation of the high-

amplitude sucking (FIAS). procedure (Eimas ¢t
al., 1971) that included a 2-minute delay be-
tween the habituation to one syllable and the
presentation of a new syllable. "This manipul
tion let them assess the effects of talker variab
ity on infants’ ability to encode and rememb
phonetic structure. They found that infants whe
heard speech from a single talker were able to
detect a phonetic change across the 2-mint
delay but the infants who heard speech fro
multiple talkers were not. These results, tak
together with the adult data, suggest that ma
taining perceptual constancy across talker
quires extra attention. o
Mullennix and Pisoni (1990) demonsti#
the influence of talker variability on selec
attention. They employed the Garner 12,
speeded classification procedure to iV

estigat
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processing dependencies between phonetic vari-
ability and talker variability. Subjects classified
monosyllabic words according to either the voic-
ing of the initial phoneme (/b/ versus /p/) or the
gender of the talker. They found that irrelevant
variations in phonetic constitution or voice
could not be ignored; variation along either di-
mension slowed classification along the other
dimension. However, a large asymmetry was ob-
served, showing that variability along the voice
dimension impaired classification along the pho-
netic dimension more than vice versa. These
data, shown in Figure 8-12, suggest that the pro-
cessing of voice information and phonetic infor-
mation are qualitatively different but also de-
pend on one another, sharing a limited-capacity
cognitive system (see Cutting and Pisoni,

Orthogonal Interference

Gender Classification
& Phoneme Classification
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Z

W X 2%

4W X 4T W X 8T I6W X 16T

Number of Words and Talkers
FIGURE 8-12 Garner speeded classification data.
The dark bars show the amount of interference
that phonetic variability caused in gender classi-
fication; light bars show the amount of inter-
ference that talker variability caused in phonetic
classification. Across afl stimulus sets, the dimen-
sions of voice and phoneme were perceived integ-
rally. (Adapted from Mullennix, J. W., & Pisoni,
D. B. [1990]. Stimulus variability and processing
dependencies in speech perception. Perception &
Psychophysics, 47, 379-390.)

1978). Mullennix and Pisoni suggest that both
indexical information and phonetic information
are processed in a mandatory fashion, following
Fodor (1983; for a similar suggestion see Miller,
1987). However, the implied modules may
function as a cascade system (McClelland,
1979), such that the output of the phonetic
module is more strongly affected by the output
of the voice module than vice versa {see also
Nusbaum and Morin, 1992).

In summary, the available data on the effects
of talker variability in speech perception, word
recognition, attention, and memory all indicate
that indexical information deserves more thot-
ough consideration in theoretical discussions of
speech perception than it has traditionally re-
ceived. Talker-related information affects per-
ception of speech and memory of spoken mate-
rial, attracts selective attention, and is routinely
encoded in parallel with linguistic information
(Geiselman and Bellezza, 1976, 1977; Palmeri et
al., 1993). The traditional approach to the study
of speech perception has considered only ab-
stract linguistic units without regard to the me-
dia that carry them. Further investigation into
the generality and nature of normalization ef-
fects in speech should provide valuable insights
into speech perception and perhaps the architec-
ture of general perceptual systems as well.
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:rosody and Timing in Kennedy, 1980). As an example, Darwin (1975) col
peech Perception had li L ad laved ,
ad listeners shadow a sentence played to one 19
Another neglected topic is the role of prosodic ear while another sentence was presented to Ma
information in language perception. Prosody is the other ear. At some point the prosodic gin
the melody, timing, rhythm, and amplitude of contours of the sentences were switched, but ler
fluent speech, and it is typically thought of as  their lexical, syntactic, and semantic content .
changes in the acoustic correlates of stress, such  remained unchanged. Shadowing often sponta- .
as fundamental frequency and vowel duration neously followed the prosodic contour across ,
(Lehiste, 1970; Huggins, 1972). Most of the ears rather than the syntax or semantics of the <
emphasis in speech perception rescarch and message to which subjects were originally at- t
theory has been on the segmental analysis of tending. Nooteboom, Brokx, and de Rooj ¢
phonemes, whereas suprasegmental informa- (1978) suggest that prosodic contours maintain t
fion has received only cursory consideration. the “perceptual integrity” of the signal and v
Although the role of prosody has been re- provide evidence that the continuity of funda- I
searched more vigorously in recent years, awide mental frequency and formant frequencies un- aco
gap remains between research on the perception derlies this integrity (see Bregman, 1978 and atic
of isolated segments and features and on sen- 1990; Remez et al., 1994). wid
tences with full prosody and patural rhythm {see Cutler and her colleagues (1976, 1977, 1979, and
Cohen and. Nooteboom, 1975). However, it is 1981} demonstrated yet another important 197
becoming apparent that prosodic factors may function of prosody in speech perception. Cutler Luc
Jink phonetic segments, features, and words to  has shown that prosodic contours enable listen- spec
grammatical processes at higher levels of analy- ers to predict where sentence stress will fall. fun
sis. Moreover, prosody seems to provide useful Because sentence stress is usually placed on dur;
information about the lexical, syntactic, and words of primary semantic importance, the usef
semantic content of the spoken utterance. We ability to predict stress placement presumably stru
briefly review several findings that illustrate the  guides attention to the most important words anyt
importance of prosodic information in the in the sentence. Thus, prosody appears to the :
perception of connected speech (Huggins, 19725 guide attention to high-information stretches of of p
Darwin, 1975; Nooteboom, Brokx, and de fluent speech. To demonstrate that attention sity
Rootj, 1978; Studdert-Kennedy, 1980). follows the predicted sentence stress, Cutler and the |
Differences in fundamental frequency can her colleagues demonstrated faster phonerne- mea
provide important cues to the proper parsing of monitoring reaction times for words pre- perc
speech into constituents for syntactic analysis. In dicted by prosodic contour to receive stress, T
acoustic analyses of connected speech, Lea regardless of the word’s actual acoustic realiza- man
(1973) found that a drop in fundamental fre- tion or form class. A word in 2 sentence position perc
quency usually occurred at the end of each major  of predicted stress is responded to faster than ers |
the same recorded token in another sentence indi

syntactic constituent of a sentence, and a rise in
fundamental frequency occurred in the begin-  position.
ning of the following constituent. In more These demonstrations of the role of prosody
detailed analyses, Cooper and Sorenson (1977) in guiding attention have led Cutler and others.
found reliable rise-fall patterns at the boundaries  to propose accounts of word recognition it
between the main clauses of a sentence, between which prosody is considered a primary source of
main and embedded clauses, and between major information rather than marginally relevant
phrases. Lindblom and Svensson (1973; see also  variability (see Cutler, 1976, 1989; Grosjean and
Svensson, 1974) have shown that listeners can Gee, 1987). These approaches all emphasize the
parse speech that is devoid of segmental cuesbut  prominence of strong syllables in fluent speecht
maintains prosodic integrity (see also Nakatani  and suggest that such syllables may focus arte
and Schaffer, 1978). These findings and others tion and initiate segmental analysis and lexi
(Collier and t'Hart, 1975; Klatt and Cooper, access. This approach, recently dubbed th
1975; Cooper, 1976; Klatt, 1976) demonstrate metrical segmentation strategy (Cutler and B‘
the importance of prosody as a cue to phrasal terfield, 1992; Cutler et al., 1992; McQue
grouping. Norris and Cutler, 1994}, contrasts with 1

Another function of prosody is the mainte- temporally constrained left-to-right mode
nance of perceptual coherence (Studdert- speech perception and word recognition Su¢t
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cohort theory (Marslen-Wilson and Welsh,
1978; Marslen-Wilson and Tyler, 1980;
‘Marslen-Wilson, 1987) , that assume word be-

innings are necessarily processed first. As Cut-

Jer (1989), p. 354) says:

The major problem for lexical access in natural
speech situations is that word starting points are
not specified. The evidence presented here has
shown how prosodic structure, in particular met-
rical prosodic structure, can offer a way out of this
dilemma. Where do we start with lexical access? In
the absence of any better information, we can start
with any strong syllable.

