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1. Introduction

The idea that the nature of speech perception plays a role in shaping phonology is not
new. There is a substantial literature that proposes and tests perceptual explanations for
phonological patterns, e.g. Liljencrants and Lindblom (1972), Lindblom (1986), Ohala
(1981, 1990, 1993). Most of this research addresses general tendencies in phonological
patterning, e.g. the cross-linguistic tendency for front vowels to be unrounded. This
leaves the problem of going from the general to the particular: particular languages may
violate the general tendencies, as in the case of a language with front rounded vowels.
Recently phonologists have begun to tackle this problem, incorporating principles that
invoke properties of human speech perception into models that derive generalizations
about phonological systems, but also allow for analyses of individual languages. This
area of research has proven very productive, and there is now substantial evidence for the
importance of perceptual considerations in phonological theory, but there is little
agreement on the proper formalization of the influence of speech perception on
phonology. This issue is the organizing theme of the chapter.

A key element in the development of this research has been Optimality Theory (OT,
Prince and Smolensky 1993), which offers a framework for constructing analyses of
individual languages out of constraints expressing general preferences of the kind
identified in the works cited above. In OT terms, the central question addressed here is:
“What is the form of the constraints imposed on phonology by speech perception?” We
will review the main types of evidence that have been used to argue for perceptual
constraints in phonology to clarify exactly what kind of constraints they motivate. In the

process, we will also examine the kinds of experimental evidence that have been adduced



in formulating analyses, and the kinds of evidence that will be needed to develop this line

of research.
2. Dispersion and Enhancement

The most direct evidence for perceptual constraints in phonology comes from
generalizations about inventories of phonological contrasts. Phonetic descriptions
distinguish hundreds of sound types, but a typical language has only about 30 contrasting
sounds (Maddieson 1984:7). These inventories of contrasting sounds are far from being a
random sample of the set of attested speech sounds, rather the observed inventories are
subject to many restrictions, some of which can be explained in terms of perceptual
constraints.

One well established example involves preferences for particular vowel qualities.
There is a strong cross-linguistic preference for vowels to be front unrounded or back
rounded unless they are low vowels, as in the common vowel inventories illustrated in (1)
(low vowels are typically described as central or back and unrounded). In Maddieson’s
(1984) survey of a genetically diverse sample of languages, 94% of front vowels are
unrounded and 93.5% of back vowels are rounded. Where a language does have front
rounded, central, or back unrounded vowels, these appear in addition to front unrounded

and back rounded vowels.
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It is hard to imagine any articulatory basis for this relationship between backness and
rounding. The tongue and lips are articulatorily relatively independent, so it would appear
to be as easy to round the lips with the tongue body forward as with it retracted. On the
other hand there is a straightforward perceptual account of the covariation of backness
and rounding. The primary perceptual dimensions of vowel quality correspond well to the

frequencies of the first two formants (Delattre, Liberman, Cooper, and Gerstman 1952,



Plomp 1975, Shepard 1972). Front and back vowels are differentiated primarily by the
frequency of the second formant (F2), with front vowels having a high F2 and back
vowels having a low F2. Lip-rounding generally lowers F2, so the ordering of front and
back, rounded and unrounded vowels, and central vowels in terms of F2 is shown in (2).
Thus the maximally distinct F2 contrast is between front unrounded and back rounded
vowels (Liljencrants and Lindblom 1972, Stevens, Keyser, and Kawasaki 1986).
Maximally distinct contrasts are preferred because they are less likely to be confused by

listeners.
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The general preference for maximally distinct contrasts follows from the
functionalist hypothesis that phonological systems are well adapted for communication,
since distinct vowels are less susceptible to confusion, and successful communication
depends on avoiding confusions in speech perception. We will see that the principle of
maximization of distinctiveness (or minimization of confusion) is the key perceptual
constraint on phonology.

Evidence for this principle has been discussed under a variety of labels. Lindblom
and Engstrand (1989) refer to the tendency to maximize the perceptual distinctiveness of
contrasting speech sounds as ‘dispersion’, invoking the notion of separation in perceptual
space. Similar phenomena have been discussed by Stevens, Keyser, and Kawasaki (1986)
under the rubric of ‘enhancement’. They observe that distinctive features are often
accompanied by ‘redundant’ features that ‘strengthen the acoustic representation of
distinctive features and contribute additional properties which help the listener to
perceive the distinction’ (p.426). The relationship between [back] and [round] in vowels
is treated as one of enhancement: [round] enhances distinctive [back]. So enhancement

essentially involves combining feature differences so as to maximize the perceptual



distinctiveness of contrasts. Consequently instances of enhancement also provide
evidence for maximization of distinctiveness. Other work providing evidence for
dispersion/enhancement includes Ohala (1985:225f.), Diehl (1991), and Flemming
(2002:53-56). We will review two further cases here to illustrate the range of phenomena
involved.

Another example discussed by Stevens et al (1986) is the enhancement of frication
contrasts. Fricatives are distinguished from other sound types by the presence of
significant turbulence noise, generated by forcing a jet of air through a narrow
constriction. The distinctiveness of this manner contrast can thus be enhanced by
increasing the intensity of turbulence noise in the fricative. This is achieved by directing
the jet of air against an obstacle downstream, as in the coronal sibilant [s], where a jet of
air is directed against the upper teeth (Stevens et al 1986:439, Shadle1991). The greater
distinctness of such sibilant fricatives from non-fricatives can explain their cross-
linguistic prevalence: in Maddieson’s (1984) survey, 83% of languages have some kind
of [s], and if a language has only one fricative it is usually an [s] sound (84%).

