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ABSTRACT
Speech is known to be determined by universal phonetic constraints and by
language-specific constraints (phonological and lexical). However, the assignment
of pronunciation features of a given language to the phonetic, phonological or
lexical level is not a straightforward task. This paper seeks to determine the
phonetic or phonological status of pronunciation features on the basis of their
behaviour across different speaking rates. Data on aspiration across different
speaking rates in English and Catalan were obtained. The data show that
phonological effects, such as aspiration in English, adjust to variations in
speech rate so as to maintain a constant perceptual distance across rates,
whereas phonetic effects, such as aspiration in the Romance languages, remain
constant across rates or present rate-correlated changes which can be accounted
for by the general principles of speech motor control. The results obtained
provide empirical support for utilizing speech rate
as a technique to
differentiate between phonetic and phonological phenomena.

Introduction
In current linguistic models phonological information might be present at three
different levels, as shown in Figure 1 : 1) in the lexicon, 2) in the
phonological component, and 3) in the low level phonetic interpretation.
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Figure 1. Simplified version of the speaker's linguistic knowledge.

The lexicon is a kind of memory bank where we store the lexical items and their
meaning. The underlying lexical representation includes purely idiosyncratic and

unpredictable facts of the language. Thus, it is an entirely arbitrary fact of
English that the meaning 'sink' (Noun) is associated to the particular
lexical form /snk/. It just so happens that this meaning is represented as
/snk/ in English, whereas it has the arbitrary form /frega'dera/ fregadera in
Spanish or /evj'e/ évier in French. The lexicon, thus, stores the particular,
idiosyncratic facts of the language which have to be learned by the speaker.
Lexical rules are responsible for word formation (compounding and derivation) and
inflectional processes. Thus, the Voicing Assimilation Rule which assigns the
plural form [s] to the morpheme /snk/ applies at the lexical level.
The phonological
component includes
the rule-governed,
systematic and
predictable features of English phonology. It includes all the phonological rules
of the language. Thus, the phonological component of English includes the Nasal
Assimilation Rule which yields [sks], and the Vowel Length Rule yielding a
shorter vowel+nasal segment in [sks] than in [sz] sings. Phonological rules
are predictable and productive since given any arbitrary phonological form
existing in the English lexicon, it will be uttered in a way that follows from
these general rules of English.
The low level phonetic interpretation
involves the actual articulatory
implementation of sound sequences. Through rules of phonetic implementation the
output of the phonological component is assigned a quantitative realization in
time and space. The default articulatory movements automatically implemented by
the phonetic component follow from the constraints of the human speech production
mechanism and are supposed to be the same cross-linguistically. In the example
above, the physiology of the speech apparatus determines the coarticulatory
fronting of the velar constriction,[sks
 ], due to the effect of the preceding
front vowel, and the nasalization of the vowel,[sk
 s
 ], due to the necessary
transition time to lower the velum for the nasal consonant.
Thus, pronunciation features can be specified at three different levels or
components: the phonetic level, resulting from the physiology of the vocal
tract and, consequently, universal; the phonological level, including the
systematic, rule-governed, language-specific behaviour and the lexical level,
involving idiosyncratic features of the language.
Although the difference between the phonetic, phonological and lexical level
seems to be quite clear-cut, the assignment of phonetic features of a given
language to each of these levels is not a straightforward task. For example,
following Chomsky and Halle
(1968), coarticulation, or
the overlapping
articulation of neighbouring segments, was supposed to be universal and to follow
from general non-linguistic principles, such as the physiology of the vocal
tract, the dynamics of the articulators, and the principles of speech motor
control . As a consequence a phonological output was assumed to have a unique
physical realization across languages. However, coarticulatory data have shown
significant differences between languages and such differences cannot be
explained purely in physiological terms. Extensive evidence has been provided for
the language-specific
nature of
coarticulatory
features and
therefore
phonological rules which assign language-dependent spatio-temporal realizations
have to be postulated. Thus, what was thought to be purely phonetic --universal-has been shown to be phonological -- language-specific.
The separation into phonetic, phonological or lexical processes is further
complicated by the fact that the same phonetic phenomenon might have a different
status across languages. Vowel duration differences is a case in point. In all
languages vowels are slightly shorter before tautosyllabic voiceless obstruents
than before voiced obstruents (the vowel duration ratio before voiceless and
voiced obstruents is 9:10 (Lehiste 1970)). Such vowel length differences, which
occur cross-linguistically, can be explained in terms of the mechanical
implementation of the voicing contrast (Ohala 1983) and can be said to be a
low-level phonetic effect. However, the magnitude of the difference is much
greater in English (ratio 2:3) vis-à-vis other languages, such as Spanish or
French (ratio 9:10), and a purely physiological explanation is no longer tenable.
The vowel length differences in English cannot be explained in terms of a