Finally, all of these useful prosodic cues make
acoustic-phonetic invariance far more problem-
atic. The durations of phonetic segments vary
widely across stressed and unstressed syllables
and in varying syntactic environments (Oller,
1973; Klatt, 1974, 1975; Luce and Charles-
Luce, 1985). Spoken stress also entails wide
spectral variations in formant frequencies and
fundamental frequency (Lehiste, 1970). The
durational variations of speech timing provide
useful cues to lexical identity and syntactic
structure, but at the cost of further removing
anything resembling canonic phonemes from
the signal. This potentially contradictory nature
of prosodic information underscores the neces-
sity of some theoretically sound resolution of
the problem of invariance —apparently, as more
meaningful variation js added to the signal,
perception is improved rather than impaired.

This chapter has identified and discussed
many of the long-standing. issues in speech
perception as well as several issues that research-
ers have recently explored. We now focus on
individual theories and models of speech per-
ception. We briefly introduce and comment
on only a few models in the literature (see
Klatt [1989] for 2 more extensive review), some
of the most important and influential classes of
theories, particularly those that should figure
prominently in future research.

THEORETICAL APPROACHES TO
SPEECH PERCEPTION

The perception of spoken language, encompass-
ing all processes from peripheral auditory cod-
ing of the speech signal to comprehension of the
message, is very complex. Many sources of
knowledge and multiple levels of representation
interact in myriad combinations. To date, the
complexity of language has precluded the for-
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mulation of theories of language perception that
are both global and empirically testable. There-
fore, the situation in language perception re-
search is similar to other areas of cognitive
science: most investigators have examined only
the details of specific phenomena and paradigms
rather than more complex or integrative issues
(Newell, 1973).

The remaining sections of this chapter illus-
trate this situation by their unfortupate di-
chotomy. In this section we review several
models of speech perception, and in the follow-
ing section, several models of spoken word
recognition. This segregation is largely due to
the orientations of the models themselves. Al-
‘though there are a few notable exceptions (e.g.,

Klatt’s LAFS model and the TRACE model),
most of these models were formulated to explain
either the identification of phonemes in the
speech signal or the mapping of phonemic
strings onto lexical representations in memory.
Very few models specify the integrated pro-
cesses of speech perception and word recogni-
tion (Pisoni and Luce, 1987). One trend, espe-
cially in the connectionist movement, is toward
grouping these processes into unitary models.
Another trend is toward justifying the segrega-
tion of processes considered in different
models by arguing that the processes are segre-
gated in perception. The concept of the phonetic
module (Liberman and Mattingly, 1985, 1989)
clearly justifies narrow consideration of pho-
netic perception without regard to the mapping
of speech representations onto lexical represen-
tations. Although we believe the former trend
will prove more fruitful in the long run, we
recognize the value of the ecarlier models and
discuss them next, beginning with the most
influential of all models of speech perception,
the motor theory.

Motor Theory of Speech Perceplion

“The original motor theory described by Liber-
man et al. (1967, p. 452) was based on the as-
sumption that . . . speech is perceived by pro-
cesses that are also involved in its production.”
This view of speech perception was motivated
by the fact that a listener is also a speaker, and a
close link exists between the acoustic forms of
speech sounds and their underlying articulation.
Therefore, an effective and economical means of
perceiving speech is to perceive the articulatory
gestures that produce sounds. Advocates of the
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{ eoustie-Phonetic Information J perception between consonants and vowels were i tha
primarily due to their differing demands on B ing
) — auditory short-term memory (Fujisaki and Ka- e acc
r o Command Convertion J washima, 1969,. 1970, 1971§ .Pisoni, 19?’1, Kia
1973, 1975). This general cognitive explanation abs
of the continuous-categorical distinction elimi- auc
Neuromotor Representation nated the need to appeal to articulation for the sug
(neural commands to muscles) perception of stops. Kla
'L The motor theory has been revised in two key mo
: regards (Liberman and Mattingly, 1985, 1983}, Lib
Command-to-Contraction Conversion First, whereas the original model was based on spe
ot L recognition of observable gestures, the revised per
o - model is based on perception of intended the
8 (pggg‘:;{gfu%;irzaﬁgg:m gestures. Gestures are a st of movements by the ily
; =y articulators that result in 2 phonetically relevant me:
: 7 p) vocal tract configuration. Each intended gesture '
{Comractienwthhapc Conversion of the language has properties that specify it Dir
's uniquely, and each intended gesture is invariant, fo !
such that each segment of the language maps '
Articulatory Representation uniguely to a distinctive gesture. The second Fov
(vocal tract shapes & excitation) important modification is that gestures are blu:
L perceived directly (following Gibson, 1966) by for
Shapes Sound Conversion an innate Qhonetic module. tior
The revised motor theory makes four basic (19
ft— claims considered in turn by Klatt (1989). The tior
Acoustic Represenation first claim is that speech production and percep- eve
{ spoken sound ) tion are linked psychologically so that they share tha
common representations and processes. Second, the
FIGURE 8-13 The motor theory of speech per- the basic unit of speech perception is the tior
ception. The theory posits conversion of acoustic-  underlying intended articulatory gesture associ- is a
phonetic information to a speech representation ated with a phonetic segment rather than the and
via articulatory knowledge. (From Coopet, . §. actual physical motions implied by the acoustics. _ obj
[1972]. How is language conveyed by speech? Third, perception of the intended gesture is - Wh
In Kavanagh, J. F., & Mattingly, 1. G. (Eds.), di f d b alized dule it v

Language by ear and by eye. Cambridge, MA: irect, perrormed by 2 specialized 1o
MIT Press. Fourth, the model is supported by the claim that - tou
no other model can account for the the wide C;:n
the

array of phenomena to which the motor theory

motor theory argue that a solution to the invari- has been applied over the years.

