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ABSTRACT

In normal (casual) speaking modes, speakers often modify,
or seemingly delete, segments that are produced in citation forms
of the same words. This paper discusses three examples of how
attention to the acoustic detail of spoken language can reveal
aspects of the articulation which are perhaps not readily apparent
in more cursory examinations of the speech signal. A lexical
access model which is sensitive to such acoustic detail will find a
better match between both nonmal and citation spoken forms and
their shared abstract representation, than one which is not.

1. INTRODUCTION

Recognizing words in natural speech can be difficult, partly
because speakers often produce renditions that differ from
citation forms. An extreme form of this modification, called
neutralization, can result in disappearance of the critical
difference between two lexical items or strings, e.g. support and
sport, below and blow, or in the and in a. In developing a
lexical access model [1] that relies on fine-grained acoustic
analysis informed by a detailed understanding of the acoustic
consequences of articulatory movements, we have examined
several types of reduction and apparent neutralization. We find
that timing and spectral cues reveal the effects of certain of the
articulatory aspects that distinguish between these segments,
even when some of their nonmally more robust cues are absent.

1. SOME MODIFICATIONS OF /3/

We first consider the case of the English voiced dental (or
interdental) fricative /d/. In normal speech, the phoneme /37 is
particularly susceptible to contextual modifications such as (at
least partial) assimilation to preceding consonants {2,3] or
deletion. This susceptibility is presumably due to a combination
of factors, any one of which is known to lead to weakening of
phonemes. First, /3/ is a voiced non-strident fricative, and in
fact in all but the most emphatic speech, the frication noise
created at the dental constriction is very weak in amplitude.
Second, /d/ is a coronal, and in English (as in many other
languages), coronals are prone to assimilation and other
weakening processes. Finally, /37 has a very limited distribution
in English. It primarily occurs in word-initial position in
function words, e.g. they, them, those, then, and, most
commonly, the. Function words are generally unstressed and
subject to weakening processes. It is true that /J/ also occurs
medially in a number of content words (bother, father, brother,
weather), and word-finally in a few words such as seethe,
teethe, bathe. However, in these cases /J/ is preceded by a
vowel, and here we are interested in what happens to /d/ when it
is preceded by a consonant. Consequently, our comments will
be restricted to word-initial /3/ as it appears in function words.

Assimilation of /3/ to a preceding /n/, for example, could
lead to the neutralization of underlying contrasts such as the
difference between one nose and won those. Deletion of /d/
could neutralize the difference between in g and in the. If we
look at spectrograms of in the, the region between the /I and the
/a/ appears to be completely nasal, suggesting that the /3/ has
either deleted or assimilated to the preceding /n/. An example is
shown in Fig 1. But are the underlying differences totally
peutralized? That is, is /d/ completely deleted (or completely
assimilated) in these cases? Our impression as speakers and
listeners is that the /J/ has not lost all of its phonetic properties.
‘What types of objective evidence can we bring to bear on this
issue?
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Fig.1 Spectrogram of the utterance in the. The consonant
region appears nasalized throughout.

We first examine the contrast between the utterances in ¢ and
in the. Two facts suggest that the /J/ has not been deleted.
First, deletion of the /3/ would make the &/ of the word-initial.
Word-initial vowels are sometimes produced with a glottal
attack, and we never see this for the vowel of the. Second, if
the /J/ had been deleted, we would expect the /n/ to be produced
as a nasal flap, as /n/ usually flaps when followed by an
unstressed vowel. On the other hand, in the has a long nasal
consonant duration. We used sentences from the TIMIT
database to compare the duration of intervocalic consonant
portions for in g and in the. This database contains a variety of
sentences read at self-selected rates by a nuinber of speakers.
The results are shown in Fig. 2 in the form of a histogram. The
intervocalic consonant region was generally quite short for in a,
but long for sequences that had an underlying the following the
/n/. There is very little overlap in the two distributions of the
duration of the consonant region. For in a, the consonant region
was almost always less then 55 msec, and with one exception,
for in the it was always 55 msec or longer. It seems likely that
listeners (or a machine) could use the duration of the nasal
murmur to fairly reliably distinguish between in @ and in the (for
an explicit test of this possibility, see [2]).

O in a (n=36)

W in the (n=53)

Number

0w w W W W o w Wm0 N W
v—(\l(’)@lﬂwl\mc)Ov—
- -

Duration

Fig. 2 Histogram showing duration of consonant intervals for
in a and in the in read sentences.
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We played these sentences to seven naive listeners,
providing them with a written script for each sentence. For the
relevant portion of each sentence, the script included a choice
between g and the. We asked the listeners to indicate which
determiner the speaker had used. Out of 644 responses, there
were only 6 errors. Of course, listeners might have been relying
on information other than, or in addition to, duration.

