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Articulatory Binding

John Kingston

1 The mismatch between phonological and phonetic

representations

The division! of the stream of speech into a string of discrete segments
represents the number of places where contrast between the current speech event
and others is possible. Discrete segments may not only be employed to represent
phonological contrasts in speech events, however, but also in the plans for actually
uttering them. Beyond isomorphism with phonological representations, the
appropriateness of discrete segments at some level in the plans speakers employ to
produce utterances is demonstrated by the fact that the vast majority of speech
errors reorder entire segments rather than parts of segments or features (Shattuck-
Hufnagel & Klatt 1979). This speech error evidence does not, however, reveal
whether a segment-sized unit is employed at all levels in the plan for producing an
utterance, nor what principles govern the coordination of articulators.

Since more than one articulator is moving or otherwise active at any point
in time in a speech event, the notion of a segment implies a specification for how
these independent movements are coordinated. However, articulatory records of
speech events cannot be divided into discrete intervals in which all movement of
articulators for each segment begins and ends at the same time, nor can these
records be obtained by a simple mapping from discrete underlying phonological
segments. The continuous and coarticulatory properties of actual speech events
instead make it very unlikely that the plans for producing them consist of nothing
more than a string of discrete segments(Chman 1966, 1967; Fowler 1980; Browman &
Goldstein 1985, 1986; but cf. Henke 1966; Keating 1985). Looking up from the
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phonetic to the phonological representation, the discrete phonological segment
derived from the commutation of contrasting elements is at best covert.

Discreteness has, moreover, gradually disappeared from phonological
representations, in two widely-separated steps. The first step broke the segment
into a bundle of distinctive features, a move which can be traced back at least to
Trubetzkoy (1939). Entire segments are still formally discrete, but they are no
longer indivisible atoms. This step necessarily preceded breaking up the feature
bundles themselves into linked tiers on which the domain of each feature is
independently specified (Goldsmith 1976, Clements 1985, Sagey 1986). Discreteness
survives in these models only in the timing units of the skeleta (Clements & Keyser
1983), and even the equation of the timing unit represented by the traditional
segment with these timing units is presently in question (McCarthy & Prince 1986).
Since the domain of feature specification in nonlinear phonological representations
is both larger and smaller than the traditional segment, these representations
remove any principled phonological reason to expect to find discrete segments in
speech events. Discrete segments cannot be found in speech simply because they are
not there in the phonological representation anymore than in the phonetic one.
Giving up the idea of the segment as a discrete element in phonological as well as
phonetic representations requires some other principles for coordinating
articulations, however, since the evidence for such coordination is patent.

The principles of coordination which have been devised so far in
nonlinear phonological models are largely formal in nature. They include one-to-
one, left-to-right mapping (Goldsmith 1976, Clements & Ford 1979), the projection
of P-bearing units (Clements & Sezer 1982), the no-crossing prohibition (Goldsmith
1976, Kenstowicz 1982, Sagey 1986), geminate integrity (Schein & Steriade 1986) or
inalterability (Hayes 1986), the obligatory contour principle (Leben 1978, McCarthy
1986), and the shared feature convention (Steriade 1982). Parallel principles for
coordinating articulations in the plans speakers employ in producing speech must
also be discovered (see Browman & Goldstein 1985, 1986, to appear for other
proposals). This paper presents such a phonetic principle of coordination, which
constrains when glottal articulations in consonants occur relative to oral ones. I
refer to these constraints as "binding".
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2 The binding principle

The binding principle is intended to account for two fundamental
asymmetries in the distribution of glottal articulations (see Maddieson 1984):

1. Stops are much more likely to contrast for glottal articulations than either
fricatives or sonorants, and

2. Glottal articulations in stops are much more frequently realized as
modifications of the release of the oral closure than its onset.

The principle attempts to account for these asymmetries in terms of two kinds of
phonetic differences between stops and continuants.