ance problem lies in the more reliable nature of With respect to the link between pr

articulatory gestures (compared with acoustic and perception, Klatt (1989) agrees that the:
phonemes) as units of perception (Fig. 8-13). processes must be linked in some sense (a8
Although, for many years, the original motor inverses, at least), but he also notes that there is’
‘theory has held a dominant position in accounts  no simple way to relate the processes to M €
of specch perception, the link between the articulatory perception any easier than acoustic
theory and the data is rarely more than sugges- perception. Considering the direct perception of
tive. As the review of evidence in the section intended gestures, Klatt notes that while ¢
Specialization of Speech Perception showed, the position is attractive and would solve m&!
evidence in support of motor theory is ambigu- problems of variability, no mechanisms d
ous. For example, much of the early support for scribed in the theory can perform this feat: ¢
motor theory came from the finding that syn- Furthermore, Klatt argues that technology fi@
thetic stop consonarnts were perceived categori- onstrates the extreme difficulty of determt
cally, whereas steady-state vowels were per- vocal tract shapes from speech acoustics, DY
ceived continuously, apparently paralleling their motor theory is based on faich that this tf2
respective articulatory origins. However, subse- formation is possible. In contrast to the prem!
quent research showed that the differences in of Newtonian mechanics, we cannot be cert

oduction:
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that speech is a reversible event. Finally, regard-
ng the uniqueness of the motor theory in
accounting for a wide range of phenomena,
Klatt argues that the revised motor theory is so
abstract that it is essentially no different from
auditory theories such as LAFS, and he therefore
suggests that the account is no longer unique.
Klatt (1989, p. 180) concludes, “An attractive
~motor theory philosophy has been described by
" {iberman and Mattingly, but we are far from the

d on specification of a motor-theory model of speech
rised perception.” His point is well taken; the motor
aded theory and the revised theory are based primar-
¢ the ily in logic, parsimony, intuitive appeal, and a

measure of faith, rather than empirical support.

vant
sture
fy i ' pirect-Realist Approach
tant, fo Speech Perception
naps -
~ond Fowler (1986, 1990) and Fowler and Rosen-
are blum (1990, 1991) have outlined the framework
3) by - for a direct-realist approach to speech percep-
tion. This approach assumes that, as in Gibson’s
basic (1966) view of visual perception, speech percep-
The tion entails the recognition of natural phonetic
cep- events. As in the motor theory, Fowler assumes
hare that the relevant events perceived in speech are
ond, the speaker’s phonetically structured articula-
the tions. In the language of event perception, there
saci- is a fundamental distinction between the event
( the and the informational medium. For example, an
SLiCS object such as a chair is an event in the world.
re is When our eyes gaze upon the chair, we perceive
{ule. it via light that is structured by the edges, con-
that tours, and colors of the chair. We do not per-
wide ceive the light per se. Instead, the light is merely
eory the medium by which the chair is perceived.
The suggestion for speech perception is very
tion similar to this example —articulatory events lend
the unique structure to the acoustic waveform, just
' (as as chairs lend structure to light. Accordingly,
re is Fowler suggests that articulatory events are di-
nake rectly perceived via the acoustic medium.
astic The direct-realist approach to speech percep-
m of tion is similar to the motor theory in many
the respects. However, there are important differ-
1any ences. Most notably, the two theories approach
de- the signal in different ways, Motor theory
feat. maintains that the acoustic signal is subjected to
fem- computations to retrieve underlying gestures. In
ning contrast, the direct-realist approach maintains
t the that po cognitive mediation whatsoever is
‘ans- necessary; the acoustic signal is “transparent”
aises with respect to the underlying structure of
ttain speech (Liberman and Mattingly, 1985). Follow-
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ing this difference, Fowler and Rosenblum
(1991) argue that phonetic perception need not
be modular, suggesting instead that general
perceptual principles can be invoked to perceive
the distal events of speech.
The direct-realist approach and motor theory
are attractive for many of the same reasons
(Studdert-Kennedy, 1986): Direct-realism has
intuitive appeal, and it fares well with many of
the data that the motor theory can explain.
Moreover, it stems from a respected tradition
of event perception theories. However, it must
meet many challenges. Most important, of
course, is the need for empirical support, in
which regard it is similar to the motor theory (al-
though evidence is growing; see Dekle, Fowler,
and Funnell, 1992; Fowler, 1994). Forgiving the
lack of critical data, many logical and theoretical
challenges can be offered as well (see commen-
taries on Fowler’s [1986] target article; Diehl
and Kleunder, 1989). For example, as Remez
(1986) notes, it is not clear what the proper
perceptual objects in linguistic communication
are. Fowler has adopted a physical perceptual
object that is capable of structuring the acoustic
media— the articulatory gesture - and has made
its recognition the central task of speech per-
ception. However, articulations are not ends in
themselves, Unlike chairs, articulations are an-
other medium, because language is symbolic.
Strings of articulations are perceived as words
and ideas, so gesture perception does not fully
éxplain speech perception. Moreover, as noted
by Diehl (1986), Porter (1986), and Remez
(1986), chairs and gestures are also very differ-
ent in terms of their perceptual availability. We
know unambignously when we are look-
ing at a chair; we do not have such access to
phonetic gestures. A direct-realist theory might
claim that our unambiguous recognition of
words and sentences implicitly demonstrates our
recognition of gestutes, but other less circular
accounts are available (Massaro, 1986). The
resolution of these and other theoretical vagar-
ies, as well as the further collection of relevant
data, will be important to the direct-realist
position.

Informafion-Processing Theories
of Speech Perception

Perhaps the polar opposite to the direct-realist
perspective is the information-processing per-
spective. The theories and models that fall into
this category are oriented toward general cog-
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cls differ in detail,

ption. All of these models

assume distinctive, hierarchically organized lev-
els of processing. Moreover, all or most of these

theories assume that limited-capacity perceptual
and memory stores are intimately involved in
speech analysis (Cutting and Pisoni, 1978). This
view contrasts sharply with the revised motor
theory and the direct-realist framework. Two
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o5 Of processing that derive syntactic and
[naatic content.
j.Studdert—Kennedy (1974, 1976) was the first
n approach to speech perception
ssed on Stages of perceptual processing. He
pr_oposed four stages of speech processing: (1)
auditory, (2) phonetic, (3) phonological, and (4)
xical, syntactic, and semantic (sce review and
sscussion by Pisoni and Luce, 1986, 1987; f.uce
.4 Pisoni, 1987). As the diviston of Studdert-
ennedy’s STAgEs imply, this apptoach to speech

erception synthesizes information-processing

sychology and linguistic theory. An advantage

{ this framework is the ‘clear division of

'procésses of speech perception; working within

ach a framework provides a well-defined divi-
“sion of topics for investigatiof.

" The basic appeal of stage theories is their

Creliance on generally accepted mechanisms of

~tognition and perception. As such, information-

Processinig models introduce certain advantages
over modular theories such as motor theory. For
example, they can account for the effects
of reduced attention or increased memory load
on speech perception (Nusbaum and Schwab,

- 19846). Usnfortunately, like many theories of
speech perception, information-processing the-
ories have typically been quite vague and not
subject to direct empirical tests. '

Klait’s LAFS Model

Although we introduce Klatt’s lexical access
from spectra (LAFS) model in this section, LAFS
is a model of spoken word recognition as well.
LAFS is one of the few models that successfully
addresses several critical issues of speech per-
ception along with access to the mental lexicon
and the nature of lexical representations in
long-term memory.