We now consider whether the /3/ completely assimilates to
the preceding /n/, or only partially assimilates. In order to avoid
the issue of flapped /n/, it is helpful here to compare /Vn#nV/
and /Vn#JV/ sequences. We have analyzed a number of
acoustic recordings, made in our laboratory, of sentences with
such sequences. Examination of spectrograms and waveforms
of minimal pairs suggests the /J/ in /Vn#dV/ is, for the most
part, nasalized. Yet, when we listen to these sentences we have
a strong impression that the speaker groduced a /3/. This leads
us to suspect that agsimilation of /d/ to the preceding /n/ is
incomplete.

In thinking about what would constitute acoustic evidence of
incomplete assimilation, we consider the expected articulatory

. configurations associated with both /n/ and /d/ in intervocalic
position, and with the expected acoustic consequences of these
articulatory configurations, While /n/ and /3/ are both made with
the tongue blade, /n/ is made at the alveolus, whereas /37 is
made more forward, at or between the teeth. One expected
acoustic correlate of a dental versus alveolar place of articulation
is that F2 should be lower in frequency going into and out of a
/3] constriction than it is going in and out of an /n/ constriction
[4]. So if the /d/ in a /Vn#3V/ sequence has not assimilated in
place to the preceding /n/, and is still somewhat dental, we
would expect a lower F2 at the consonant-vowel release than we
would find in a /Vn#nV/.

We have begun to test this expectation with minimal pairs
such as win those and win no’s. We measured the F2 frequency
at the release of the consonant into the second vowel. Some
preliminary results are shown in Fig. 3. These data are averaged
over 5 to 8 tokens, and data are shown separately for different
speakers and different minimal pairs, because F2 will be
dependent not only on place of articulation, but also on
individual speaker and vowel context. The important point is
that for each set of data, at the consonant release F2 is always
considerably lower for the utterance with an undetlying /3y.

3r W .n ni...
3 ..ndi.

.nno...

..ndo...

F2 in kHz

Spkr 1 Spkr 2 Spkr 1 Spkr 2

Fig. 3 F2 at release of second consonant. F2 is always lower
for underlying I J than for underlying /In/, indicating that /8 has
maintained its dental place.

It appears that these speakers had a more dental constriction
at the end of the consonant sequence in /Vn#dV/ than they did in
/Vo#nV/. That is, the /J/ did not assimilate in place to the
preceding /n/. Furthermore, if we look more fully at F2 at the
moment of consonant implosion, there is evidence that the
tongue is more fronted even at the beginning of the consonant
sequence for /Vn#dV/ than it is for /Vn#nV/. It would appear
that the /n/ has at least partially assimilated in place to the
following /d/, rather than the other way around (see also [2, 5]).

Another difference between /3/ and /n/ has to do with the
abruptness of the release of the constriction. Nasal and oral
stops, which are made with complete oral constrictions,
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generally have more abrupt releases than do fricatives, which are
made with incomplete oral constrictions. Even for full stops,
dentals are expected to have slower releases than alveolars {4].
If /3/ maintains its fricative-like degree of constriction and dental
place, in /Vn#JV/ sequences, we would expect to see a less-
abrupt release into the second V than we see in /Vn#nV/
sequences. In spectrograms of a number of such utterances
produced by several speakers, the F1 rise at release generally
does appear to be less abrupt for /Vn#dV/. As an example, in
Figure 4, we show F1 frequencies for /n/ and /3/ releases into
the vowel /o/. The measurements were made from spectra
calculated from a 5 msec window centered on consecutive pitch
pulses. F1 rises more gradually for the consonant release in the
utterance win those than in win nose.

600
500 -
400 E

"win those"

T 7

300

F1 inHz

I "win no's”
200 1 )] 1 L 1 L 1 I ] 1 1 1
001234567 01234567
Measurement Pitch Periods
(approximately 5 msec apart)

Fig. 4 F1 at release of second consonant. Fl rises more
gradually for the usterance with an underlying 1d .

Normally, of course, the most robust articulatory difference
between /n/ and /3/ is the position of the velum. For intervocalic
/n/ the velum lowers in the preceding vowel, begins to rise
during the /n/, but is still somewhat low as the oral constriction
for the /n/ is released into the following vowel. In contrast, the
velum is normally relatively high throughout a /VJV/ sequence.
The acoustic consequences of nasalization of vowels and
consonants are complicated, but in part involve the appearance
of extra poles and zeros, and also the dampening of formant
bandwidths. As we have noted, the entire /nd/ interval in a
/VndV/ appears to nasalized. But, if the velum were to raise
somewhat earlier in /VndV/ sequence than in a /VnnV/ sequence,
we might expect to see a diminution of nasalization effects
toward the end of the consonant interval or relatively early in the
vowel. We have just begun to explore this possibility, and hope
to report on results in the oral version of this paper.