First, both the state of the glottis and degree of constriction downstream
may affect the pressure of the air inside the oral cavity, and thereby the acoustics
of the sound produced. Changes in the size of the glottal aperture and the tension
of the folds influence the resistance to air flow through the glottis, and therefore
have the control of air flow through the glottis into the oral cavity as their
proximate function. In obstruents, the distal function of the changes in glottal
resistance which affect glottal air flow is to manipulate intraoral air pressure. The
larger the glottal aperture and the lower the fold tension, the more glottal
resistance will be reduced, the more air will flow through the glottis, and the more
rapidly air pressure will rise in the oral cavity behind the obstruent articulation.
This aerodynamic interaction between glottal and supraglottal articulations will be
most dramatic in stops since the downstream obstruction of air flow is complete.
The amount that intraoral air pressure is elevated behind the stop closure together
with the size of the glottal aperture determine the acoustic character of the
explosive burst of noise that occurs when the stop is released. Glottal aperture
affects the acoustics of the burst both by the aerodynamic means just described
and by determining what acoustic coupling there is between supra- and sub-glottal
cavities. The acoustic character of the burst therefore at once depends on and cues
the state of the glottis.

Second, the release of a stop is acoustically distinct from its onset. A burst
of noise is produced at the stop release as a result of the sudden opening of the
oral cavity. Because the acoustic character of the burst reflects the size of the
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pressure buildup behind the obstruction (and acoustic coupling to the subglottal
cavity), glottal articulations are expected to be coordinated with that part of the
stop rather than its onset. No burst occurs at the release of a continuant’s
articulation because their obstruction of air flow is not complete. The release of a
fricative or sonorant will therefore be the acoustic mirror image of its onset. With
a less than complete obstruction, variations in glottal air flow will affect intraoral
air pressure less, since the more open the articulation, the less air is trapped behind
it. The goal of the glottal articulations which accompany continuant, especially
approximant, articulations can therefore be only the proximate modification of the
source.? Fricatives are actually intermediate between stops and approximants, since
their oral aperture is small enough to obstruct air flow, elevate intraoral air
pressure, and accelerate flow through the oral constriction enough to create noisy
turbulence. This elevation of intraoral air pressure depends upon a sufficiently
large glottal aperture; voiceless fricatives exhibit the widest glottal aperture of any
voiceless consonant, and even voiced fricatives are produced with a more open
glottis than corresponding voiced stops or sonorants (Hirose & Gay 1972, Hirose,
Lisker, & Abramson 1972, Collier, Lisker, Hirose, & Ushijima 1979). These larger
glottal apertures would also alter the spectrum of the fricative noise by increasing
the acoustic coupling between the supra- and sub-glottal cavities.v How this
coupling influences the acoustics and perception of fricatives cannot be gone into
in this paper, beyond noting that all the acoustic effects of the wide aperture will
be distributed across much of the fricative interval. Such distirbuted acoustic
effects of glottal articulations probably characterize continuants in general, in
contrast to stops, where they are confined to moment of the release and the short
interval imediately following it. In general terms, the acoustic effects of glottal
articulations in stops are disjoint from and follow the acoustic effects of the oral
articulations, while in continuants they are much more nearly simultaneous.

The binding principle claims that a glottal articulation is more
constrained -- more tightly "bound" -- in when it occurs the more the oral
articulation obstructs the flow of air through the vocal tract: a glottal articulation

2. What is essential here is whether the supraglottal articulation causes pressure to
build up above the glottis. The binding principle therefore does not distinguish
between nasal and nonnasal sonorants, i.e. between segments in which air is
allowed to escape through the nose from those where it escapes through the
mouth.
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is most tightly bound to a stop, since air flow is completely obstructed by the stop
closure, while the lesser obstruction of a fricative or approximant allows the glottal
articulation to shift with respect to the oral one. Since degree of obstruction is
neither an articulatory nor acoustic continuum -- both the transition from
approximation to constriction and from constriction to closure involve crossing of
thresholds --, the binding principle partitions segments into distinct manners.
Usually just two are distinguished: either stops vs. fricatives and sonorants, i.e.
noncontinuants vs. continuants, or stops and fricatives vs. sonorants, i.e. obstruents
vs. approximants. The dividing line appears to fall most often between stops and
continuants, despite fricatives’ dependence for noise production on an adequate
glottal air flow.