Maximization of the distinctiveness of contrasts between sibilants has been argued to
explain an otherwise puzzling observation about the realization of post-alveolar
fricatives: in English and French, the post-alveolar fricative [{] is accompanied by lip
protrusion (Ladefoged and Maddieson 1996:148). There is no articulatory basis for this
pattern, but it plausibly serves to make post-alveolar [{] more distinct from the anterior
sibilant [s]. These sounds are differentiated by the frequency of the first peak in the noise
spectrum. This peak is at the resonant frequency of the cavity in front of the constriction,
and so is lower in post-alveolar fricatives, since they have a larger front cavity than
dentals and alveolars. Protruding the lips increases this difference by further enlarging the
front cavity (Ladefoged and Maddieson 1996:149). Polish provides an interesting variant
of this pattern. There are three contrasting sibilants, dental [s], alveopalatal [¢], and

retroflex (apical post-alveolar) [s], and the retroflex is produced with lip protrusion



(Puppel, Nawrocka-Fisiak, and Krassowska 1977:157). This is the expected pattern given
the goal of maximizing distinctiveness because the retroflex has the lowest front cavity
resonance due to the space below the tongue blade. Lowering this resonance further by
protruding the lips makes the retroflex more distinct from the other sibilants (Flemming

2002:55f.).
1.1 Phonological analyses of dispersion effects

There have been two basic approaches to the analysis of dispersion effects: (i)
analyses that incorporate a preference for maximally distinct contrasts into phonological
theory, and (ii) analyses that employ standard markedness constraints. The latter
approach is in a sense the default option, since it employs only the standard apparatus of
phonological theory, but we will see that dispersion effects provide strong evidence for
the distinctiveness constraints posited in the former approach.

Although the discussion will focus on analyses formulated in Optimality Theory
(OT, Prince and Smolensky 1993), the issues raised are relevant to any analysis of these
phenomena. We will first provide a brief overview of OT and its suitability as a
framework for formalizing the influence of speech perception on phonology, then we will

turn to the particular proposals for formalizing perceptual constraints'.
1.2 Optimality Theory

In its basic form, an OT grammar maps input underlying forms onto their surface
realizations. For example, in Russian obstruents are devoiced in word-final position, so
the morpheme /sad/ ‘garden’ is pronounced [sat] (the underlying voiced final stop
surfaces when a vowel-initial suffix is added, as in the dative singular [sadu]). In OT, the
mapping between input and output is divided into two components: a mapping from input

forms to sets of candidate outputs, and an evaluation function which selects the best

! For more detailed introductions to OT, see Kager (1998) and McCarthy (2001).



member of a candidate set as the actual output. The optimality of candidate outputs is
determined by reference to a ranked set of constraints.

Standard OT posits two basic types of constraints: constraints that evaluate the well-
formedness of the candidate outputs (‘markedness constraints’) and constraints that
require the output to be as similar to the input as possible (‘faithfulness constraints’).
These two types of constraints are liable to conflict — satisfying markedness constraints
often requires altering the input, which necessarily violates some faithfulness constraint.
For example, a simple-minded analysis of the Russian facts above posits a constraint
forbidding word-final voiced obstruents, *FINALVOICEDOBSTRUENT. The fully faithful
realization of [sad] violates this constraint, but devoicing the final stop, as in [sat]
violates the faithfulness constraint IDENT[VOICE] which requires that voicing
specifications of input segments should be unchanged in the output.

Conlflicts between constraints are resolved by reference to a ranking of the
constraints: the higher ranked constraint prevails. So in Russian,
*FINALVOICEDOBSTRUENT must outrank IDENT[VOICE] (written:
*FINALVOICEDOBSTRUENT >> IDENT[VOICE]) since the voicing of an input stop is
changed in order to satisfy the former constraint. If this ranking were reversed, candidate
(a) would win.

OT analyses are typically illustrated using tableaux, as in (3). The input form is
shown in the top left cell while the candidate outputs are listed below it in the first
column. The constraints are listed in the top row, with higher-ranked constraints on the
left. If a candidate violates a constraint, a mark (*) is placed at the intersection of the
constraint column and the candidate row. In (3), candidate (a), [sad] violates
*FINALVOICEDOBSTRUENT, so a mark is placed under that constraint in row (a).
Candidate (b), [sat], satisfies this constraint, so [sad] is eliminated (indicated by the
exclamation point after the mark), and [sat] is the optimal output (indicated by the

‘pointing hand’ in the first column). Note that it is not necessary to satisty all the



constraints in order to be the optimal candidate — candidate (3b), [sat], is optimal
although it violates IDENT[VOICE]. Indeed, since constraints frequently conflict, it is not

usually possible to satisfy them all.

3) /sad/ *FINALVOICEDOBS IDENT[VOICE]
a. sad *1
b. =3 sat &

One of the key strengths of OT is the way in which it relates the analysis of the
typology of languages to the analyses of individual languages. The two are connected by
the hypothesis that all phonological grammars are constructed from the same set of
constraints, but they differ in the ranking of those constraints. Typological universals can
then be derived from the nature of the universal set of constraints, while the patterns of
individual languages are hypothesized to derive from particular rankings of these
constraints.

This provides a suitable framework for formalizing the preference for distinct
contrasts because any such preference is a universal tendency which may be violated to a
greater or lesser extent as a result of conflicting constraints. For example, languages like
French and German have front rounded vowels in addition to front unrounded and back
rounded vowels. That is, these languages eschew maximally distinct F2 contrasts in
favour of distinguishing more contrastive vowels. Conversely, grounding constraints in
basic considerations of communicative efficiency, and the nature of human speech
perception provides a basis for the universality of those constraints: if a constraint is
based on universal properties of communication and perception, it is unsurprising that it

is operative in all languages.
1.3 The constraints that motivate dispersion

Two kinds of constraints have been proposed in the analysis of dispersion

phenomena: basic segmental markedness constraints, and constraints on the



distinctiveness of contrasts. A basic markedness constraint in OT prohibits some
representational structure, such as a syllable without an onset, or a segment which has the
feature combination [-sonorant, +voice]. A number of researchers have suggested that
constraints of this form can be motivated by perceptual considerations (e.g. Hume 1998,
Coté 2000). Certainly, the most common analysis of the preference for peripheral vowels
(i.e. front unrounded and back rounded vowels) has been to propose constraints against

other types of vowels, as in (4) (e.g. Calabrese 1988)".

(4) *[-back, +round]
*[+back, -round]
Ranking these constraints above faithfulness to [back] or [round] yields a language

without non-peripheral vowels because inputs containing these vowels will not be

realized faithfully (5-6)°.