LAFS assumes direct, aoninteractive access o
lexical entries based on context-sensitive spec-
tral sections (Klatt, 1979). It also assumes that
adult listeners have a dictionary of all fegal
diphone sequences stored in memory. Associ-
ated with each diphone sequence is its proto-
typical spectral representation. These spectral
representations are proposed to resolve prob-
lems associated with contextual variability of
individual segments. In a sense, LAFS resolves
the problems of variability by precompiling
coarticulatory effects directly into the represen-
tations of an input word and comparing these
derived spectra to prototypes in memory. Word

recognition is accomplished when a best match
is found between the input spectra and the
diphone representations. In this portion of the
model, word recognition is directly based on
spectral representations of the sensory input,
with no intermediate levels of computation
corresponding to segments Or phonemes.

An important aspect of LAFS is its explicit
avoidance of any levels of representation corre-
sponding to phonemes. Instead, the model
assumes a precompiled, acoustic-based lexicon
of words in a network of diphone power spectra.
These spectral templates are assumed to be
context-sensitive units, similar to “Wickel
phones,” because they represent the acoustic
correlates of phonemes in different phonetic
environments (Wickelgren, 1969). Klatt argues
that diphone concatenation is sufficient to cap-
sure much of the context-dependent variability
observed for phonetic segments in spoken words
(see also Marcus, 1984). Word recognition in
LAFS proceeds similarly to the workings of the
computerized HARPY speech recognition sys-
tem, in that power spectra are computed every
10 ms and compared with the stored represen-
tations (see Klatt [1979] for details on HARPY).
When finished, the best path through the di-
phone network is the optimal phonetic tran-
scription of the signal. Klatt’s model is an
example of an extreme bottom-up recognition
process and may be contrasted to more interac-
tive models of word recognition that we con-
sider below, such as cohort theory and TRACE.

Massaro’s Fuzzy Logical Model
of Perceplion

Massaro’s fuzzy logical model of perception
(FLMP) (Massaro, 1972, 1987, 1989; Massaro
and Cohen, 1976, 1977, 1993; Oden and
Massaro, 1978; Derr and Massaro, 1980) Mas-
saro and Oden, 1980; was developed to account
for feature integration in speech perception,
regardless of the nature of the relevant features.,
For example, FLMP can account for the inte-
gration of multiple acoustic cues in the speech
waveform as well as audiovisual integration. In
this brief introduction, we restrict our attention
to the recovery of phonemes from the speech
signal, noting only that integration of informa-
tion from other sources is possible in the model
and is accomplished by processes similar to those
described here.

FLMP assumes three operations in phoneme
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identification. First, feature evaluation deter- imental paradigms {Jenkins, 1989; Warren,
mines the degree to which any given acoustic-  1989). Finally, Massaro’s 1987 suggestions that
phonetic feature is present in a stretch of the FLMP framework may be extended to all
sound. Unlike more conventional feature de- forms of perception are attractive, but consid-
tector theories, FLMP assumes that features are  erable testing and evaluation are clearly required
evaluated along a continuous scale rather than by these claims.

an absolute feature present-feature absent di~

chotomy. Features are assigned cORtINUOUS,  yuESRETICAL APPROACHES TO SPOKEN

“fuzzy” values rang'mg fmfn 0 to 1, indicating  \weopD RECOGNITION
the degree of certainty that the feature appears
in the signal {Zadeh, 1965). The second op- The theories and models described in the previ-
eration in FLMP is prototype matching, in ous section are models of speech perception,
which the feature profiles derived by the earlier meaning that they primarily address phonetic
operations are compared with prototypes of perception, independent of higher-level lexical
phonemes stored in memory. Phoneme pro- or linguistic processes {with the exception of
totypes are stored as sets of propositions that LAFS). In this section we introduce several mod-
describe ideal representations of the acoustic  els of spoken word recognition, models primar-
correlates of each phoneme. The prototype- ily concerned with the rapid location of lexical
matching operation specifies the degree of cor-  entries in memory once the speech perception
respondence between ideal phonemes and the system has specified the necessaty sublexical
input sets of features. The final operation, components of the input. This separation of the
pattern  classification, determines the best focus of theories is unfortunate and appears in-
match between the candidate phonemes and  appropriate (Pisoni and Luce, 1987), especially
the input by using goodness of fit algorithms.  in light of the data on lexical effects in speech
FLMP provides flexibility in pateern classifi-  perception (Ganong, 1980; Samuel, 1986; Sam-
cation by using a variety of logical rules for uel and Ressler, 1986; Nygaard, 1993). Never-
feature integration so that perfect matches  theless, most of the models considered bere as-
berween the input and the prototypes are not  Sume that some input, perhaps resembling a
required for phoneme identification. string of phonemes, 1 provided by early pro-
FLMP is appealing for several reasons. First, cesses of speech perception and is then com-
it is a very general framework that demonstrates  pared to the mental lexicon until a best match is
how acoustic information (as well as other found. Very few models of word recognition or
information) can be mapped onto representa- texical access (except TRACE) are concerned
tions in long-term memory without the postu-  with the entire range of processes that subserve
lation of specialized speech procedures or mod- word recognition.

ules. In fact, Massaro (1987, 1989) specifically The myopic nature of theories of word

rejects the notions of specialized or modular  recognition and lexical access is primarily attrib-

processes in speech perception. Second, the utable to their origins. Most theories were

model argues that speech perception is not designed to account for findings in visual word
¢

i

The framework is therefore consistent with the word recognition allow for some variability. A
data reported by Barclay (1972), Pisoni (1973), very general assumption has been that models of:,

necessarily categorical but can be explained by recognition, so assamptions of invariance ar
integration of continuously evaluated features. easily justified, although most models of visna

and others that continuous information remains  visual word recognition can account for spoken -
available in speech perception, despite the cat- word recognition as well, given rudimentary

egorical identification and discrimination func-  modifications to respect the temporal distribu
tions obtained in typical studies (e.g., Liberman tion of the speech signal (Marslen-Wilson an
et al., 1957). Finally, FLMP is one of the Tyler, 1980; Grosjean and Gee, 1987; Tyler an
only models of speech perception proposed in Frauenfelder, 1987; Cutler, 1989). W
terms of a precise mathematical framework validity of this assumption is subject to debat
(Townsend, 1989). However, the quantification (Bradley and Forster, 1987), it has isolated th
has been a source of criticism as well as praise. Processes of word recognition sufficiently
FLMP employs large numbers of free parameters  allow for the development of precise, al'b'e
to account for patterns of data, and the param- simplified, theories. While ignoring question
eter settings do not easily transfer across exper- related to the problems of early speech perce

hile the:
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-~ models of word recognition focus primar-
1y 1 explaining basic phenomena such as word
requency effects, context effects, types of
wledge sources brought to bear on word
ecOgnItion, and the nature of representations in
e mental lexicon. Indeed, these considerations
argely characterize models of word recognition
4 are the basis of extensive experimentation
and debate. Furthermore, one of the fundamen-
tal debates about models of word recognition is
the distinction between modular and interactive
p}ocesses (Bradley and Forster, 1987; Tanen-
haus and Lucas, 1987). In this discussion we pay
special attention to the models’ respective ap-
proaches to all of these basic phenomena and
theoretical distinctions. '
In this section we briefly examine five models
of word recognition:* the logogen theory, co-
“hort theory, Forster’s search theory, the neigh-
" bothood activation model, and the TRACE
model. It should be noted that these are only
some of the models described in the literature,
* but we hope this review will capture and com-
municate several of.the key issues in spoken
~ word recognition. We begin with one of the
~ eartiest models of word recognition, the logogen
theory.