The binding principle predicts that the timing of oral articulations
determines when glottal articulations will occur and that timing depends on the
continuancy of the oral articulation. The onsets and offsets of glottal articulations
will be more or less synchronized with the onsets and offsets of oral articulations
in continuants, but not in stops. In the latter, they will align with the release so as
to modify it and the immediately following interval acoustically. Alignment of
glottal articulations in stops with the release is apparent in voice onset time (VOT)
contrasts, in which adduction of the glottis is timed with respect to the release of
the stop. Glottal articulations are also aligned with the stop release in at least two
other kinds of stops, breathy voiced stops and ejectives, which do not participate in
VOT contrasts. Partial abduction begins with or just before the release of the stop
in breathy voiced stops and tight glottal closure combines with reduction of oral
volume to produce an intense burst at the release of an ejective. This alignment
again has the effect of concentrating the acoustic effects of the glottal
articulations in the immediate vicinity of the release.

The next section of this paper addresses the problems that pre-aspirated
stops of the sort found in Icelandic present to the claim that glottal articulations
bind to a stop’s release rather than its closure. It is shown that both in the
phonology and phonetics of Icelandic, pre-aspirates are not after all a problem for
this aspect of the binding principle. The final part of the paper explores a number
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of further problems with the binding principle and proposes tentative resolutions
of them.

3 The problem of pre-aspirates

3.1 Introduction

3.1.1 The oral-glottal schedule in pre-aspirated stops

Icelandic has a class of stops which are traditionally called ‘"pre-
aspirated,” since the glottis opens before the oral closure is made, producing a
preceding interval of noise. Pre-aspirates are markedly rarer in the world’s
languages, at least as a contrasting type, than the common post-aspirates. Contrary
to the prediction of the binding principle, this early abduction of the glottis may
be bound to the onset of the oral closure, in contrast to the post-aspirated stops in
which abduction is bound to the release of the closure. Since Icelandic also has
post-aspirated stops, a contrast appears to exist in this language between stops
whose glottal abduction binds to the stop closure and those where it binds to the
release.

In Icelandic pre-aspirated stops (Petursson 1972, 1976, Thrainsson 1978,
L8fqvist & Yoshioka 1981b, Chasaide p.c.), the glottis begins to open during the
preceding vowel, partially devoicing it. Pre-aspiration generally has the timbre of
that vowel. There is some uncertainty about when peak glottal opening is reached
and when the folds are again adducted, however. L8fqvist and Yoshioka’s data
indicate a small glottal opening that peaks before the stop closure, with adduction
coinciding with the beginning of the stop closure, while both Petursson’s and
Chasaide’s data show a much larger peak opening that is aligned to the closure,
with adduction not occurring until the stop is released or even somewhat after.
Pre-aspirated stops in Ldfqvist and Yoshioka’s data invert the order of glottal and
oral articulations found in breathy voiced stops such as occur in Hindi, in which
the glottal opening (largely) follows the release of the oral closure (Kagaya &
Hirose 1975, Benguerel & Bhatia 1980), while the prc-aspirateé observed by
Petursson and Chasaide are the mirror image -- relative to the stop closure and
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release -- of post-aspirates, in which the glottis begins to open at the onset of the
oral closure, reaches peak opening at release, and is only adducted noticeably later.
In either case, the timing of glottal abduction relative to the oral closure in pre-
aspirates contrasts with that found in another stop type in which the opening of
the glottis is likely to be bound to the release of the closure, either breathy voiced
or post-aspirated stops.

3.1.2 The phonology of pre-aspiration in Icelandic

Pre-aspiration in Icelandic (Garnes 1976, Thrdinsson 1978), and perhaps in
the other languages in which it is found, arises only from underlying clusters and
not from single segments. On the surface, pre-aspirated stops contrast with
unaspirated geminate or single stops between vowels and with post-aspirated stops,
but before nasals or laterals the contrast is only between pre-aspirates and single
unaspirated stops. The syllable boundary falls after the stop in the latter sort of
clusters. Even when they occur alone, Icelandic pre-aspirates all retain one quite
overt property of surface heterosyllablic clusters: only short vowels may precede
them, which also indicates that they close the preceding syllable. On the other
hand, vowels are long before post-aspirates in this language, whether occurring
alone or followed by a glide or rhotic. Post-aspirates and clusters beginning with
them must therefore belong only to the following syllable.