different feature specification in the lexicon since the vowels in /bæg/ and
/bæk/ have the same values. Thus, a language-specific phonological rule has to be
postulated to account for vowel length differences in English. In languages such
as Swedish, Hungarian, Arabic or Finnish, vowel length differences are neither
automatic -as in
Spanish or
French -nor do
they follow
from a
phonological
rule -as in
English. In
these languages vowel
length is
contrastive and vowel duration is an intrinsic property of the vowel. Thus,
vowels are specified as short or long in the lexicon.
Consequently, the same phonetic phenomenon, vowel length differences, might be
phonetic in one language, such as Spanish; it might have been phonologized in
another language, and therefore be part of the phonological component, as in
English; and it might have a lexical status in still other languages, such as
Swedish.
In
order
to provide
an
accurate description
and
modelling of
the
phonology of a language it is crucial to elucidate the phonetic, phonological or
lexical status of the different pronunciation features in that particular
language. In the following sections we will present an experimental paradigm
that
allows us
to determine the phonological or
phonetic nature of
pronunciation features on the basis of their behaviour across different speaking
rates. This paradigm was used by Solé and Ohala (1991) and Solé (1992) to
differentiate between coarticulatory nasalization and phonological nasalization.
They obtained data
on the timing of velum lowering before nasal consonants
across different speech rates and argued that the extensive vowel nasalization
found in American English across different speech rates is a language-specific
phonological effect, whereas the restricted coarticulatory nasalization found in
Spanish, unaffected by speech rate effects, is the result of phonetic
implementation. Solé (1995) also used this paradigm to differentiate between
articulatory trajectories
automatically implemented by the phonetic component
and articulatory
trajectories which
are phonologically
specified for the
language.
Experimental paradigm
To differentiate between
automatically implemented, unintended phonetic
phenomena and centrally planned phonological phenomena we use an experimental
design which involves manipulating rate of speech and observing its effects on
the phonetic or phonological variable under study. The rationale of the
experiment is the following: Speech rate is an established higher level
adjustment with predictable and systematic consequences, e.g., in segment
duration, F0 curve, etc. Thus, segment duration adjusts to variations in speech
rate: faster speaking rates shorter segments than slower speaking rates; the F0
curve also adjusts to speaking rate so that it extends over a longer time span
in slow speech than in fast speech. Given that speech rate is a higher level
adjustment, then if a given phonetic feature has a phonological status and
is, consequently, higher level, it should predictably and systematically adjust
to speech rate variations so as to keep a constant perceptual distance
across rates. Consequently, phonological effects are expected to systematically
vary with speaking rate.
On the contrary, effects which are the result of phonetic implementation should
not adjust to rate variations since they do not participate in the higher level
reorganization of timing and durational factors, but they originate at a lower
level. Thus, phonetic effects, which reflect constraints of speech production,
are expected not to vary across rates or to present rate-correlated changes, as
a result of the time compression in faster speaking rates, which can be accounted
for by the general principles of speech motor control.
The adequacy of this experimental paradigm was tested on a well-known
phenomenon: the Aspiration Rule. The aspiration of syllable initial [p, t, k] has
the status of a phonological rule in English, whereas in languages such as
Catalan, Spanish, or French it is considered to be an effect of phonetic
implementation (the time needed to release the oral pressure behind the
constriction for the stop and thus initiate transglottal airflow for voicing).