Logogen Theory

In Morton’s (1969, 1979, 1982) logogen theory,
these passive sensing devices are associated with
each word in the mental lexicon. Each logogen
contains. all of the information about a given
word, such as its meaning, possible syntactic
functions, and its phonetic and orthographic
structure. A logogen monitors discourse for any
information indicating that its particular word is
present in the signal, and once such information
is encountered, the activation level of the logo-
gen is raised. Given sufficient activation, the
logogen crosses a threshold; the information
about the referent word is made available to the
response system and the word is recognized (Fig.
8-15).

Several important features of the logogen
theory have been either strongly rejected or in-

*In the remainder of this chapter, the following distinction
is employed. Word recognition means only the recognition of
an acoustic-phonetic pattern as a token of a given word held
in memory. Lexical access is the moment when all informa-
tion about the recognized word becomes available 10
working memory (see Morton, 1969; Pisoni and Luce,
1987).
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corporated into later models. First is the empha-
sis on multiple interactive knowledge sources in
word recognition. An important feature of the
theory is that logogens monitor all possible
sources of information, including higher-level
semantic and syntactic information from the dis-
course and lower-level sensory information.
(However, logogens do not “talk to each other,”
meaning that any given logogen is oblivious to
the activity levels of other logogens.) Thus, in-
formation from several levels can combine to
push the activation level of a logogen toward its
threshold. In this sense, logogen theory is highly
interactive, and context effects are incorporated
into the early stages of word recognition. Words
that are readily predicted by the semantic and
syntactic context are activated and recognized
more quickly than those not well predicted by
context. A second important feature of the logo-
gen theory is its portrayal of “word frequency
effects.” It posits that frequency differences
among words produce adjustments in the recog-
nition thresholds of their logogens: Thus, a com-
mon word has a lower threshold than a rarely
used word and therefore requires less sensory or
contextual input for recognition. The character-
ization of word frequency as a direct coding in
recognition thresholds, resting activation levels,
ot activation functions has been adopted-in
many later models of word recognition (e.g.,
Marslen-Wilson, 1987).

Taken together, the two major assumptions of
the logogen theory place the word recognition
stage as the locus of both context and frequency
effects. The approach is highly interactive, and
its portrayal of context effects has been chal-
lenged by theorists who prefer a more modular-
ist approach to language processing (Forster,
1979, 1990; Bradley and Forster, 1987). Like-
wise, the theory characterizes word frequency as
an integral and automatic aspect of word recog-
nition. However, some theorists argue that word
frequency may be better characterized as a form
of perceptual or response bias, as demonstrated
by the task-dependent magnitude of frequency
effects (Balota and Chumbley, 1984; Luce,
1986).

The details of logogen theory have changed
somewhat over the years, but the basic mecha-
nisms have remained the same. For example,
Morton (1982) divided the logogen system into
separate visual and auditory subsystems, but the
fundamental notion of the passive threshold
device that monitors information from a variety
of sources has remained. Unfortunately, logogen
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FIGURE 8-15 'The logogen theory of word recognition. The theory emphasizes the central
role of the logogen system and its interaction with the general cognitive system. The logo-
gen System accounts for frequency effects, and the cognitive system accounts for context ef-
fects. (Adapted from Morton, J. [1979]. Word recognition. In Morton, J., & Marshall, J. D.
(Eds.), Psycholinguistics 2: Structures and processes. Cambridge, MA: MIT Press [pp-

109-156).)

theory is rather vague. It helps us conceptualize
how an interactive system works and how word
frequency may operate, but it says little about
precisely how acoustic-phonetic and higher-
level sources of information are integrated, the
time course of word recognition, or the struc-
ture of the lexicon.

Cohort Theory

Marslen-Wilson’s cohort theory (Marslen-
Wilson, 1975, 1980b, 1987; Marslen-Wilson
and Tyler, 1975, 1980; Marslen-Wilson and
Welsh, 1978) posits two stages in word recogni-
tion, one autonomous and one interactive. In the
first autonomous stage, acoustic-phonetic infor-
mation at the beginning of an input word acti-
vates all words in memory that have the
same word-initial information. For example, if
“slave” is presented to the system, all words
beginning with /s/ are activated. The words acti-
vated on the basis of word-initial information

constitute a cohort. Activation of a cohiort is’
autonomous in the sense that only acoustic-
phonetic information can specify it. At this stage,.

which Marslen-Wilson (1987, 1990, 1993) call
access, word recognition is a completely data
driven, or bottom-up, process. '
Once a cohort is activated, all possibl
sources of information come to bear on th
selection of the appropriate word. Thus, fu
ther acoustic-phonetic information may elim
pate “sight” and “save,” leaving only wor
that begin with /sl/, such as “sling’” and “slay
Note that access is based on acoustic-phonet
information and is assumed to operat® in;
strictly left-to-right temporal fashion. At
later integration stage of word recogniti
however, higher-level knowledge may. al
climinate candidates from the cohort. Th
“sling” is incomsistent with the available
mantic of syntactic information, it wit
eliminated from the cohort. At the integrat
stage of word recognition, the theory is B
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..FIGURE §-16 FElimination of hypothesized lexical
" candidates from the word-initial cohort for

“glaye.”

interactive.” Figure 8-16 shows the elimination
process: Upon isolation of a single word in the
cohort, word recognition is accomplished.

An important feature of cohort theory is its
sensitivity to the temporal nature of speech.
It gives priority to the beginnings of words
and assumes strict left-to-right processing of
acoustic-phonetic information. Cohort theory
also embraces the notion of optimal efficiency
(Marslen-Wilson, 1980a, 1987; Tyler and
Marslen-Wilson, 1982), the principle that the
word recognition system selects the appropriate
word candidate from the cohort at the earliest
possible point (the recognition point). This
means that the word recognition system will
commit to a decision as soon as sufficient
acoustic-phonetic and higher-level sources of in-
formation are consistent with a single candidate.

Although earlier discussions of cohort theory
made no mention of word frequency, Marslen-
Wilson (1987, 1990) suggested that frequency
in cohort theory operates similarly to the logo-
gen theory. Specifically, Marslen-Wilson pro-
posed that word recognition may not require
absolute elimination of all members of a cohort
but merely a comparison of relative activa-
tion levels among candidates (following Luce,
1986), with the activation levels modified by
the activation-elimination processes described

* At Jeast to a degree. In his revisions, Marsien-Wilson (1987)
suggested that the effects of top-down context on the word
selection process may be limited, perhaps so that context can
have only a facilitatory effect for consistent words but not an
inhibitory effect for inconsistent words.
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above. Word frequency is assumed to modify the
individual rates of activation of the words con-
stituting the cohort, with common words be-
coming active faster than rarely used words. Like
the logogen theory, then, cobort theory portrays
word frequency as an integral aspect of the early
phases of word recognition.
Marslen-Wilson’s cohort theory has attracted
considerable attention for several reasons, in-
cluding its relatively precise description of the
word recognition process, its novel claim thatall
relevant words in the mental lexicon are acti-
vated in the initial stage of access, and the -
priority it affords to word beginnings, a popular
notion in the literature {Cole and Jakimik,
1980). However, the theory is not without its
shortcomings, both theoretically and empiri-
cally. First, Marslen-Wilson (1987, 1989; War-~
ren and Marslen-Wilson, 1987) has argued that
the theory requires no conventional linguistic
units, such as phonemes, in order to function.
He proposes that to maintain optimal efficiency
the word recognition system exploits coar-
ticulatory information that crosses phonemic
boundaries (e.g., nasalization of a vowel preced-
ing a nasal consonant) in real time, avoiding
unnecessary decisional delays. Unfortunately,
the data on this point are ambiguous, and the
argument could be made that nasalization of a
vowel is primarily a cue to phonemic rather than
Jexical identity. Affording priority to the lexical
cue may be efficient, but it may not be correct.
Nor is it clear that candidates can be efficiently
climinated from the cohort without the use of
phonemic dichotomies (see Pisoni and. Luce
[1987] for further discussion).