In all dialects, pre-aspirates arise from underlying geminate aspirates, but
the sources of pre-aspiration or a close analogue of it are by no means restricted to
those. In Southern Icelandic dialects, underlying clusters of a voiced fricative,
nasal, lateral, or rhotic preceding an underlying aspirated stop are typically
realized with the first segment is voiceless and the second unaspirated. In Northern
dialects, a more restricted set of consonants undergoes devoicing before underlying
aspirates. In both sets of dialects, when the first consonant devoices, the second is
underlyingly aspirated, i.e. [+ spread], and when the first consonant remains voiced
on the surface, the following stop is invariably post-aspirated. Since devoicing of
the first segment co-occurs with an obligatory absence of post-aspiration on the
stop, it represents the shift of the [+ spread] specification to the first segment from
the stop.
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Furthermore, in most dialects the first stop in heterorganic clusters of
stops where the second is underlyingly aspirated is realized as the corresponding
voiceless fricative, and again, if the stop spirantizes, the second may not be post-
aspirated. Since voiceless fricatives demand a very wide glottal aperture to elevate
air flow through the glottis sufficiently to produce turbulence downstream through
the oral constriction, this realization can also be seen as a shift of [+ spread] to the
first element of the cluster. Finally, as in many other languages, Icelandic stops do
not contrast for aspiration after /s/, a segment which demands at least as wide a
glottal aperture as the other voiceless fricatives.

In general terms, not only may just one segment bear a [+ spread]
specification in surface forms, but only one segment in the cluster needs to (or
can) be specified as [+ spread] in underlying forms. In all these cases, underlying
specification of the second member of the cluster as [+ spread] is phonetically
realized as a property of the first rather than the second element of the cluster by
a quite general procedure in the language. In all dialects, clusters in which the
final stop is underlyingly [+ spread] contrast with others in which the final stop is
not [+ spread]. In the latter sort of cluster, the preceding consonant remains voiced
uniformly.

Since it arises only in clusters whose second member is [+ spread], pre-
aspiration cannot contrast directly with post-aspiration. The latter arises only when
an underlying [+ spread] stop occurs in absolute initial position in word or directly
after a vowel. Generalizing, pre-aspiration arises in syllable codas in heterosyllabic
clusters whose second member is [+ spread] as a result of a shift of this
specification to the preceding coda. On the other hand, post-aspiration is only
found in singleton [+ spread] stops or those which are the first member of a
tautosyllabic cluster, i.e. in onsets rather than codas. Formulaically, /aC.pPa/ is
realized as [aCh.pa], while /aa.pP(C)a/ undergoes no change. The failure of pre-
aspirates to ever contrast directly with post-aspirates within morphemes in
Icelandic eliminates them as a problem for the binding principle, at least insofar as
the phonology of the language is concerned. (The analysis outlined above is a
generalization of Thrainsson’s (1978). I am indebted to Donca Steriade for making
the significance of devoicing in the initial segments of clusters ending in [+
spread] stops clear to me.)
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3.2 Pre-aspirates as a test of the binding principle in the phonetic
component: The covarying durations of glottal abduction and flanking
oral articulations

3.2.1 Introduction

An experiment was designed to determine whether the abduction of the
glottis is still after all part of the same articulatory unit as the following stop
closure in pre-aspirated stops, since there is no_a priori reason why the units of
articulation should be identical to underlying ones. If pre-aspiration is coordinated
with the following stop rather than the preceding vowel, then glottal articulations
must be allowed to bind phonetically to the closure as well as the release in stops,
despite the absence of any event as salient as the release burst at the beginning of
the closure.

This experiment assumes that if two articulations are coordinated with
one another, their individual durations will covary across global changes in
segment duration, due to changes in rate or prosodic context, i.e. coordinated
articulations should exhibit relational invariance (Tuller & Kelso, 1984).
Specifically, if abduction of the glottis is coordinated with an adjacent or
overlapping oral articulation, then the duration of abduction should covary with
that of the oral articulation. If the binding principle is correct, then the duration
of an abduction which overlaps the release of a stop closure, as in post-aspirated
stops, should correlate positively with the duration of the closure, but no necessary
correlation should be observed when abduction does not overlap the release, as in
pre-aspirated stops. Pre-aspiration may instead be coordinated with the preceding
vowel and its duration might covary with the duration of that segment.
Alternatively, glottal abduction in pre-aspirated stops may be coordinated with no
oral articulation. The binding principle does not distinguish between the two
possibilities.
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3.2.2 Methods

A single female speaker of Icelandic was recorded producing words
containing medial pre- and post-aspirated stops under conditions that would change
segment durations. Since the binding principle predicts coordination of glottal
abduction with the preceding stop, specifcally its burst, in post-aspirated stops,
covariation of the durations of oral and glottal articulations in them can be
compared with that in pre-aspirated stops. Medial breathy-voiced and post-
aspirated stops were also recorded from a single female speaker of Hindi under
similar conditions. Since abduction overlaps or follows the stop release in both
breathy voiced and post-aspirated stops, these Hindi data provide an additional test
of the positive prediction of the binding principle that abduction will be
coordinated with a release burst that it overlaps temporally.