Both the perceptual and acoustic results support our
intuitions about our own articulation, and indicate the following
scenario when speakers produce /Vn#JV/ sequences. The
tongue initially makes a tight dental constriction (rather than the
alveolar constriction made in /Vn#nV/). This constriction is then
slightly weakened and is slowly released. The initial portion of
the consonant region retains aspects of the normal constriction
degree for the nasal /n/, while the final portion seems to reflect
the normally expected constriction degree for the fricative /d/.
The velum is low during the /n/ and continues to have a low
position throughout most of time in which the oral constriction is
maintained. In a feature-based model [6, 7] we would say that it
is primarily the feature [+nasal] which has been assimilated by
the /d/; its other features remain as they would in a non-nasal
context. Using a coproduction model [8], we would say that the
oral gestures for the /1/ and /3/ have incompletely overlapped,
and that the velar lowering gesture for the /n/ more completely
overlaps with the /.

. VOWEL REDUCTION

We turn now turn to examples of vowel reduction. As is
well known, in English, unstressed vowels like the first vowel
in the words support and below are often reduced in duration,
and may sometimes appear to be deleted. If these vowels are
completely deleted, leaving no traces, then support might be
expected to become homophonous with sport and below
homophonous with blow.

Apparent deletions of this sort can be explained in gestural
overlap models [8] as being the result of the relative timing of
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the release of the first consonant and the implosion of the second
consonant. If the constriction for the second consonant is
achieved prior to the time at which the constriction of the first
consonant is released, then there will be no period in which the
oral tract is unconstricted. Therefore, the primary aspects of the
underlying vowel will be missing.

Yowel reduction between two voiceless phonemes.
The case of words like support is particularly interesting to

us because both of the relevant consonants are voiceless and
made with an open glottis, whereas the intervening vowel is
made with a narrowed glottis suitable for voicing. Furthermore,
as the /p/ is syllable-initial, it is aspirated. In terms of oral-
glottal coordination, this aspiration results from the fact that the
glottal opening gesture is timed so that the glottis is maximally
open at the release of the labial constriction for the /p/ [9,10].
This type of oral-glottal coordination contrasts with the type seen
in syllable-initial /sp/ clusters (e.g. sport). In the latter case, the
glottis has a single opening and closing movement, and the
glottis is fairly well closed by the time the /p/ is released. A
question arises as to what happens to the glottal gestures for
support when the speaker times the oral gestures so that the /s/
and /p/ are contiguous. Elsewhere [11,12] we have reported on
the results of relevant acoustic and perceptual studies we have
done on the support - sport pair. Here we will highlight the
major results,

The acoustic analysis was based on the words support and
sport produced in careful, reading, conversational and very fast
speaking modes by four speakers. For sport, the labial closure
for the /p/ was produced while the /s/ constriction was still in
place. The acoustic evidence for this was a strong labial tail on
the /s/ frication, and/or the lack of any voiced or voiceless
formants between the /s/ frication and the /p/. The /p/ release
was always characterized by a very brief period of aspiration.
An example is shown in Fig 5a.

rFY

T .2
Time in Secs

Fig 5 Spectrograms of sport (a) and support (b).

In most of the tokens of the word support, there was
evidence of a period of oral tract opening between the /s/ and the
/p/, as shown in Fig. 5b. However, this interval was often quite
brief, and sometimes nonexistent, especially in fast or
conversational speech. We show some examples in Figs. 6-8.

In the token shown in Fig. 6, there is a brief period of
aspiration and then a short voiced schwa between the /s/ release
and the /p/ closure. The aspiration indicates that the alveolar
constriction has been released, and the pitch periods following
the aspiration show that the glottis is fairly well adducted. The
/p/ release is followed by a long interval of aspiration.