3) |/y/ *[-back, | *[+back, |IDENT[round]
+round] ! -round]
a Sy 1 ' %
y !
©6) | /w/ *[-back, *[+back, | IDENT[round]
+round] ! -round]
a.| = u : *
*|

Although these constraints can derive languages in which back and round co-vary
appropriately, they do not follow directly from the perceptual considerations behind
Liljencrants and Lindblom’s (1972) analysis. It was suggested that in order to facilitate

speech perception, contrasting sounds should be maximally distinct so they are not easily

* It is common to specify central vowels as [+back, -round], in which cases these constraints are sufficient.
If central vowels are distinguished from back unrounded vowels, a constraint against this class of vowels is
required also.

? The dotted line between the top two constraints in (5-6) indicates that the relative ranking of these
constraints cannot be determined — that is, either ranking yields the desired result.



confused. This explanation implies a dispreference for F2 contrasts involving non-
peripheral vowels because they are less distinct than contrasts between front unrounded
and back rounded vowels. The constraints in (4) do not mention contrasts — they simply
prohibit front rounded, central, and back unrounded vowels. Liljencrants and Lindblom’s
proposal is implemented more directly by constraints that penalize less distinct contrasts
(distinctiveness constraints), e.g. a constraint ranking along the lines shown in (7), where
*X-Y means that words should not be minimally differentiated by the contrast between

sounds X and Y (more general formulations are discussed below).

(7) *y-wr >> *i-w, *y-u >> *i-u

The crucial difference between these two proposals is that the analysis based on
distinctiveness constraints predicts that non-peripheral vowels should be unproblematic
as long as they do not enter into front-back (F2) contrasts, whereas the constraints in (4)
ban these sound types regardless of what they contrast with. For example, a back
unrounded vowel presents no particular perceptual difficulties if the listener knows that it
is the only vowel that can appear in the context. It does not violate *i-w or any other
distinctiveness constraint because there is no contrast, but it would violate *[+back, -
round].

In general, the reasoning outlined above motivates constraints on the distinctiveness
of contrasts between sounds, not on the sounds themselves. Basic markedness constraints
as in (4) apply to individual sounds, not contrasts, and so cannot be motivated in this
way. More importantly, there is empirical evidence that phonology is in fact subject to
constraints on the distinctiveness of contrasts: the markedness of a sound depends on the
contrasts that it enters into.

Before evaluating this evidence, it is useful to place distinctiveness constraints in the
context of a specific model. The most developed proposal is the dispersion theory of

contrast (Flemming 1995, 2001, 2002, N1 Chiosain and Padgett 2001), which builds on



ideas from Lindblom’s Theory of Adaptive Dispersion. In this model, the preference to
maximize the distinctiveness of contrasts is opposed by two other goals: maximization of
the number of contrasts permitted in any given context, and minimization of articulatory
effort. Increasing the number of contrasting sounds makes more efficient communication
possible by increasing the information content of each sound, since it allows a single
segment to differentiate more words. Minimization of effort is probably a general
principle of human motor behaviour. These two goals conflict with maximizing
distinctiveness. Fitting more contrasts into the finite space of possible speech sounds
implies that the sounds must be closer together, while avoiding effortful articulations
further restricts the possibilities for realizing distinct contrasts. Thus selecting a set of
contrasts that best satisfies these goals involves finding an optimal balance between them
(cf. Lindblom 1986). This optimization is modeled within the framework of OT.

The preference to maximize the distinctiveness of contrasts is implemented in terms
of a ranked set of constraints requiring a specified minimum perceptual distance between
contrasting forms (8). Sounds are represented as located in a multi-dimensional
perceptual space where closer sounds are more confusable. For example, (9) shows the
assumed location of high vowels on the dimension corresponding to F2 frequency,
measured in arbitrary units. Assuming for simplicity that these vowels differ on this
dimension only, it can be seen that the contrast [i-u] involves a distance of 4, and thus
satisfies all the MINDIST constraints in (8), while [i-y] involves a distance of only 1, and
thus violates MINDIST = 2 and all lower-ranked constraints. In other words, the less

distinct a contrast is, the greater the violation.
(8) MINDIST = 1 >> MINDIST = 2 >>... >> MINDIST = 4

(9) F2: 5 4 3 2 1
i y i w u
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The preference to maximize the number of contrasts is implemented as a positive
constraint, MAXIMIZE CONTRASTS, which is satisfied by the largest inventory of contrasts.
The conflict between these two types of constraints is illustrated in (10-11) with the
simple example of selecting a set of contrasting high vowels. The balance between
maximizing distinctiveness and maximizing the number of contrasts is determined by
position of MAXIMIZE CONTRASTS in the hierarchy of MINDIST constraints. In (10),
MINDIST=3 outranks MAXIMIZE CONTRASTS, so the largest inventory, (d), is eliminated,
because it is does not satisfy MINDIST=3. The most distinct inventory (a), containing front
unrounded and back rounded vowels, best satisfies the MINDIST constraints, and hence is
the winner. Contrasts involving back unrounded vowels (b), or front rounded vowels (c)

are less distinct, and therefore lose to candidate (a).

(10) MINDIST | MINDIST | MAXIMIZE | MINDIST
=2 =3 CONTRASTS =4
a.| =  j-u vV
b. i-w Vv *|
c. y-u v *|
d. i-i-u *| v ok

In (11), MAXIMIZE CONTRASTS ranks above MINDIST=3 — i.e. the number of contrasts
is more important. So the winning candidate is (d) which fits in three contrasting vowels

while satisfying the higher-ranked constraint MINDIST=2.

(11) MINDIST | MAXIMIZE | MINDIST | MINDIST
=2 CONTRASTS =3 =4
a. i-u vV
b. i-w 24 *
C. y-u vV *
d.| = i-iu vvv * Hok




Effort minimization is assumed to play a negligible role in the selection of F2
contrasts in most contexts®, but in other cases it may play a role in explaining why
languages do not avail themselves of maximally distinct contrasts.

Another consequence of effort minimization is that effort should only be expended in
order to realize more distinct contrasts, so where contrasts are neutralized, considerations
of effort minimization are likely to be dominant. This leads to the prediction that
preferred vowel qualities should depend on contrastive status: in F2 contrasts, front
unrounded and back rounded vowels are preferred (10), but if all vowel F2 contrasts are
neutralized, backness and rounding of vowels should be governed by effort minimization.
On the other hand, the basic markedness constraints in (4) are insensitive to contrastive
status, and consequently predict that peripheral vowels should be preferred in all
circumstances.