All tokens in both languages were produced medially in short frame
sentences, with the sentences read in a different, random order for each repetition.
The Icelandic speaker produced a variety of real words containing pre- and post-
aspirated stops between the first, stressed syllable and the second. (Lexical stress
occurs obligatorily on the first syllable in Icelandic words.) The Hindi speaker
produced nonsense words of the shape [a___a] or [a___apa] with the stops in the
blanks. In alternate readings, the Icelandic speaker put focus on the test word itself
or on the immediately preceding word. Segments are expected to be longer in words
in focus than in those not in focus, particularly in the vicinity of the stressed
syllable. Final lengthening would lead one to expect longer segments in the Hindi
words where only one syllable follows the stop than when two do. Both of these
manipulations, though they are quite different from one another, should therefore
affect the duration of the stops, and their component articulations. In addition, for
both languages, each way of reading the words was produced at self-selected
moderate and fast rates. This orthogonal variation in rate will also affect segment
duration, though more globally than focus or the number of following syllables.
Multiple repetitions of each utterance type were collected from each speaker under
each condition.

The utterances were digitized at 10 kHz and measurements made from the
waveform displays, rather than articulatory records, to the closest millisecond.
Three intervals were measured in each case:
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1. The duration of audible glottal abduction,

2. The duration of the flanking vowel plus the duration of audible glottal
abduction, and

3. The duration of the flanking oral closure plus the duration of audible
glottal abduction.

The interval of glottal abduction was taken to be the stretch of noise between the
vowel and oral closure, except for pre-aspiration in Icelandic, where this interval
included a breathy interval at the end of the preceding vowel as well as a
following interval of noise before the stop closure. This interval is that portion of
the actual abduction of the glottis which is audible; since in all cases the flanking
stop closure overlaps some part of the abduction, the interval measured is only part
of the total duration of the abductory gesture. The vowel was identified as that
stretch where the waveform was intense, clearly periodic, and with the asymmetric
periods characteristic of modal voice. The oral closure was identified as that
interval of greatly reduced amplitude or silence between vowels.

The question immediately arises whether acoustic records can be used in
this way to measure the duration of articulatory events. This question is especially
pertinent here since that part of glottal abduction which overlaps with the oral
closure cannot be observed directly in an acoustic record. However, I have assumed
that changes in the duration of the observable part of the glottal abduction outside
the interval of the oral closure will be in proportion to changes in its total
duration. If this is true, measuring the observable part would reveal the same
relative changes as measuring the entire interval of abduction.

3.2.3 Analysis

Correlations were calculated between the duration of audible glottal
abduction and the acoustic durations of each of the flanking oral articulations
combined with the duration of audible glottal abduction for each of the two stop
types in the two languages. Correlations tend to be positive, often quite strongly so,
when an interval is correlated with a larger interval which includes itself, but the
portion of the obtained correlation which is due simply to this inclusion can be
calculated and the significance of the difference between these obtained and
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expected correlations determined (Cohen & Cohen 1983, Munhall 1985). If the
obtained correlation is significantly larger than the expected value, then the
durations of the two articulations can be assumed to be positively correlated, while
if the obtained correlation is significantly smaller, then the two intervals are
negatively correlated. Correlations that are more positive than expected are taken
here to indicate coordination between the two articulations. These part-whole
correlations avoid the negative bias which arises from errors locating the boundary
when correlating the durations of adjacent intervals (Ohala & Lyberg 1976).

3.2.4 Results

Figures la-d illustrate the relationship between the duration of audible
glottal abduction and the acoustic durations of the adjacent consonant and vowel
articulations for each of the stop types, pooled across all conditions.