According to our paradigm, duration of aspiration in English should vary with
speech rate (i.e., aspiration should be longer in slower speaking rates and
shorter in faster speaking rates) to maintain a constant perceptual contrast
across rates, whereas in the Romance languages aspiration should remain constant
in different rate conditions.
The adequacy of the paradigm was also tested on differences in duration of
aspiration induced by the place of articulation of the stop. It has been observed
cross-linguistically that velar stops show a longer period of aspiration than
alveolars and labials (Fischer-Jørgensen 1954:50, Peterson and Lehiste 1960:
701). This is known to be a universal effect of phonetic implementation and can
be explained from aerodynamic and physiological principles. According to our
hypothesis, implementational differences such as these should remain constant
across rates and languages.
Material and method
Three Southern British English speakers (two males and one female) and three
Catalan speakers (two females and one male) read a randomized word list
consisting of all possible combinations of CV where C= p, t, k and V= i, a, in
the carrier phrase "Guess __ soon" for English and "Dos __ són" (They are two
__) for Catalan. High and low vowels were chosen since vowel height has been
shown to have an effect on degree of aspiration (Ohala 1975). Sentence stress
naturally fell on the test word in English. Catalan speakers were asked to place
a contrastive stress on the test word to avoid the default placement of nuclear
stress on the last content word in this language. Thus, all utterances in both
languages were pronounced with sentence stress on the test word. The subjects
were asked to read the test sentences five times at five different speech rates:
(1) overarticulated, overly slow speech ("as if talking to a deaf person who was
lip reading"); (2) careful, slow speech ("as if reading out loud to a formal
audience in a big lecture hall"); (3) normal conversational speech; (4) fast
speech; (5) underarticulated, overly fast speech ("as fast as you possibly can").
Recordings were made of the acoustic signal and measurements of duration of
aspiration ( i.e., time-lag between the release of the closure and the onset of
voicing), vowel duration and the duration of the carrier phrase were made on
spectrograms. The duration of the carrier phrase is a suitable measure for speech
rate.
Linear correlations and regressions were used to assess the relationship between
speech rate and duration of aspiration. ANOVA was used to compare group means.
Results
1. Rate-induced effects on duration of VOT. The results for the measurements of
duration of aspiration across different speech rates for the individual English
and Catalan speakers are shown in Figure 2. This figure plots varying speech rate
along the x-axis and duration of aspiration for the three stops, followed by low
and high vowels, along the y-axis.
--------------------------INSERT FIG. 2 ABOUT HERE
--------------------------For the three English speakers there is a positive relationship between varying
speech rate and duration of aspiration (the slower the speech rate, the longer
the aspiration) for all stops in all vowel contexts. The relationship is
significant for all speakers (p < 0.0001 in all cases), suggesting that speech
rate is responsible for variation in duration of aspiration. The correlations
are generally high, between 0.8 and 0.96. The squared r values never go below
0.6 , indicating that speech rate explains over 60% of the variance. In some
cases the squared r values get as high as 0.9 (speaker FH).
For the three Catalan speakers, on the other hand, the relationship between rate
conditions and duration of aspiration is not significant (except for [ki]
sequences). Values for aspiration are constant across rates, suggesting that in