Flemming (2001) discusses two test cases in which all F2 contrasts are neutralized:
‘vertical’ vowel inventories, and fully neutralizing vowel reduction in unstressed
syllables, as in English reduction to ‘schwa’. Both cases conform to the predictions of the
dispersion-theoretic analysis: backness and rounding of vowels assimilate to adjacent
consonants, often yielding central or centralized vowel qualities which would be highly
marked in F2 contrasts, but are favoured by effort minimization.

The best-known examples of ‘vertical’ vowel inventories, lacking F2 contrasts, are
found in Northwest Caucasian languages such as Kabardian and Shapsug (Colarusso
1988, 1992, Kuipers 1960, Smeets 1984). These languages are often described as having
only central vowels, but this is a claim about the underlying vowel inventory posited as
part of a derivational analysis, not an observation about the surface vowels. On the
surface, these languages have a system of five normal length vowels [i, €, a, 0, u]

(Kuipers 1960:23f., Smeets 1984:123), and ‘vertical’ system of two extra short vowels,

* Effort becomes a more significant factor where vowel duration is very short, and in the environment of
consonants that place strong constraints on F2, such as palatalized and velarized consonants (Flemming
2001).
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which can be transcribed broadly as [i, 9]°. However, the precise backness and rounding
of these vowels depends on context. They are realized as a smooth transition between the
lip and tongue positions of the preceding and following consonants, deviating only to
realize the required vowel height (Colarusso 1988:307). An unrelated vertical vowel
language, Marshallese, is similar (Bender 1968, Choi 1992). The transitional vowel
qualities result from assimilation in backness and rounding to preceding and following
consonants, which is plausibly the least effort production strategy. The resulting vowel
qualities are often central, back unrounded, front rounded, or short diphthongs involving
these qualities — all vowel types which would be highly marked in the presence of F2
contrasts. There are no vertical vowel inventories containing the peripheral vowels that
are predicted by the basic markedness constraints in (4) — i.e. there are no inventories
such as [i, e, a] or [u, o, a]°.

Neutralization of F2 contrasts is also observed in languages such as English where
all vowel quality distinctions are neutralized to a ‘schwa’ vowel in some unstressed
syllables. This process is also found in Southern Italian dialects (Maiden 1995) and Dutch
(Booij 1995). Phonetic studies of schwa in Dutch (van Bergem 1994) and English
(Kondo 1994) indicate that this vowel is comparable to a vertical vowel in that F2 is an
almost linear interpolation between values determined by the preceding and following
contexts. Again, schwa is a marked vowel where there are quality contrasts — it is often
excluded from those positions — but it is the unmarked vowel where all quality contrasts

are neutralized. Basic markedness constraints predict that markedness should not depend

> Kuipers actually transcribes the Kabardian high vowel as [2], the mid-vowel as [a], and the ‘long’ low

vowel as [a], and Colarusso (1988) follows him in this, but their descriptions, Colarusso’s phonetic
transcriptions, and acoustic data in Choi (1991) all indicate that the vowels are actually high and mid
respectively.

%It might be suggested that vertical vowels are phonologically unspecified for [back] and [round] rather
than being specified for the marked vowel qualities described here (Choi 1992). However, such unspecified
vowels only occur in the absence of F2 contrasts, so this would imply an even more dramatic change from
a preference for peripheral vowels in F2 contrasts to a preference for otherwise unattested unspecified
vowels where there is no contrast.
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on contrastive status, so we should expect one of the peripheral vowels, [i, u] or [a], to be
the sole vowel in neutralization contexts.

Distinctiveness constraints predict that enhancement should only apply to contrasts,
since enhancement is analyzed as a consequence of constraints on the distinctiveness of
contrasts. This is inherent in Stevens et al (1986) conception of enhancement, but it is not
predicted by analyses in terms of basic markedness constraints, because the latter are
insensitive to contrast. Evidence on this point comes from enhancement of stop voicing
contrasts (Flemming 2001). Stevens et al (1986:439) argue that pre-nasalization can serve
as an enhancement of stop voicing. One of the cues that distinguishes voiced stops from
voiceless stops is the presence of voicing during the closure, as opposed to the silence of
a voiceless stop closure (Stevens and Blumstein 1981), so the distinctiveness of this
contrast can be increased by increasing the intensity of voicing. This can be achieved by
lowering the velum during the early part of the stop closure, yielding a pre-nasalized stop.
It is generally difficult to sustain voicing during a stop because air pressure builds up
behind the closure, and when oral pressure approaches sub-glottal pressure, airflow
through the glottis ceases, and voicing ceases (Ohala 1983, Westbury and Keating 1986).
Lowering the velum during the stop closure allows air to be vented through the nose,
slowing the build up of oral pressure, and thus facilitating voicing. In addition, voicing
during an oral stop is radiated only through the neck and face, resulting in a low intensity
acoustic signal, whereas lowering the velum allows sound to be radiated from the nose,
resulting in greater intensity.

Pre-nasalization serves as an enhancement of stop voicing contrasts in Mixtec
(Iverson and Salmons 1996), Southern Barasano (Smith and Smith 1971, Guarani
(Gregores and Suarez 1967), and a variety of other languages discussed by Herbert
(1986:16ff.) — that is, voiceless stops are contrasted with pre-nasalized stops rather than
plain voiced stops. But voiced stops are never enhanced by prenasalization where they do

not contrast with voiceless stops. While stops are usually voiceless in the absence of
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voicing contrasts, non-contrastive voiced stops can arise through a process of inter-
vocalic voicing, for example. However we do not find intervocalic prenasalization of
stops.

These generalizations are very difficult to account for with simple markedness
constraints. The existence of languages which have pre-nasalized stops but not plain
voiced stops shows that some constraint must favour pre-nasalized stops over voiced
stops. If the relevant constraint does not refer to contrast (e.g. ‘voiced stops should be
prenasalized’), it can derive a preference for pre-nasalized stops over allophonically
voiced stops, making it possible to derive the unattested pattern of intervocalic
prenasalization. On the other hand, if the preference for prenasalized stops over voiced
stops is analysed as the result of constraints favouring maximally distinct voicing
contrasts, then this pattern of prenasalization is correctly predicted to occur only where
there are voicing contrasts.