*kk

Figures la-d about here.
sekk

In each of these figures, the duration of glottal abduction, i.e. pre-aspiration, post-
aspiration, or breathy-voice, is plotted on the vertical axis against the durations of
both the flanking oral articulations, the vowel (in open squares) and stop closure
(in filled squares), on the horizontal axis. The duration of each of the oral
articulations on the horizontal axis is the combined acoustic duration of that oral
articulation and glottal abduction since the correlations are part-whole. Regression
lines for abduction by vowel and abduction by closure are plotted separately in
each figure, and the formulae of each of these regression lines are given at the top
of each figure, together with the observed correlations. As expected, all the
correlations are positive, some quite strongly so. The obtained and expected
correlations with indications of significant differences, if any, pooled across
conditions (as plotted in the figures) are listed in table 1 below, for the two
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different rates in table 2, and for the two different focus positions (Icelandic) or
two different numbers of following syllables (Hindi) contexts in table 3:

Icelandic Hindi

Preaspirated Postaspirated Breathy voice Postaspirated
Overall:
n= 187 78 48 48
AxC .800 > (.598) 616 = (.619) 827 = (.735) 797 > (.634)
AxV 917 > (.848) 728 > (.381) 383 = (.572) .670 = (.708)

Table 1: Part-whole correlation between glottal abduction and adjacent closure or
vowel duration: observed (expected), all data pooled. n is the number of tokens of
each type; different n’s are given for all the tokens of each stop type pooled for
each condition. "AxC" indicates correlation between abduction and adjacent
closure, "AxV" between abduction and adjacent vowel. ">" indicates the observed
correlation is significantly (p < .05 or better) positive compared to the expected
value, "<" that it is significantly negative, and "=" that there is no significant
difference. The same conventions are used in all the other tables.

Icelandic Hindi

Preaspirated Postaspirated Breathy voice Postaspirated
Rate:
Slow:
n= 94 39 24 24
AxC .674 = (.561) .554 = (.663) 770 = (.825) 851 = (.833)
AxV 891 > (.806) 762 > (.394) .068 < (.569) .684 = (.763)
Fast: |
n= 93 39 24 24
AxC .705 = (.684) . 678 = (.748) 817 = (.810) 760 = (.746)
AxV 855 =(.812) 632 = (.544) 337 = (.543) 521 = (.719)

Table 2: Part-whole correlation between glottal abduction and adjacent closure or
vowel duration: observed (expected), condition: rate.
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Icelandic Hindi

Preaspirated Postaspirated Breathy voice Postaspirated
Focus: Number of

syllables:

In focus: a_a:
n= 93 40 24 24
AxC .821 > (.627) 574 = (.597) 821 = (.652) .850 = (.689)
AxV 942 = (.921) .696 > (.376) 301 = (.424) 745 = (.747)
Not in focus: a_apa:
n= 94 38 24 24
AxC .710 > (.544) .641 = (.692) .845 = (.840) 730 = (.658)
AxV 871 = (.827) 741 > (.396) .784 > (.531) 732 = (.854)

Table 3: Part-whole correlation between glottal abduction and adjacent closure or
vowel duration: observed (expected), condition: focus (Icelandic) and number of
syllables (Hindi).

3.2.5 Discussion

The binding principle predicts no positive correlation between the
durations of glottal abduction and the FOLLOWING stop closure in Icelandic pre-
aspirates but just such a positive correlation between the durations of abduction
and the PRECEDING closure for the other three stop types: Hindi breathy voiced
and Hindi and Icelandic post-aspirated stops. Nearly complementary predictions are
made regarding correlation between the durations of abduction and the adjacent
vowel; no positive correlation is expected for stop types other than the Icelandic
pre-aspirates, which may exhibit such a correlation as a result of coordination
between the opening of the glottis and the articulation of the preceding vowcl.‘
Alternatively, abduction of the glottis in Icelandic pre-aspirates may mnot be
coordinated with either of the two flanking oral articulations. The binding
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principle does not require that glottal articulations be coordinated with oral ones,
but instead predicts how they will be coordinated if they are.