this language duration of aspiration is independent of speech rate effects. The
correlations are low and the squared r values (except for [ki] sequences) never
exceed 0.17.
The sequence [ki] presents a pattern of its own, showing a positive correlation
-- statistically significant for speakers MX
(p < 0.001) and MC (p < 0.0001)
and less so for speaker AE (p < 0.04) -- between the two variables. The behaviour
of [ki] sequences in Catalan, which adjust to rate variations, as opposed to the
constant value of aspiration in other sequences, can be accounted for in
physiological terms. The aerodynamic and physiological factors responsible for
the delayed onset of voicing in [ki] sequences, as opposed to all other
sequences, are exaggerated/reduced in slower/faster speaking rates due to the
time factor1.
2. VOT differences for stops at various places of articulation. The observed
differences in duration of aspiration induced by the place of articulation of the
stop (the farther back the place of articulation, the longer the aspiration
period) are known to be a universal effect of phonetic implementation.
Articulations further back in the vocal tract involve a smaller pharyngeal cavity
and a higher oral pressure behind the
constriction than, for example, labial
sounds; thus, velar sounds take a longer time to reduce the pharyngeal presure
and initiate the transgottal airflow needed for voicing.
According
to
our
experimental
paradigm,
effects
of
phonetic
implementation such as these
should not vary with speech rate since they result from low-level articulatory
adjustments. Thus,
we
expect
the difference
in
duration of
aspiration
between any pair of consonants differing in place of articulation to be the
same in slow and fast speech. This means that in our data the regression lines
for [p, t, k] should show the same slope (whatever the value of the slope) and
therefore
be parallel
within each language
category. Since
effects
of
phonetic
implementation
are
assumed
to
be
the
same
crosslinguistically, the differences in VOT for
various places of articulation are
expected to be approximately the same in the two languages.
Figure 3 shows the regression lines resulting from pooling the data for all
speakers within each language category. Figure 3 shows parallel regression lines
for English [pV] and [kV] sequences. [tV] sequences, however, show a flatter
slope (mainly due to speaker AM) which intercepts the regression lines for [p]
and [k]. For the Catalan speakers, with the exception of [ki] sequences for all
speakers, the regression lines are parallel, indicating the same difference in
duration of aspiration under different rate conditions.
-------------------------INSERT FIG. 3 ABOUT HERE
-------------------------Cross-language comparison is not straightforward due to the non-parallel
regression lines for [t] sequences in English. Figure 3, however, shows that
except for [ki] sequences in Catalan whose behaviour has been accounted for, the
difference between the extreme VOT values (those for [p] and [k]) is comparable
in both languages.
The results show that although there may be other factors involved, the
difference in duration of aspiration for various places of articulation,(k > t >
p), has approximately the same magnitude in slow and fast speech and across the
two languages. Thus, as predicted for low-level phonetic effects, the difference
in duration of aspiration for various places of articulation remains constant
across rates.
Discussion
The results show that duration of aspiration in English adjusts to varying
speech rate (i.e., the slower the speech rate, the longer the aspiration
period), as predicted for phonological effects. Aspiration in English shows a
multiplicative effect: VOT in one rate of speech differs from that in another

rate by an amount proportional to the duration of the vowel so as to maintain a
constant perceptual difference across rates. Thus, it can be deduced that
aspiration in English does not occur automatically but that it is part of the
programming instructions of the language, that is, the result of a languagespecific phonological rule. Conversely, duration of aspiration in Catalan remains
constant across rates (i.e., shows an additive effect) reflecting a low level
phonetic adjustment independent of higher level effects.
It is a well-known fact that the same phonetic effect, VOT, may have a different
status in different languages. Thus, in languages such as Catalan, Spanish and
French aspiration is a low-level effect, due to the articulatory implementation
of the transition between voiceless stops and vowels, and independent of speaking
rate effects. In English aspiration of voiceless stops has the status of a
phonological rule and it adjusts to varying speech rate. In languages such as
Thai, which show a three-way contrast between voiced ([b]), voiceless unaspirated
([p]), and voiceless aspirated stops ([ph]), aspiration is a lexical feature
specified in the lexicon.
The data obtained also show that low-level implementational effects, such as VOT
differences between stops differing in place of articulation, do not vary with
speech rate and, thus, exhibit an approximately constant magnitude across rates
and languages.
The results obtained provide empirical support for utilizing rate of speech as a
technique to differentiate between the phonetic or phonological status of
pronunciation features.
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FIGURE CAPTIONS

Figure 2. Variation in duration of aspiration for [p, t, k], preceding low and
high vowels, for the individual English (left column) and Catalan (right column)
speakers plotted as a function of decreasing speech rate. Each dot represents
one measurement (n= 900).
Figure 3. Differences in duration of aspiration for stops at different places of
articulation, followed by low and high vowels, plotted as a function of varying
speech rate in English (left) and Catalan (right). Each dot represents one
measurement (n= 900).