For some tokens, we saw no voicing after the /s/. In Fig. 7a
we show a token which has only a brief period of aspiration
after the /s/. Fig. 7b shows spectra made during the /s/ frication
(dotted line) and during the aspiration noise (solid line) which
follows the /s/ frication. There is a strong peak at 2200 Hz in
the post-frication noise, and this is an indication that the sound
source is post-alveolar, rather than alveolar. So while it may
first appear that no vowel had been produced, in fact the /s/
released into an open vocal tract. Again, in this token, the /p/
release is heavily aspirated.
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Fig. 6 The word support produced with a short schwa.
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Fig. 7 The word support produced with aspiration between
the /s/ and the [pl. The left panel (a) shows the spectrogram.
The right panel (b) shows spectra calculated during the [s/
Jrication (dotted line) and the post-frication aspiration (solid
line).
In some tokens there was a brief period of voicing after the

/s/ release. Initially we had assumed this voicing was associated
with an open oral tract - a vowel. However, as shown in Figure
8a and 8b, the spectrogram and power spectra of some tokens
show very little energy in the higher frequencies for this interval.
We conclude that these are examples of voice bars and that the
speaker in fact moved directly from the /s/ oral constriction into
the /p/ oral constriction. The glottal narrowing gesture,
however, was retained for the underlying vowel, as indicated by
the voice bar. The /p/ in this case is aspirated, showing that the
same type of oral and glottal relationship exists here as exists in
careful speech.

5

“H
MAG (dB)
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Q 100 200 300 FREQ (kHz)
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Fig. 8 The word support produced with a voice bar between
the /s/ and the Ip/. The left panel (a) shows the spectrogram.
The right panel (b) shows spectra calculated during the voiced
interval between the /s/ and the [p/.
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These data suggest that speakers may allow quite a bit of
variability in the timing of the /s/ release and the closure for the
/p/ in support, even going to the extreme of making the /s/
release directly into the /p/ closure. However, the glottal
gestures for the underlying schwa are maintained. Furthermore,
the speakers have the same kind of glottal-oral timing for the /p/
(/p/ is always aspirated) in casual as in careful speech.

The acoustic consequences of these production pattems are
such that support and sport remain acoustically distinct. Several
experiments show that aspiration of the /p/ has cue value in
signaling support [13]. Our own work shows that listeners are
sensitive not only to the aspiration after the /p/ release, but also
to the presence of aspiration or a voice bar after the /s/.

Vowel reduction between two voiced phonemes.

Qur final example of reduction involves the behavior of the
initial schwa vowel in words like below and derive. Again,
apparent deletion can come about if the speaker happens to
achieve the second consonantal constriction before the initial
consonant is released. If this happens, these words will
potentially be homophonous with blow and drive, respectively.

As we have seen, when the oral gestures of the schwa are
absent, as in some productions of words like support, glottal
gestures and their coordination to oral gestures can remain as
cues to the underlying disyllabicity of the word. However, in
words like below and derive, the underlying schwa vowel is
surrounded by two voiced phonemes. In fact, the glottis should
be in a narrowed, voicing state throughout below and blow, and
derive and drive. If the oral gestures for the schwa are
essentially omitted, we might expect the difference between
below and blow, and derive and drive, to be completely
neutralized.

However, this does not seem to be the case. We examined
acoustic recordings of a number of minimal pairs. In each pair,
the initial consonant was a voiced stop which was either
followed immediately by a sonorant (/l/ or /t/), or by a stressless
schwa and then /I/ or /r/. These recordings were from 8§
speakers reading a series of short paragraphs. In many cases,
the initial schwa vowel in words like below appeared to be
omitted. We compared the durations of the sonorant
constrictions for these words with the duration of the sonorant
constrictions of words without an underlying schwa. In almost
all cases the sonorant duration was longer for words with an
underlying schwa. Work by others [14,15] has shown that
duration of such sonorants can have important cue value for
the /CV1/ versus /Cl/ and /CVr/ versus /Cr/ distinctions.

What of the cases in which there does not appear to be an
added sonorant duration? Are they in any way distinct from the
way they would have been had they not contained an underlying
schwa? One possibility is that in careful speech, the actual
articulation of syllable-initial /l/ and /t/ is somewhat different
than the articulation of those phonemes in syllable-initial
clusters. For example, the /l/ in below may have a different
tongue body position, and a somewhat different release, than the
/N in blow. If so, and if these differences are maintained despite
the fact that in casual speech the /If of below may be achieved
before the /b/ is released, below and blow would remain
articulatorily distinct. We are currently examining the acoustics
of these words to try to determine if such differences can be
found. For some speakers, there do appear to be spectral
distinctions.

IV. DISCUSSION

Our results demonstrate that while normal speaking modes
may produce forms which are rather different than citation
forms, speakers often do not alter their speech as radically as it
might at first appear. A detailed "microanalysis" of the acoustic
signal, informed by theories of expected articulatory-to-acoustic
relationships, reveals that a number of robust durational and
(sometimes subtle) spectral cues remain constant across
speaking modes. Such cues will presumably be useful in lexical
access models, particularly those which are based on phonetic
and acoustic features [1].
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