As table 1 shows, for all the data pooled, correlations between pre-
aspiration and BOTH flanking oral articulations were significantly more positive
than expected. The observed correlation of .800 between abduction and the
following closure is significantly more positive than the expected .598, and the
observed correlation between abduction and the preceding vowel is also
significantly more positive than expected: .917 vs. .848. Significantly positive
correlations are also observed between abduction and the following vowel in
Icelandic post-aspirated stops, but not between abduction and the preceding
closure. In post-aspirated stops in Hindi, however, the correlation between
abduction and the preceding closure is significantly more positive than expected.
The Hindi breathy voiced stops exhibit no significant correlation between
abduction and either the preceding closure or the following vowel. Even so, the
difference between the observed and expected correlations for abduction with
preceding closure in Hindi breathy voiced stops is in the same direction as for the
Hindi post-aspirated stops. The correlations between abduction and the following
vowel, on the other hand, are in the opposite, negative direction, though for
neither type of stop are they significant.

Tables 2 and 3 show that, with one exception, the difference between
observed and expected correlations observed in each condition separately do not
differ in DIRECTION from those obtained when all the data were pooled. The
exception is that significantly positive correlation between abduction and the
following vowel in Hindi breathy voiced stops when followed by two syllables
(table 3), which is otherwise consistently negative with respect to the expected
correlation. The same pattern of SIGNIFICANT differences was not always found,
however, in each of the conditions as when all the data were pooled. Though in the
same direction as in other conditions, no significant differences between observed
and expected correlations were obtained for any of the stops at the fast rate;
elsewhere, however, at least some of the differences are significant. One consistent
and troublesome result is that no significant difference in either direction was
found between abduction and the preceding closure for Icelandic post-aspirated
stops in any of the experimental conditions. This failure is especially worrisome
since post-aspirated stops in Icelandic do show significantly positive correlations
between abduction and the following VOWEL in three out of four conditions, and
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in the fourth the difference between observed and expected correlations is in the
same direction. Also, the near absence of significantly positive correlations for
both of the Hindi stops in any of the conditions reveals generally weak covariation
between the duration of abduction and that of either of the flanking oral
articulations in this language. Finally, the significantly positive correlation
between abduction and the preceding closure obtained for the Hindi post-aspirated
stops when all the data were pooled is not found in any of the conditions taken
separately.

If all correlations which differ from the expected value in one direction
are considered, not just those which are significant, then the binding principle
fails in two ways in Icelandic:

1. Pre-aspiration correlates positively with the following closure, but

2. Post-aspiration does not correlate positively with the preceding closure.

This pattern of results is exactly the opposite of what was predicted by the binding
principle. For both pre- and post-aspirated stops, abduction correlates positively
with the flanking vowel, which is neither predicted nor excluded by the binding
principle. The Hindi data weakly support the binding principle, on the other hand;
both breathy voice and post-aspiration correlate positively with the preceding
closure but either do not correlate or correlate negatively with the following vowel.

What these data reveal is an essential difference between the two
languages, rather than between stops which differ in the order of the glottal and
oral articulations. By this measure in Icelandic, glottal abduction appears to be
coordinated with the adjacent vowel and for pre-aspiration also with the following
oral closure, while in Hindi, glottal abduction is coordinated with the preceding
oral closure but not the following vowel. The relatively small number of
significant correlations suggests one of two things: either this method of evaluating
coordination is too coarse, perhaps because abduction is only measured partially, or
that coordination between glottal and oral articulations, where it does exist, does
not exhibit strong relational invariance.

The most troubling results are the double failure of the binding principle
in Icelandic: the absence of the predicted positive correlation of abduction with
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the preceding closure in post-aspirated stops and the presence of the excluded
positive correlation of abduction with the following closure in the preaspirated
stops. In the next section, the coordination between glottal and oral articulations
that this latter positive correlation appears to indicate is shown instead to be an
illusion. The failure of the binding principle with respect to the Icelandic post-
aspirates remains genuine, however, unless it can be shown that relational
invariance is not an appropriate measure of coordination.

3.3 Breathiness and noise: the two components of pre-aspiration in
Icelandic

3.3.1 Introduction and methods

A closer look at pre-aspiration reveals that the coordination with the
following oral closure is illusory. As illustrated by the waveform of the transition
from a vowel to a pre-aspirated stop (in the word stdkkur "brittle, nom. masc.") in
figure 2a, preaspiration has two components: a breathy interval followed by an
interval of noise.

*kk

Figure 2 about here.
*kk

The breathy interval was identified as that where the shape of a glottal period
changed from asymmetric to sinusoidal, while noise was simply that interval where
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