Another problem with cohort theory is error
recovery. For example, if “foundation” is per-
ceived as “thoundation” due to mispronuncia-
tion or misperception, the word-initial cohort
will not, according to the theory, contain
the word candidate “foundation.” Although
Marslen-Wilson allows for some residual activa-
tion of acoustically similar word candidates in
the cohort so that a second pass through the
cohort structure may occut, it is still unclear how
error recovery is accomplished when the in-
tended word is not a member of the original
activated cohort. -

Finally, several studies have challenged some
of cohort theory’s stronger assumptions, €spe-
cially the concept of maximally early decisions
in word recognition. For example, although
preliminary evidence from the gating task
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(Grosjean, 1980; Tyler, 1984) supported the no-
tion of early isolation points, later experiments
showed that many words are not recognized un-
¢il well after their acoustic offsets in continuous
speech (Grosjean, 1985; Bard, Shillcock, and
Altmann, 1988; Connine, Blasko, and Titone,
1993). Moreover, cohort theory predicts that
¢he time it takes to decide an item s a nonword is
a function of its isolation point, the point in the
stimulus at which the item could not constitute
an English word (e.g., “{orato” should be re-
jected faster than “potavo”’). However, Good-
man and Huttenlocher (1988) and Taft and
Hambly (1986) have shown that lexical deci-
sions are not reliably predicted by isolation
points. Despite these problems, cohort theory is
one of the most important theories in spoken
word recognition, primarily because it was de-
veloped to explain spoken rather than visual
word recognition, and it therefore respects the
temporal nature of speech.

Forster's Aufonomous sedrch Theory

In contrast to logogen and cohort theory, For-
ster’s (1976, 1979) theory of word recognition
and lexical access is autonomous in the strictest
sense. Whereas Morton’s and Marslen-Wilson’s
theories allow for parallel processing of informa-
tion, linguistic processing in Forster’s theory is
completely serial. The theory posits three sepa-
rate linguistic processors: lexical, syntactic, and
message. The latest version of Forster’s theory
incorporates a fourth nonlinguistic processor,

the general processing system (GPS). Forster’s .
model may be considered the word-recognition
embodiment of several of Fodor’s (1983) prin-
ciples of modularity in perceptual processing
(see Tanenhaus and Lucas, 1987; Forster, 1989,
1990), strongly emphasizing algorithmic, nonin-
teractive processing among separate COmMpor

nents that are hierarchically organized.

In the first stage of Forster’s model, informa-
tion from peripheral perceptual systems is sub-
mitted to the lexical processor. The processor
then searches for an entry in three peripheral
access files: an orthographic file for visual input,
a phonetic file for auditory input, and a
syntactic-semantic file for either form of input.
Search of the peripheral files is assumed
to proceed in frequency order, with higher-
searched Dbefore lower-
frequency words. Word recognition is accom-
plished at the level of the peripheral access files, i
where the input pattern is matched to a stored

frequency words

representation. Once an entry is located in these
files, lexical access is accomplished by locating
the entry in the master lexicon, where all other
information about the word is stored (Fig. 8-17).
Upon location of an item in the master
Jexicon, information pointing to its location in
the master list passes to the syntactic processor,
which builds a syatactic structure of the dis-
course. Information passes from the syntactic
processor to the message processot, which builds
a conceptual structure of the message. Each of
the three processors—lexica}, syntactic, and
message—can pass information to the GPS.
However, the GPS cannot influence processing.
Rather, it only incorporates general conceptual
knowledge with the output from the linguistic
processors in making a decision or response. In
Fodor’s terminology, the linguistic processors
are vertically organized, whercas the GPS is
horizontally organized, meaning that the GPS,
unlike the linguistic modules, integrates infor-
mation from many disparate domains.
Forster’s theory postulates autonomous,
nonpenetrable modules. The lexical processor
is independent of the syntactic and message
Processors, and the syntactic processor is in-
dependent of the message processor. Further-
more, the entire linguistic system is indepen-
dent of the general cognitive system, as Fodor
(1983) suggests. This strictly serial and au-
ronomous characterization of language pro-
cessing means that word recognition and lexical
access are not influenced in any way by higher-
level knowledge sources and are exclusively
bottom-up or data-driven Processes. Forstet
(1979) attempts to explain all forms of conteXE
effects as post access, decisional or response
biases. However, Forster (1990) posits that
word frequency exetts an early effect on wor
recognition.
Forster’s model is attractive because of its
relative precision and the apparently testable
claims it makes regarding the autonomy ©
processors. It also describes word recognition
and ‘lexical access in the context of sentend
processing. In addition, it incorporates a specif
mechanism of the word frequency effec
entries in the peripheral access files are OIF
nized according to frequency, and search X
ceeds from high- to low-frequency entries. T
notion of the search mechanism lends itseif w
to empirical testing, although the majority
relevant data reported to date come

e et e e e

“recog
- Pison

experiments in visual word recognition (For
and Bednall, 1976; Andrews, 1989).
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e
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pen- FIGURE 8-17 Forster’s model of word recognition emphasizes the autonomy of the search
ydor processes and the role of 2 frequency—ordered search within specific access files. (Adapted
au- from Forster, K. L. {1975} Levels of processing and the structore of the language processor.
pro- In Cooper, W. E., & Walker, 8. C. T. (Eds.), Sentence processing: Psycholinguistic studies pre-
xical sented to Merrill Garrett. Hillsdale, NJ: Erlbaum [pp. 27-861)
rher-
ively Nelghborhood Activation Model
rster 9 porhood density, the number of words in the
text The neighborhood activation model of word neighborhood and their degrees of confusability
OTISE recognition (Luce, 1986; Goldinget, Luce, and with the stimulus word, and (2) neighborhood
that Pisoni, 198%; Cluff and Luce, 1990, Luce, frequency, the frequencies of the words in the
word Pisoni, and Goldinger, 1990) assumes that word neighborhood relative to the frequency of the
recognition reducestod selection of abest match  stimulus wortd (see Fravenfeld et al., 1993).
of its from a pool of activated word candidates and is In experiments on perceptual identification
stable thus similar in important respects to both  of words presented in noise, anditory Jexical de-
iy of Mortor’s logogen theory and Marsten-Wilson’s cision, and auditory word naming, Luce (1986)
iition cohort theory. However the neighborhood observed that these structural characteristics 0
tence activation model makes important assumptions similarity neighborhoods scrongly affected the
recific about the role of competition for recognition speed and accuracy of word recognition. Words
‘ect— among activated items. Gentral to the model is  from spars€ neighborhoods were recognized
orga- the concept of the sirmilarity neighborhood faster and more accurately thas words from
1 pro- {(Landauer and Streeter, 19733 Colcheart et al, dense neighborhoods, and words from low-
. This 1977, Luce, 19863 Andrews, 1989), a collection  frequency ncighborhoods were recognized fast-
if well of words resident in the mental lexicon that are  €f and more accurately than words from high-
ity of phonetically similar to each other and to any frequency peighborhoods. Indeed, neighbor-
from given stimulus word presented for recognition. hood characteristics Were more reliable predic-
orster Similarity neighborhoods are characterized by tors of word recognition than word frequency
tharacteristics: (1) neigh-  itself; in the auditory word-naming experiment,