These, and other examples discussed in Flemming (2001), indicate that phonology
includes distinctiveness constraints, as we would expect if considerations of ease of
perception influence phonology. Basic markedness constraints do not follow from
perceptual considerations and cannot account for dispersion effects because dispersion
applies only to contrasts, and basic markedness constraints are indifferent to the

contrastive status of a sound.
2. Licensing by Cue

A second source of evidence for perceptual constraints is the typology of contextual
neutralization. Contextual neutralization is a pattern of distribution in which a contrast is
permitted in some environments, but is suspended in others. For example stop voicing
contrasts may be permitted before sonorants ([ba] vs. [pa], [bla] vs. [pla]), but not before
obstruents ([apta], *[abta]). In a situation like this, the voicing contrast is said to be

neutralized before obstruents.
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Steriade (1995, 1999) observes that different types of contrast have different
characteristic environments of neutralization. For example the following are well-attested

patterns of distribution for three types of contrasts, following Steriade (1999)’:

(12) (1) Obstruent voicing contrasts are permitted only before sonorants.
(E.g. German, Lithuanian, Russian, Sanskrit).

(i1)) Major place contrasts (labial vs. coronal vs. dorsal) are permitted only before

vowels. (E.g. Japanese, Luganda, Selayarese)

(ii1) Retroflexion contrasts (retroflex vs. apical alveolar) are permitted only after

vowels. (E.g. Gooniyandi, Miriwung, Walmatjari)

Steriade argues that the general characterization of these diverse contexts of
neutralization makes crucial reference to perceptual distinctiveness: in each case, the
contrasts are neutralized first in environments where ‘the cues to the relevant contrast
would be diminished or obtainable only at the cost of additional articulatory maneuvers’
(Steriade 1997:1). Contrasts differ in their distribution of cues so they are subject to
different patterns of neutralization. This is dubbed the ‘Licensing by Cue’ hypothesis —
the presence of a contrast in a particular environment is licensed by the availability of
perceptual cues to that contrast.

For example, the distribution of obstruent voicing contrasts (12i) is analyzed in these
terms by Steriade (1997). One of the primary cues to obstruent voicing distinctions is
Voice Onset Time (VOT), the lag between the release of the obstruent constriction and
the onset of voicing (Lisker and Abramson 1970). Steriade observes that this cue is
generally only available where a voiced sonorant follows, and so is absent before
obstruents, and in word-final position before pause. So voicing contrasts in these
environments can only be realized by cues such as voicing during the consonant

constriction, consonant duration, and duration of the preceding vowel, which are

hypothesized to be weaker cues than VOT. So according to this analysis, languages like

" References: German, Lithuanian, Russian, Sanskrit: Steriade (1997), Japanese: Itd (1989), Luganda:
Tucker (1962), Selayarese: Mithun and Basri (1986), Gooniyandi: McGregor (1990), Miriwung: Hamilton
(1996), Walmatjari: Hudson and Richards (1969).
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Russian and German are excluding voicing contrasts in precisely the environments where
a key cue to the contrast, VOT, is unavailable. Given the importance of VOT as a cue to
obstruent voicing, it is very plausible that voicing is less confusable before sonorants than
before obstruents or word-finally, but there is surprisingly little direct evidence on this
point. Studies of voicing perception generally have not directly compared perception of
voicing in different contexts.

Major place contrasts (labial vs. coronal vs. dorsal) preferentially occur where there
is a following vowel, or, failing that, a following approximant. A number of studies have
shown that major place distinctions are less confusable in pre-vocalic position than in
pre-consonantal or pre-pausal position (Redford and Diehl 1999, Wright 2001). Fujimura
et al (1978) and Ohala (1990) have also shown that release cues to major place contrasts
dominate over closure cues in stimuli that have been edited so that these cues conflict.
This difference in distinctiveness appears to have multiple causes. The greater of
distinctiveness of prevocalic stops may be attributed to the presence of the release burst
which provides cues to place, in addition to the formant transition cues that are also
available in post-vocalic position (Dorman et al 1977). Consonants clusters are often
articulatorily overlapped so the constriction of a second consonant is formed before the
constriction of the first consonant is released. Where the second consonant is an
obstruent, this results in the loss or attenuation of the release burst of the first consonant
(Henderson and Repp 1982).

Another factor that has been suggested to contribute to the greater distinctiveness of
prevocalic place contrasts is the nature of the peripheral auditory system (Wright 1996,
2001). Auditory nerve fibres respond most strongly to rapid rises from low intensity
within their frequency band, and the transition from a consonant to a vowel often
involves rapid onsets of this kind, especially where the consonant is an obstruent
(Delgutte and Kiang 1984, Greenberg 1995). This effectively amplifies release formant

transitions and stop bursts. As noted by Steriade (2001), experiments by Fujimura et al
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(1978) support an auditory-perceptual basis for the greater distinctiveness of onset
consonants: they found that in stimuli with conflicting cues to place, release cues
dominated closure cues, even when the stimuli were played backwards — i.e. the release
cues were reversed closure transitions. However, Redford and Diehl (1999) also found
that the formant transitions of onsets were more distinctly articulated than word-final
consonants, so production differences may play a role in explaining the observed
difference in distinctiveness.

The patterns of distribution of obstruent voicing and major place contrasts are
broadly similar in that both preferentially occur before sonorants, but there are
differences of detail, some of which follow from differences in the nature of the cues to
these two types of contrast. When obstruent voicing contrasts are permitted before
sonorant consonants, they are allowed before all sonorants, whereas major place contrasts
are usually subject to further restrictions. For example, many languages, including
English, do not allow coronal stops before coronal laterals, although labials and velars
contrast in this environment: plan, clan, *tlan (Kawasaki 1982:14).

