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where stress is “one of the devices that a language can use to
set up a hierarchical organization of its utterances” (p. 8), a
concept formalized by [11, 12, 13], but from the point of view
of temporal articulatory organization of speech.
Over an entire utterance, the syllable with the nuclear
stressed unit is articulated with the largest jaw opening (e.g. [8,
9, 14]). To emphasize or especially focus a word, the jaw will
open even more (e.g., [15, 16, 17]), marking that this particular
item is very important. (Note that increased jaw opening for
increased prominence occurs regardless of the vowel height, but
it is greater for low vowels compared with high vowels (e.g.,
[22])). Increased jaw opening for emphasized/focused words
has also been reported in other languages, suggesting that
opening the jaw more is a “universal” method of signaling
which item is important (e.g., [18] for French, [19] for
Japanese).
In this approach to temporal organization of speech, we
equate amount of jaw opening with “syllable magnitude,” as
proposed by Fujimura (e.g., [3]). Each syllable in a given
utterance has a measurable amount of magnitude, based on the
maximum jaw displacement at the nucleus of the syllable and
its position in the prosodic structure of that utterance. In
acoustic terms, increased jaw displacement/syllable magnitude
results in changes in resonant frequencies of the vocal tract (i.e.,
formants). Depending on the vowel characteristics, the first
(F1) and second formant (F2) vary with increased jaw
displacement, as the tongue moves to preserve the phonemic
identity of the vowel ([20, 21]. Specifically, F1 was found to
increase with increased jaw displacement for contrastively
emphasized syllables, regardless of vowel height [20], and the
separation of F1 and F2 increased or decreased depending on
whether the vowel was high or low, respectively. Often other
acoustic changes, such as increased intensity, duration and F0,
may co- occur with increased jaw displacement but not
necessarily (e.g., [10, 21, 22]).
This paper addresses nuclear stress in English. According
to work by e.g., [23], nuclear stress often occurs on the “rightmost content noun of the utterance”. But, nuclear stress can be
“elusive” to non-first language speakers of English, and
frequently, even to first language speakers; sometimes, it is not
necessarily clear which of the items in the utterance has nuclear
stress. Thus, a speaker could produce several tokens of the same
utterance with nuclear stress on a different content word. In
previous studies by Erickson and colleagues [9], in which the
amount of jaw displacement was considered to indicate which
item has nuclear stress, it was found that nuclear stress could
shift in the same sentence due to the speaker’s affective
judgement. For the utterance, I saw five bright highlights in the
sky tonight, three of the four speakers tended to choose
highlights, while one chose five [9]; in another study [24], two
speakers emphasized five, one highlights, and one sky.

Abstract
We view speech as organized articulatorily in terms of units that
result from the speaker opening and closing the mouth, e.g.,
mandible. How much the mandible (aka jaw) opens during each
syllable is determined by the characteristics of the vowel
phoneme, and also the prosodic relationship of the syllable to
other syllables in the utterance. Regression analyses of jaw
displacements in an utterance containing all mid front /e/
vowels with prominence ratings (Rapid Prosodic Transcription
(RPT)) by English listeners shows significant correlations
between jaw and perceived prominence. The results suggest
increased jaw displacement results in changes in acoustic
information, which listeners may use to recognize nuclear stress
in English. The results can be interpreted to support a view of
temporal organization of spoken utterances as a series of
syllables in which the speaker opens the jaw more for the
important items in the utterance; specifically, in English, the
syllable with the largest magnitude in the utterance (in terms of
jaw displacement) is perceived as having the nuclear stress.
Index Terms: articulatory organization, jaw displacement,
tongue blade, formants, nuclear stress