two maii structural ©
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High-level lexical
information
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FIGURE 8-18 The neighborhood activation mode! of spoken word recognition. The model
emphasizes the importance of similarity neighborhoods in isolating a single word candidate
from the lexicon. Word frequency is assumed to bias the word decision units as they monitor
activation patterns in the lexicon. (Adapted from Luce, P. A. [1986]. Neighborhoods of words
in the mental lexicon. Unpublished doctoral dissertation. Indiana University.)

robust effects of neighborhood density were ob-
served, but no effects of word frequency were
evident (see Balota and Chumbley [1984, 1990]
regarding the lability of word frequency effects).

In the neighborhood activation model, word
recognition is much like that of both logogen
theory and cohort theory, but with two basic
modifications. The model (Fig. 8-18) assumes
that upon stimulus input, a set of acoustic-
phonetic patterns are activated in memory. The
activation levels of these patterns are assumed to
be a direct function of their phonetic similarity
to the stimulus input. The activated phonetic
patterns in turn activate a system of word deci-
sion units, conceptually similar to logogens. The
word decision units are activated directly and
autonomously from the bottom-up information
provided by the signal, as in cohort theory. Once
the word decision units are activated, they moni-
tor a number of sources of information, espe-
cially the fluctuating activation levels of the
acoustic-phonetic patterns. However, unlike
processing in the system of logogens or the

‘in the TRACE model. Finally, the decision units

cohort, the word decision units also monitor the
overall level of activity in the decision system .
itself, in a manner similar to the processing units

are sensitive to higher-level lexical information,
including word frequency. This information
biases the decisions of the units by differentially’
weighting the activity levels of the words to
which theéy respond. Word recognition occnts
when the system of decision units selects a best
match from the activated neighborhood,
which time all information about the word
made available to working memory.
The neighborhood activation model places
much of the burden of spoken word recognition
on discrimination and selection among simil
acoustic-phonetic patterns corresponding
words. Accordingly, it can account for effects.0
similarity between stimulus words and their
neighbors in the lexicon. In both logogen 2
cohort theory, it is explicitly assumed that WOk
recognition is independent of the numbe
activated candidates. Therefore, these models
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of explain neighborhood density or neighbor-
ood frequency effects. In addition, the model
s for word frequency by assuming that
cy information biases the decisions of
he word decision apits. By assuming that fre-
quency works in the late decision stage rather
than in the early activation of the word units, the
neighborhood activation model accounts for the
common observation that word frequency ef-
cts vary across experimental tasks. Since differ-
ont tasks introduce different decisional require-
ments, the neighborhood ~activation model
predicts different effects of word frequency.
‘Logogen theory, cohort theory, and Forster’s
search model propose that frequency is an inte-
gral and early contributor to word candidate
“activation or search order, and so these models
are pot well suited to account for experiments in
which word frequency effects are attenuated or
absent (.., Balota and Chumbley, 1984; Luce,
- 1986).
- Despite the advantages of the neighborhood
activation model over other models of word rec-
ognition, it does introduce several methodologi-
cal difficulties. First, the concept of phonetic
similarity among words in memory is difficult to
- quantify for empirical tests, and crude estima-
tion methods, such as the N metric (Coltheart et
al., 1977), are most commonly employed. Also,
the concept of similarity depends on assump-
tions of representation. Similarity may be de-
fined with respect to the speaker’s phonetic rep-
ertoire or with respect to the listener’s idealized
phonetic representations, which are unavailable
for inspection. Despite these difficulties, how-
ever, the concept of similarity is easily handled in
theory, and the empiric effects of similarity
neighborhoods are robust despite estimation. A
second shortcoming of the model is the treat-
ment of the temporal characteristics of word
recognition. Unlike cohort theory, which explic-
itly accounts for the time course of word recog-
nition, the neighborhood activation model of-
fers no account of the recognition of multi-
syllabic words (although see Cluff and Luce,
1990).

Finally, we should mention another model to
which the neighborhood activation model bears
resemblance —the activation-verification model
(Becker, 1976, 1979, 19803 Becker and Killion,
1977; Paap et al., 1982). in the activation
verification framework, presentation of 2 stimu-
fus word activates a pool of similar candidates

“selected by coarse sensory analysis. These can-
didates are subjected to verification in which

actount
frequen
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each candidate word is compared with the

stimulus until a best match is established. The

verification process is similar to the search pro-

cedure in Forster’s search model; candidates are

submitted for verificationin descending order of

word frequency. By incorporating the concept

of the verification set, which is much like a simi-

farity neighborhood, the activation-verification

model can account for the effects of set size and -
similarity among neighbors. However, the mod-

el’s assumption of the frequency-ordered verifi-

cation process reduces its flexibility in predic-

tions of word frequency cffects across tasks
(Dobbs, Friedman, and Lioyd, 1985).

TRACE and other ¢onnectionist Models

The TRACE model of speech perception” (El-
man and McClelland, 1986; McClelland and
Elman, 1986; Elman, 1989) is a nearly com-
pletely interactive system. Coming out of the
growing connectionist movement and based on
the interactive-activation model of visual word
recognition (McClelland and Rumelhart, 1981;
Rumelhart and McClelland, 1982), TRACE
advocates multiple levels of representation and
rich feedforward and feedback connections be-
tween processing units. In addition, TRACE
incorporates processes for both activation and
inhibition of units in the network, as in the
interactive-activation framework.
Figure 8-19 displays a section of a TRACE
" network. The functional units are simple, highly
interconnected processing units called nodes.
When information passes upward through the
jevels, nodes that collect sufficient confirmatory
evidence to pass a threshold will fire and send
activation along weighted links to their related
nodes. In this manner, information consistent
with the expectations of the early feature
detectors is proliferated upward in the network
to encourage recognition of the features’ asso-
ciated phonemes, and then recognition of the
phonemes encourages recognition of the pho-
nemes’ associated words.

*Although most contemporary “modeis of speech percep-
tion” are clearly concerned with speech perception and most
“models of word recognition” ate concerned with word
recognition, several models address both. LAFS is one of
these. TRACE also accounts for phenomena from both the
speech perception and word recognition literature. We
recognize the contribution of TRACE and similar connec-
tionist models to theories of speech perception. Qur decision
to discuss it in this section is simply an acknowledgment of
its jmporiance as a theory of word recognition.