The insensitivity of voicing contrasts to the nature of a following sonorant is
expected given that the primary cue to voicing is VOT. The realization of VOT depends
only on the presence of a voiced sonorant of sufficient duration; place of articulation,
nasality, and laterality make little difference. On the other hand, primary cues to stop
place contrasts are the release burst and formant transitions. Approximants and vowels
allow the realization of both, but simply realizing a burst and formant transitions is not
adequate to support contrast: the burst and/or formant transitions must be distinct for
contrasting places of articulation. The distinctiveness of these cues can be affected by
coarticulation with the following vowel or approximant.

Kawasaki (1982:157f.) and Flemming (2002:132ff.) argue that these factors underlie
the restrictions on coronal stops before laterals. That is, coarticulation effects make the

burst and formant transitions of coronals insufficiently distinct from velars in this
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context. The lateral constrains the position of the tongue tip and body, so the formant
transitions in coronal-lateral and velar-lateral clusters are very similar, while a labial is
generally distinguished by lower F2 due to lip constriction (Kawasaki 1982:67ff., Olive,
Greenwood, and Coleman 1993:284). The coronal and velar closures are at or behind the
location of the lateral constriction, so in both cases frication noise is generated at this
lateral constriction at release, resulting in acoustically similar bursts.

A more striking example of how distribution of contrasts differs depending on the
nature of the cues involved comes from the comparison between major place contrasts
and retroflexion contrasts (Steriade 1995, 2001). The contrast between retroflex and
apical alveolar consonants is found in many Australian and Dravidian languages. It is
commonly restricted to positions following a vowel, so it is neutralized word-initially and
following consonants (Steriade 1995). This is in sharp distinction from most other place
contrasts, which, as we have seen, occur preferentially before vowels. Steriade argues
that this difference follows from differences in the distribution of cues to these types of
contrasts. Retroflexes are distinguished from apical alveolars by a low third formant at
closure (Stevens and Blumstein 1975). However, the tongue tip moves forward during the
closure of a retroflex and is released at the alveolar ridge, so these sounds are
articulatorily and acoustically very similar at release (Dave 1977, Butcher 1995,
Anderson 1997, Spajic, Ladefoged and Bhaskararao 1994). Closure transitions are only
available where the consonant is preceded by a vowel, hence this cue is missing in other
environments, making the contrast less distinct (Anderson 1997). So the retroflexion
contrast differs from other place contrasts in that it is realized most distinctly on a
preceding vowel rather than a following vowel, but given this difference we can see that
all place contrasts are liable to neutralize in environments where it would be difficult to
make them distinct.

It should be noted that the patterns of distribution described for major place and

obstruent voicing contrasts have often been analyzed as involving neutralization of
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contrasts in the coda of syllables (e.g. 1td 1989, Vennemann 1972). Steriade (1997, 1999)
and Coté (2000) present detailed arguments in favour of the ‘Licensing by Cue’ analysis.
In the present context, the important weakness of a coda-neutralization account is that it
does not extend to retroflexion contrasts, which are neutralized in word-initial and post-
consonantal onsets, but are permitted in codas and intervocalic onsets. Nor can it relate
the patterns of distribution to the nature of the features involved.

While the analyses sketched above indicate that considerations of distinctiveness
play a central role in accounting for the distribution of contrasts, it is clear that other
constraints are important also. For example, stop bursts will only be absent before
obstruents if some constraint requires the stop closure to overlap with the following
consonant. One general phenomenon that implicates additional constraints is word-final
neutralization. For example, in German, obstruent voicing is neutralized preceding
obstruents, and in word-final position. For words spoken in isolation, these are both
environments in which VOT cues are unavailable, because there is no following sonorant,
but in phrase-medial position, a word-final obstruent might be followed by a sonorant,
allowing the realization of VOT differences. If contrast is governed strictly by the
availability of cues, the voicing contrast should be permitted in this context, but in
German, and many similar languages, voicing is neutralized in word-final position,
regardless of phrasal context. So the analysis in terms of licensing by cue must be
supplemented by additional constraints relating to morphosyntactic structure. Steriade
(1997) analyzes this pattern as resulting from generalization of the citation form of
words. That is, there is a general preference to give words a uniform pronunciation in all
contexts, and this is modeled on the pronunciation of the word spoken in isolation. This
analysis is formalized in terms of Output-Output Correspondence constraints (Benua
1997, Kenstowicz 1996, Steriade 2000). A comparable distinction between word-internal

and cross-word sequences must be made in syllabification-based analyses in order to
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block syllabification of a word-final consonant as an onset to a following vowel-initial

word.
2.1 Formalizing Licensing by Cue

Steriade (1997, 1999) formalizes the Licensing by Cue hypothesis in terms of
constraints on the distinctiveness of contrasts. Although the specifics are rather different
from dispersion theory, the general conception is very similar, so the same constraints
motivated above in the analysis of enhancement can be used to analyze patterns of
contextual neutralization (Flemming 2002:40ff.)".

2.1.1 distinctiveness constraints

In the case of obstruent voicing, we will assume that there is a perceptual dimension
corresponding to VOT, which takes a value of O for voiced and 1 for voiceless
obstruents’. Languages that restrict voicing contrasts to pre-sonorant positions require a
VOT difference for the contrast to be adequately distinct. In other words,
MINDIST=VOT:1 ranks above MAXIMIZE CONTRASTS. This sets a threshold for minimum
distinctiveness that can be met in pre-sonorant position, so a voicing contrast is permitted

in that environment (13).

(13)|_V MINDIST MAXIMIZE *[+voice,
=VOT:1 CONTRASTS -son]
a.| e  dV-tV v *
b. dVv V! i
c. tV V!

Pre-pausally, no VOT difference is possible, and a difference in closure voicing

alone is insufficient, so a voicing contrast is not permitted (14, # indicates a word

¥ Steriade proposes constraints of the form *avoice/C that penalize obstruent voicing contrasts in a
particular context, C. These constraints are ranked according to the richness of cues to voicing available in
that context. These constraints are replaced here by MINDIST constraints that refer directly to the cues that
differentiate contrasting obstruents. This allows for variability in the cues realized in a given context,
depending on the production strategy adopted (cf. Steriade 1997, Koontz-Garboden 2002).