1. Introduction
The approach taken here is that speech is organized
articulatorily in terms of units that result from the speaker
opening and closing the mouth. Thus, spoken utterances are a
series of mouth (jaw) openings and closings; each
opening/closing
is
a
syllable-unit;
groupings
of
openings/closings constitute words, feet, phrases, and
sentences. Maximum opening of the jaw is referred to as vowel,
maximum closings (onset, offsets), as consonants. How much
the jaw opens during each syllable is determined by the
characteristics of the vowel phoneme, i.e., for low vowels (in
English) the jaw is approximately 2 mm lower than for mid
vowels, and 4 mm lower than for high vowels [1, 2].
In addition, how much the jaw opens for each syllable is
prescribed by the relation of the syllable with regard to other
syllables in the syllable groupings. For many languages, such
as French, Japanese, Mandarin Chinese, the jaw opens more at
the end (and optionally at the beginning) of each grouping unit,
as if to mark that this series of syllables belong to this group
(e.g., [4, 5, 6, 7]). For languages like English, the amount of jaw
opening changes relative to other syllables within the grouping
units. In this way, the amount of jaw opening can be seen to
mark the hierarchical relationships among syllables within a
group; specifically, within each grouping unit, one syllable will
have more jaw opening than others. It is as if to mark which
syllable within the grouping is “most important”, the speaker
opens his mouth more (e.g., [8, 9]). This is similar to [10],
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plane and corrected for head movement using the reference
sensors after low-pass filtering at 20 Hz. Acoustic measures of
maximum F0 and average formant frequencies (F1 & F2) for
each target syllable were made using the software PRAAT [25].
Speakers read a randomized list from a PowerPoint display
of the sentences, with 5 to 6 randomizations of each utterance.
The corpus consisted of a number of utterances; the utterances
examined here are the tokens of I gave dates to Kay today. It
was important to keep all the vowels as similar as possible, in
order to control for vowel quality, since vowel height affects
jaw opening. For this sentence, measurements were made at the
maximum jaw displacements for the [e] part of the /ei/
diphthongs for the four words gave, dates, kay, and day. The
first word of the sentence I, as well as the reduced syllables for
to are not measured, since the vowels are different.
MView [26] was used for marking boundaries of vowel
gestures (see Figure 1). The articulatory parameters (jaw and
Tongue Blade (TB) positions relative to occlusal plane) were
measured at the lowest jaw position (marked with vertical thick
lines in the figure) within the vowel for each of the target words.
Figure 1 shows jaw and tongue blade tracings for the four
words, gave, dates, kay, and day. Upper panels show the
acoustic wave form and spectrogram and bottom panels show
TB and jaw tracings (mm), respectively. The vertical thick lines
demarcate the point of maximum jaw opening in the vowel part
of each word, the point at which the jaw and tongue
measurements were made. A comment: Although each syllable
is produced by opening the jaw, the jaw openings are then reorganized within the hierarchical structure of English such that
the reduced syllables are often produced with little to no jaw
opening, as shown in Figure 1.

This paper is a small pilot study in which we examine
perceptibility for strong syllable magnitude/jaw displacement
on nuclear-stressed syllables in English. The question we
address is whether indeed the largest jaw displacement occurs
with nuclear stress, and, do listeners perceive the word with
largest jaw displacement as having nuclear stress. Articulatory
recordings of jaw displacement were made using
electromagnetic articulographic recordings; perception of
nuclear stress was done using the Rapid Prosodic Transcription
(RPT) methods (e.g., [23]).
With regard to RPT, prosody is not codified with a
canonical spelling system as are consonants and vowels. Thus,
ascertaining which words in an utterance are perceived as being
prominent is a challenging task for linguists. Rapid Prosodic
Transcription (RPT), a method developed by Jennifer Cole and
colleagues, is one approach to addressing this challenge. In this
approach, naïve listeners are asked to specify which
syllable/word in an utterance receives prominence, the more
times a word/syllable is marked as being prominent by listeners
is interpreted as representing the amount of perceived
prominence on that word. Listeners may mark more than one
word as being prominent. The number of prominence markings
assigned to each of the syllables can theoretically range from 0
to n, where n is the total number of listeners in the experiment;
the number of markings of prominence on each syllable indicate
the perceived stress level of each syllable, which theoretically,
then corresponds to the descriptions of metrical grids/prosodic
hierarchy of the utterance along the lines proposed by e.g., [11,
12, 13]. The word/syllable with the most markings of
prominence is concluded to have the nuclear stress in the
utterance; the next largest markings will indicate where phrasal
and foot stresses occur.
An earlier study by Erickson and colleagues using RPT for
assessing perceived prominence in an utterance showed that
that patterns of jaw displacement matched perceptual
judgments of listeners [14]. But their paper did not specifically
address nuclear stress; also, the sentence examined contained
all low vowels /a/, while the sentence examined in this study
contains all mid front vowels /e/. Some of the articulatory data
presented here were previously reported in Huang et al. [24] and
Smith et al. [7]. The new information reported here has to do
specifically with production and perception of nuclear stress,
and some of the acoustic correlates of nuclear stress.