344 Port lli: Speech Perception

A key property of TRACE is the organization
of éxcitatory and inhibitory links between nodes
and levels. All connections from one level to
another are excitatory, i.e., activation of a node
on one level will increase the activity of all
connected nodes on adjacent levels. As an
example, if the feature detector node for voicing
encounters voicing cues consistent with /k/, then
the node for /k/ will be activated and in turn will
activate all words in the lexicon that contain /k/.
Within levels, however, all nodes ate connected
by inhibitory links, so the model must quickly
resolve ambiguity in the signal. For example, if
the features for /k/ and /g/ are encountered
simultaneously, the nodes corresponding to the
features and phonemes for both possibilities not
only become activated but also inhibit their
nearest competitors. Computationally, the end
result of this process is a winner-take-all form of
perceptual decision (Elman and McClelland,
1986), meaning that the node that receives the
most positive activation also receives the most
veto power over its competitors. A final impor-
tant property of the model is its use of percep-
tual feedback. That is, not only do activation and
the flow of information in the model proceed
from the early feature detection system to the
lexicon, but the expectations at the lexical and
phonemic levels can bias perception on the levels
below (Gamong, 1980; Nygaard, 1993).

The interactive nature of TRACE offers much
to theories of speech perception and word
recognition. McClelland and Elman (1986) list

nearly a dozen well-known phenomena that the
model can simulate, ranging from categorical

Top-down_Constraints

Speech Input
FIGURE 8-19 A section of a connectionist network with TRACE architecture. The network
contains nodes corresponding to phonetic features, phonemes, and words. information is
provided to the network via the speech signal and top-down knowledge. Excitatory and in-
hibitory links among the nodes control perception and learning in the network.
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perception to trading relations, as well as find- distri

ings from the word recognition literature, such in th

as carliness of word recognition. As regards the n

speech perception, TRACE does not treat coar- 1986

ticulatory speech as noise imposed on an ideal- work

ized string of phonemes. Instead, Elman and exam

McClelland (1984) call contextual variability -
lawful variability, a rich source of information in SUMI
TRACE. (The authors say, “You can tell a !

phoneme by the company it keeps.”) Although . This «

the model assumes segmental representations in.. the p

speech, no explicit ‘segmentation is imposed. SPCGC]
Instead, phones and allophones are simply fon
assumed in the model’s architecture, so segmen- ' -ﬁ;!d

theore

tation falls out naturally. As regards word
recognition, the inhibitive links among nodes
the lexical level allow TRACE to account. for
neighborhood effects. In brief, by virtue of,
simple assumptions of interacting units, TRA
demonstrates many of the attributes of theo
‘of speech perception and word recognition
integrated system without postulating or pro
erating restrictive rules or specialized mech
nisms. .
However, like all models, TRACE has.
problems. Many of them relate to the simpli
ing assumptions about speech input. Others,
inherent to the model. Among the mosts
problems are these: (1) It has no mechan
predicting word frequency effects (althot gh
easy to imagine how a set of lexical level
could be instantiated). (2) It has no obviou
of identifying a nonword. Judging Iexi(:_a}_f
is one of the most important abilities of
recognition (Forster, 1979) and should
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ded in any model. TRACE could set criterial A particularly encouraging trend is the grow-
- fidence values for outputs so that unfamiliar  ing emphasis on considering speech perception
+ds would be judged as nonwords, but this and spoken word recognition as interacting

o Lo -
ould confound distinctions between degraded  stages of a unitary process. Most research on

inputs and nonwords (a discrimination that speech perception over the past 40 years has
sman listeners make easily). (3) Perhaps the been concerned with the perception of isolated

st important problem with TRACE arises phonetic contrasts Or phonemes in brief, mean-
om one of its most attractive features. It ingless syllables. Although the modularist ap-
cknowledges and even exploits variability and proaches maintain that research and theory can

oarticulation in its perceptual decisions, but it proceed in a vacuum, the major current trend
Joes not address other sources of yariability appears to be toward interactionism, bridging
ommon in natural language, such as talker the gap that has traditionally separated the study
diosyncracies, changing speaking rates, stress of these different stages of speech comprehen-
ssignments, and others. Even more troubling is  sion. Already we have observed the development
he face that TRACE demands a certain degree of of several connectionist approaches to language
invariance in its variability. It acknowledges that  processing, emphasizing the value of interaction
‘the cues for phonemes are not localized in between levels of representation. Perhaps the
‘specific segments, but at the same time it does major insight of this approach has been the value
‘require that all cues occur in a predetermined  of allowing models of speech perception and
time window. While the problems of temporally word recognition to constrain each other. As
| as find- distributed cues in speech are not easily resolved noted by Pisoni and Luce (1987), theorizing
in the original TRACE model, it is hoped that about one stage of language processing without
the new breeds of recurrent networks {Jordan, regard for related stages may lead to theories
eat coar- 1986) may alleviate some of the difficulties of that work well in artificial isolation, but if
an ideal- “working with time windows speech (for theories about one stage of processing are
man and “example, see Elman [1990, 19931). incompatible with our understanding of another
stage, it is not clear what we have learned.

wk

are, such
i regards

ariability

nation in  SUMMARY _ In short, we believe that the growing interest
wn tell a in the perception of spoken language, going
Although - This chapter identifies and elucidates several of beyond the level of the phoneme to the level of
-ations in the principal issues in research and theory on  the word, reflects a healthful trend toward more
imposed. * speech perception and auditory word recogni- comprehensive accounts of language percep-
2 simply . tion. Some are long-standing concerns in the tion. Of course, much research remains to be
| segmen- ~ field. Despite their long history as empirical and  done on almost every level of spoken language
ds word theoretical issues, problems such as the lack of understanding. The problems of speech percep-
nodes at " acoustic-phonetic invariance and segmentation, tionand spoken word recognition, along with all
woust for the problem of perceptual normalization, and aspects of language perception, promise to
we of its - the specialization of speech perception remain  provide interesting and challenging research
,TRACE . - vital and controversial areas of research today, —opportunities for at least another 40 years.

f theories - And although innovative approaches to these

tion in an issues have developed both in research and in Acknowledgment

or prolif- theory, the fundamental complexity of speech This work was supported by NIH Research
1 mecha- perception continues to puzzle researchers. No  Grant DC-00111-14 to Indiana University,

~ comprehensive solutions to these problems are  Bloomington, Indiana.

E has its in the immediate future, but the trends are

simplify~ ' encouraging.
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ough it is . _ _ _ . -
vel biases 1. What is the animorphism paradox and why 3. Discuss several possible conclusions that one
rious way has it remained a central concern in speech might draw from studies comparing speech and
cal status research? nonspeech perception.

of word i 2. Explain the problem of the information 4. Why has duplex perception been cited as

1d be in- - transfer rate in speech communication. support for a theory of a phonetic module?
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5. Does the evidence suggest that nophuman
animals perceive speech sounds in a manmner
similar to that of humans?

6. Explain the problem of perceptual constancy.
Relate it to talker variability and changes in
speaking rate.

= What is the central claim of the motor theory
of speech perception? What are the claims of
information-processing models?

8. Describe three phenomena that all models of
word recognition should be equipped to ex-
plain.
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