? In fact there are two basic types of obstruent ‘voicing’ contrasts: fully voiced vs. voiceless unaspirated,
and voiceless unaspirated vs. aspirated, so a more general analysis requires three levels of VOT (Flemming
2002).
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boundary). Given that there is no contrast, obstruents are realized with the least-effort
laryngeal state. In pre-pausal position, this is voiceless, given the difficulties involved in
maintaining vocal fold vibration during an obstruent (cf. §2.3). This preference is

formalized as a constraint against voiced obstruents, *[+voice, -sonorant].

(14)| V_# MINDIST MAXIMIZE *[+voice,
=VOT:1 CONTRASTS -son]
a. Vd#-Vt# *1 v *
b. Vd# v *1
c.| & Vi# v

Voicing contrasts are also neutralized before obstruents, because VOT differences
cannot be realized in this position either (16). However, in this case, the neutralized stop
is voiced, assimilating to the following obstruent (in this case [g]). A plausible analysis of
this pattern is that it is especially difficult to initiate voicing during an obstruent — due to
hysteresis effects it is easier to maintain voicing from a sonorant into a following
obstruent than it is to initiate voicing during an obstruent following a voiceless sound
(Westbury and Keating 1986). Thus we can posit the constraint in (15), named *TD for

brevity, universally ranked above *[+voice, -son].

(15) *TD: *[-voice][+voice, -sonorant]

This constraint is descisive in obstruent sequences, as show in the following tableau:

(16)| V_gV MINDIST MAXIMIZE *TD *[+voice,
=VOT:1 | CONTRASTS -son]
a.| VdgV-VtgV *| &4 i i
b.| = VdgV v *1
C. VgV v *|

Languages with broader distribution of obstruent voicing rank MAXIMIZE CONTRASTS
above MINDIST=VOT:1, tolerating less distinct contrasts in order to realize more
contrasts. But no language will prefer less distinct contrasts over more distinct contrasts

of a similar type.

772



Neutralization of retroflexion is analyzed along similar lines: a MINDIST constraint
requiring an F3 difference is ranked above MAXIMIZE CONTRASTS, so the contrast is
neutralized where it is not possible to realize this cue.

2.1.2 Faithfulness constraints

An alternative approach to formulating the perceptual constraints that account for
these generalizations about the distribution of contrasts makes use of faithfulness
constraints (Steriade 1995, 2001, Jun 1995, Boersma 1998). This is a natural move since
faithfulness constraints play a central role in the regulation of contrasts in standard OT.
Essentially, a faithfulness constraint like IDENT F, where F is a feature, favours preserving
underlying differences — if the input contains [+F], the output should contain [+F], if the
input contains [-F], the output should contain [-F]. So if IDENTF is satisfied, an
underlying difference between [+F] and [-F] is preserved on the surface, and the language
has a contrast in F.

Perceptual factors are introduced by distinguishing IDENT F constraints for different
contexts, then ranking them according to the distinctiveness of an F contrast in that

context. For example, we might posit the ranking of IDENT[voice] constraints in (17).

(17)IDENT[voice]/ _ [+son] >> IDENT[voice]/ _ # >> IDENT[voice]/ _ [-son]

The distribution of voicing contrasts is then determined by the position of a
constraint against voiced obstruents, *[+voice, -son]. For example, the ranking in (18)
derives neutralization everywhere except before sonorants (the German pattern)". If
*[+voice, -son] is ranked lower, then the contrast is permitted in more positions, but
again contrasts are permitted first in more distinct environments. These constraints
predict that neutralization always yields voiceless obstruents, so an additional constraint,

such as *TD, is required to derive assimilation to following obstruents.

' This analysis is structurally very similar to the one proposed in Lombardi (1995), but Lombardi employs
a faithfulness constraint specific to pre-sonorant onsets.
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(18) IDENT[vce]/ _ [+son] >> *[+voice, -son] >> IDENT[voi]/ _ # >> IDENT[voi]/ _ [-son]

This approach works elegantly in simple cases, but it has some limitations that make
it incapable of providing a comprehensive account of perceptual effects. The fundamental
limitation of faithfulness constraints is that they can only block change between input and
output, they cannot motivate change. This is problematic because there are various
phenomena that have been argued to be perceptually-motivated which crucially involve
unfaithfulness to input forms, including the dispersion phenomena discussed in §2. For
example, a language with only the peripheral vowels [i, €, a, 0, u] must unfaithfully map
non-peripheral input vowels such as [y, w] onto one of these vowels. Ranking
IDENT[round] low in the constraint hierarchy, for example, makes it relatively acceptable
to realize [y, w] as [i] and [u] respectively, but it does not favour these realizations.
Unfaithful mappings can only be motivated by markedness constraints, and as we have
seen above, the markedness constraints that best account for this pattern are
distinctiveness constraints implementing a preference for maximally distinct F2 contrasts.
The same applies to other cases of dispersion or enhancement such as enhancement of
voicing contrasts by pre-nasalizing voiced stops (§2.3). This pattern implies unfaithful
realization of input voiced stops as pre-nasalized stops, which must be motivated by a
markedness constraint.

More generally, perceptually-ranked featural faithfulness constraints can only
account for patterns of neutralization, but arguably neutralization is just one way of
avoiding an otherwise indistinct contrast. That is, an indistinct contrast may be avoided
by giving up the contrast (neutralization), or by making the contrast more distinct
(enhancement). We have seen that distinctiveness constraints can be used to derive both
patterns, but perceptually-ranked faithfulness constraints can only derive neutralization.

This limitation applies not only to the analysis of segment-internal enhancements

of the kind just discussed, but also to modification of the environment of a contrast (cf.
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Coté 2000:175f., Hume and Johnson 2001:8f.). For example, it has been suggested that
vowel epenthesis is often motivated by the need to make consonant contrasts more
distinct (e.g. Wright 1996:40, Coté 2000). One such pattern is epenthesis into clusters of
three consonants, exemplified from Yawelmani Yokuts (Newman 1944, Kisseberth 1970)
in (19). Similar patterns are observed in Cairene Arabic (Broselow 1976) and Lenakel

(Lynch 1978).