2. Method
2.1. Data Recording & Analysis

Figure 1: A typical articulatory pattern for a sample
utterance of (I) gave dates to Kay today by L1
speaker, A10.

Articulatory and acoustic data for two American English
speakers (1 M, 1 F) were recorded at JAIST, Japan, using 3-D
EMA (Carstens AG500). For all recordings, one sensor was
placed on the lower medial incisors to track jaw opening, and
four additional sensors (upper incisors, bridge of the nose, left
and right mastoid processes behind the ears) were used as
references to correct for head movement. Additional sensors
were placed on the upper and lower lips, and three on the
tongue: Tongue Tip (TT), Tongue Blade (TB) and Tongue
Dorsum (TD). Here, we report on the lowest position of the jaw
during each target vowel, as measured from the occlusal plane,
and the TB at the time the jaw is maximally low. The
articulatory and acoustic data were digitized at sampling rates
of 200 Hz and 16 kHz, respectively. The occlusal plane was
estimated using a biteplate with three additional sensors. In post
processing, the articulatory data were rotated to the occlusal

2.2. RPT perception tests
The listeners were presented with two sentence types (Yes, I
saw five bright highlights in the sky tonight and I gave dates to
Kay today) produced by the two English speakers (A09 and
A10) for a total of 22 utterances. There were 5 tokens of each
of the sentences by A09 and 6 by A10; however, one of the
tokens by A09 was not included in the RPT test, due to technical
difficulties. The tests were presented by computer over
headphones to nineteen listeners from a Midwestern university
in the United States. The instructions were to mark with a line
underneath the word if some words stood out more than others,
if they were louder, longer or higher pitched. Only the results
of the I gave dates to Kay today were analyzed in this paper.
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The number of times listeners heard a word “stand out” is
interpreted as the level of perceived prominence of that word.

Table 1: Regression analyses (r2 values) with
formants and jaw & tongue (Tongue Blade)
articulation. R2

3. Results
Figure 2 shows the patterns of jaw displacement and
prominence ratings for each of the tokens of the I gave dates to
Kay today utterance types for each of the speakers (4 tokens by
A09 and 5 tokens by A10). Red dotted lines here refer to
standardized jaw opening values and green solid lines indicate
perceived prominence, with green band representing standard
deviation of perceived scores. Absolute values of jaw
displacement (in mm) was converted to z-score by speaker
(subtracting mean and then divided by the SD within speaker).
Green shaded area for the perceptual judgements indicates 95%
confidence interval for the mean (+/- 1.96 * standard error).
Correlation analyses show a significant correlation (p<0.05)
with jaw and prominence for both speakers.
Notice that for all tokens, maximum jaw displacement
occurs on the word, Kay, and this is the word that is usually
perceived by listeners to be the most prominent (i.e., had the
largest number of times the word was underlined). These results
suggest that indeed speakers open the mouth more to indicate a
word in the sentence which is both intended by the speaker as
well as perceived by the listener to have nuclear stress.
The acoustic information occurring during the series of jaw
openings is shaped by the characteristics of the voice source
passing through the vocal tract filter. Regression analyses
(Table 1) show significant relationships between changes in
articulation and formants for both speakers. All measurements
are made at the point of maximum jaw displacement.
Significant relations were found for F1 and F2-F1 with jaw and
tongue blade (TB), when the jaw position is subtracted from the
tongue blade position.

Speaker

F1 x TB-jaw

F2-F1 x TB-Jaw

A09

0.35 (p= 0.01)

0.43 (p=0.00)

A10

0.27 (p=0.01)

0.37 (p=0.00)

Table 2: Regression analyses (r2 values) with F0,
formants, jaw & tongue (Tongue Blade) articulation
Speaker

F1-F0 x TB-jaw

A09

0.43 (p=0.00)

A10

0.76 (p=0.00)

Significant relations related to F0 and formants and jaw
were also found, specifically, between F1-F0 and TB-jaw,
although only modestly so for A09 (Table 2). Thus, for the midfront vowel, we see an interaction among jaw, tongue body, F1,
F2, and F0.

4. Discussion
These results suggest that increased jaw displacement results in
changes in acoustic information, which the listeners can use to
recognize nuclear stress in English. The results can be
interpreted to support a view of temporal organization of
spoken utterances as a series of syllables in which the speaker
opens the mouth more for the important items in the utterance;
specifically, in English, the syllable with the largest magnitude
in the utterance (in terms of jaw displacement) is perceived as
having the nuclear stress.
It is interesting that for the mid front vowel we do not see
the strong correlations between F1 and jaw displacement we
reported for the low vowel /a/ (e.g., [9]), but we do see
significant correlations between formants and jaw-tongue
related measures (also see [24]). This can be understood better
in terms of the findings of [20]: increased jaw displacement for
increased prominence (contrastive emphasis) occurs for high,
mid and low front vowels, and also low back vowels. As the
jaw lowers more, the tongue moves more in the phonological
direction of the vowel. For /a/, it moves down and back, for /æ/,
it moves down and forward, for /e/, it moves forward, and for
/i/ it moves forward and up. As a result, F1 tends to increase for
all emphasized vowels due to jaw lowering, and F2 follows the
tongue pattern: F2 is lowest for low vowels and highest for high
front vowels [20]. Thus, it makes sense for mid front vowel /e/,
that we find the tongue body is involved along with the jaw in
producing increased syllable magnitude. Because the tongue
body is involved, we see significant correlations of tongue-jaw
movement with both F1 and F2. In addition, due to the linking
of jaw and tongue with the larynx [27, 28, 29, 30, 31], we also
see significant correlations with F1-F0 values.
The focus of this paper is mainly on relating syllable
magnitude articulation with perception, not F0, duration and
intensity. Auditory impressions of the utterances indicated that
Kay was always produced as a high stressed syllable (H*), but
did not always have the highest F0 in the utterance, as shown in
figures 3 and 4. It is interesting to note that although Kay was
produced with increased jaw displacement (Figure 2), listeners
gave more prominence ratings to dates. But for both A09
(Figure 3, second token) and A10 (Figure 4, fifth token) dates

Figure 2: Patterns of jaw displacement and
prominence ratings for each of the tokens of the “I
gave dates to Kay today) utterance for speaker A09
(left) and speaker A10 (right). The x-axis indicates
each content word in utterance; give (P1), dates (P2),
kay (P3), day (P4). Notice that increased jaw
displacement indicated by higher z-score.
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5. Conclusion

did not have the highest F0; gave did. These observations are
compatible with the study by [32], reporting that F0 is not the
main acoustic cue to signal prominence; also see [33] for a
description of the relationship of laryngeal source information
and supralaryngeal filter settings within his proposal of
prosodic temporal organization of speech. Future work will
pursue the various acoustic cues listeners rely on for perceiving
a syllable to have nuclear stress.