(19)  /pa?t+mi/ > [pa?itmi] ‘having fought’
cf. /pa?t+al/ > [pa?tal] ‘might fight’
/lihm+mi/ > [lihimmi] ‘having run’
cf. /lihm+al/ > [lihmal] ‘might run’

Coté (2000) analyzes this pattern in terms of the markedness constraint C<>V: ‘A
consonant is adjacent to a vowel’ — that is, epenthesis applies to ensure that every
consonant is adjacent to a vowel, which is not the case in a triconsonantal cluster.
Formally, epenthesis is derived by ranking C<>V above DEPV, the faithfulness constraint
that is violated by inserting a vowel'' (see Kager 1998:107ff. for a similar analysis based
on syllabification constraints).

As Coté argues, it is perceptually desirable for consonants to be adjacent to a vowel
because many consonantal contrasts are best realized in this position. As noted above,
formant transitions are important place cues that are best realized on a vowel. The
contrast between presence and absence of a consonant is also more distinct adjacent to a
vowel because the change in constriction between consonant and vowel results in salient

spectral discontinuities (Liu 1996, Ohala 1980, Stevens 1998:245f.). The nature of the

"' DEPV must also be outranked by MAXC, the offending consonant is deleted rather than being rescued by
vowel epenthesis. Deletion in triconsonantal clusters is observed in a number of languages, e.g. Korean
(Kim and Shibatani 1976).
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spectral change, e.g. the rate and magnitude of change in different frequency bands, may
also provide cues to consonant manner (Stevens 1985, Liu 1996)".

This analysis cannot be implemented in terms of perceptually-ranked faithfulness
constraints. Ranking constraints against consonant deletion (MAXC) according to the
strength of the cues to the presence of a consonant can only allow deletion of poorly-cued
consonants, it cannot motivate epenthesis to improve the cues to a consonant. The
unfaithful insertion of a vowel can only be motivated by a markedness constraint violated
by triconsonantal clusters, such as C<>V.

Perceptually-ranked faithfulness constraints favour perceptually minimal changes
between input and output. This arrangement predicts that indistinct contrasts are more
likely to be lost because they can be neutralized by perceptually minimal changes, but it
does not implement a general preference for distinct contrasts, and so cannot account for
the observed range of perceptually-motivated phenomena. However, there is evidence
that perceptually minimal change between input and output is preferred in alternations
(i.e. contextual variation in the realization of morphemes) (Steriade forthcoming), so
perceptual ranking of faithfulness constraints may be motivated in addition to
distinctiveness constraints.

2.1.3 Basic markedness constraints

A third approach to formalizing the perceptual constraints responsible for contextual
neutralization is to use basic markedness constraints. For example, Steriade (1997)
proposes a constraint against obstruent voicing contrasts where no sonorant follows, in
her analysis of voicing neutralization. The closest equivalent basic markedness constraint
would be a constraint requiring voiced obstruents to be followed by sonorants (cf.

Lombardi 1995, 1999). Constraints of this kind are widely used in the analysis of

2 It should be noted that these kinds of considerations properly motivate constraints requiring consonant
contrasts to be realized adjacent to vowels (i.e. distinctiveness constraints), as discussed at length in §2.3.
The limitations of basic markedness constraints are addressed further in §3.1.3.
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contextual neutralization (McCarthy 2002:87), but usually without appealing to any
perceptual motivation. However, some researchers have formulated explicitly perceptual
constraints as basic markedness constraints (e.g. Coté 2000, Hume 1998).

We saw in section 2.3 that basic markedness constraints are inadequate for the
analysis of dispersion effects, and are difficult to motivate on perceptual grounds because
perceptual considerations disfavour indistinct contrasts, not individual sounds. Similar
difficulties face the use of basic markedness constraints in the analysis of Licensing by
Cue effects. A basic constraint on obstruent voicing must ban [+voice] or [-voice] rather
than the contrast between them. This is not only perceptually unmotivated, it leads to
empirical difficulties. For example, it is common for the result of neutralization to be
phonetically distinct from either of sounds that occurs in positions of contrast (cf.
Trubetzkoy 1939:71-3). This is the case in the neutralization of retroflexion contrasts, for
example. Butcher (1995) studied several Australian languages that contrast retroflex and
apical alveolar consonants, and found that neutralization of this contrast in word-initial
position yields an intermediate consonant, generally postalveolar (unlike apical
alveolars), but apical rather than sub-laminal (the contrastive retroflexes are sub-laminal).
This intermediate status is reflected in uncertainty among Australianists as to the
appropriate transcription for these sounds (Butcher 1995, Steriade 1995). If the
distinction between retroflexes and apical alveolars is treated as binary (e.g. [+/-
anterior]), then formulating a constraint against either retroflexes or apical alveolars in
word initial position predicts that the other articulation should be favored in
neutralization, which is not accurate, since an intermediate articulation is actually
observed. If we make a three-way distinction between apical alveolars, retroflexes, and
an intermediate articulation, then it is possible to formulate constraints against either
extreme appearing in word-initial position, but it would also be necessary to prevent the
intermediate place from surfacing in environments of contrast. These problems are

avoided if we recognize that it is the contrast between retroflexes and apical alveolars
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that is problematic in word-initial position. In the absence of contrast, the intermediate
articulation is preferred as less effortful than a sub-laminal retroflex, but more distinct

from laminal coronals than an apical alveolar.
3. Conclusions

The evidence reviewed here leads to the conclusions that (i) speech perception does
play a role in shaping phonological patterns, and (ii) the relevant constraints are
constraints on the distinctiveness of contrasts. Neither faithfulness constraints nor basic
markedness constraints can provide an adequate account of the full range of phenomena.
It is also clear that giving more substance to distinctiveness constraints will require
improving our very limited understanding of the bases of perceptual distinctiveness, and
that this entails protracted experimental work. In some respects the most direct evidence
for claims about relative distinctiveness comes from studies of perceptual confusion, but
only limited conclusions can be drawn from such studies if they are based on a single
language because the precise realization of similar sounds can vary significantly between
languages, and these differences affect confusability (Harnsberger 2001). A language-
independent characterization of distinctiveness is essential for the purposes of
phonological theory, so studies of the perception of naturally occurring contrasts in a
variety of languages will have to be supplemented by studies based on manipulated or
synthetic speech in order to identify the contributions of particular cues and combinations
of cues.
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