Our results indicated that the word with the highest number of
perceived prominences is the word that had the largest amount
of jaw displacement, e.g., Kay. We interpret these results to
indicate that Kay was the word with nuclear stress in the
utterance. That some of the listeners marked prominence on
gave suggests that this word also received some degree of
prominence but it was not the word with nuclear stress, since it
didn’t have the largest amount of jaw opening in the utterance.
These results are in accordance with previous research with
RPT-derived perceptions of prominence with two English
speakers, but with a different utterance, “Pam said bat that fat
cat at that mat”, uttered with 5 different prosodic conditions:
neutral, and contrastive emphasis on each of the four words in
the second intermediate phrase, BAT, THAT, FAT, CAT [14].
The results showed a significant correlation between jaw
displacement and amount of perceived prominence by listeners.
In both this study and our previous study with RPT and jaw
displacement, we see that in some cases, listeners were more in
agreement that in others. This makes sense, since prominence
is not codified, neither from the point of view of perception nor
production.
With regard to possible segmental influences on jaw
displacement, work by [1, 2] shows that combination of vowel
height and prominence has the largest, most significant effects
on jaw displacement; the extent to which onset and coda affects
syllable jaw displacement seem to be minimal but has not been
systematically investigated to our knowledge as of yet. Thus,
since all syllables contained the same mid-front vowel, it seems
reasonable to assume that increased jaw displacement found for
“Kay” was significantly influenced by increased syllable
prominence.
An additional finding is that articulation of prominence is
different for mid front vowel /e/ compared to that for the low
vowel /a/. For /a/, increased jaw displacement results in
increased F1. For /e/, there is a linking between the jaw and
tongue such that increased jaw displacement shows significant
correlations for TB-jaw with F1, TB-jaw with F2-F1, and TBjaw with F1-F0. Given that increased prominence on the mid
front vowel requires the tongue blade to move more forward to
compensate for the increased jaw lowering, it makes sense to
see significant correlations with TB-jaw and the formants. Also,
given the interaction between tongue, jaw and larynx, it makes
sense to see significant correlations with F1-F0. In order to
confirm these findings, future work will include more utterance
types, more speakers, and more listeners, as well as acoustic
analyses related to changes in both source and filter (e.g., F0,
periodicity, spectral tilt, formants, intensity and duration).
Our main finding (more jaw opening, more perceived
prominence) was expected, based on ongoing work with jaw
displacement and prominence, including work with perceived
prominence using RPT. We believe this work is an important
addition to elucidate temporal structures of speech from a
syllable point of view.

Figure 3: Patterns of peak F0 for each syllable for
each of the tokens of the “I gave dates to Kay today)
utterance for speaker A09.

Figure 4: Patterns of peak F0 for each syllable for
each of the tokens of the “I gave dates to Kay today)
utterance for speaker A10.
Also, an important question to explore is why some
speakers, e.g., A09, show stronger correlations with jaw and
prominence than do others, e.g., A10.
Future work will explore the integration of vocal tract and
phonation types for the implementation of prosodic changes.
One approach suggested by Osamu Fujimura in the C/D model
[3, and also, 33] is that the temporal organization of speech
forms a scaffold or base on which the segmental layer and
melodic layer are aligned as different step functions. Further,
the temporal/rhythmic organization of speech is determined
from the articulatory pattern of jaw openings at the realization
of the syllable. Thus, there are two components to prosody in
this model: rhythm (pattern of jaw displacement) and melody
(pattern of intonational F0 contours).
An interesting application of this type of approach to
temporal organization of spoken utterances from an articulatory
point of view is with second language teaching of prosody.
Using jaw tracings to teach Japanese learners of English seems
to be an effective way to help them know where the nuclear
stress item is and to actually change their jaw and formant
patterns appropriately [34].
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