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are the same for both classes. It is recognized also that, in general principle, some allo-
phonic variations are to be considered either idiosyncratic or language-speciﬁc, while
others may be considered to arise from general properties of the motor organization of
the articulatory system. It is with this last, poorly defined, class that most studies have

One of the best studied allophonic effects is the effect of syllable stress on vowel
production, It hag been shown that stressed vowels are commonly both more intense and
longer than their unstressed counterparts. In addition, stressed and unstressed vowels

* Earlier versions of this Paper were presented g¢ the 50th Meeting of the American
Speech angd Hearing Assocz’atz‘on, Washz’ngton, D.C., Novembper 1975, and at the 94th
Meeting of the Acoustical Society of America, Miami, Florida, December, 19 77. The
research was supported by NIH grants DE-01774 and NS-13617 to Haskins Laborg-
tories, The techniques for making the acoustic measurements were developed by
Thomas Baer; the difficult task of analyzing the data was accomplished by Berty
Tuller, '
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differ in vowel quality, in that unstressed vowels tend to be neutralized (Lindblom,
1963). The vowel-quality difference is sufficiently substantial that it has been shown to
cue the perception of stress in disyllables (Fry, 1958). This sort of quality difference has
been shown for a number of languages (Lehiste, 1970). '

Two models have been proposed for the effect of stress on vowel colour. The first
might be called an “‘extra energy” model. While the details of the model are not worked
out at a physiological level, the general idea is that extra energy is applied to the stressed”
. vowel, with the result that it lasts longer, and the signals to the articulators are a little
larger, so that the vowel is further from a neutral vocal tract position (Ohman; 1967;
Jones, 1940). \

A second model might be called the “undershoot model” (Lindblom, 1963). In
Lindblom’s model, the difference between target formant values for the vowels of dif-
fering duration is a consequence of the change in duration itself. A vowel is specified in
the nervous system by a set of signals. When these signals are sent to the articulators, they
result in a given vocal-tract shape, the target, unless the signals for a subsequent phone
arrive at the articulators too soon, so that the target is not attained because the path of -
articulatory movement is deflected towards the new target.

These two theories make different predictions about events at the acoustic and physio-
logical levels. For the “undershoot” theory, at the acoustic level, the effect of any change
of context on the relationship between duration and formant target frequency is the
same, so that the effects of changing stress and speaking rate, for example, are identical.
. A given decrease in duration will be accompanied by a fixed undershoot. At the control
signal level, the size of the signals to the articulators should be constant, as stress or
speaking rate is varied. For the “extra energy” hypothesis, vowel duration and target
frequency are separable, and stressed syllables should show more extreme formant values
than unstressed syllables. '

The experiment to be described was developed to test these theories, and beyond
that, to gain insight into the speech timing mechanism, by studying the effect of stress
and speaking rate on simple nonsense syllables. '

METHODS
The speakers were three adults,' two femaies (KSH and FBB) and one male (LJR), all

native speakers of American English, and personnel of Haskins Laboratories.
The speech sample was the four-syllable nonsense words /apipipa/ and /spipibs/, with

stress placed on either the second or third syllable. Subjects read semi-random lists of -

these four “words” at two self-selected speaking rates, “slow” and “fast.” Although 25
repetitions were produced of each utterance, later processing failures reduced the lists to
24 repetitions for LJR and 20 and 21, respectively, for KSH and FBB. Acoustic recordings
were made, as well as electromyographic recordings from the genioglossus muscle. Since
the genioglossus bunches the main body of the tongue, and brings it forward (Raphael
and Bell-Berti, 1975; Smith, 1970), we might expect greater activity from the muscle as
fronting increases. In order to ensure at least one successful recording, two electrodes
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Fig. 1. Averaged EMG activity for the genioglossus muscle for two épeakers. .Stress
contrasts are shown at the left; speaking rate contrasts are shown at the right.

were inserted into the muscle for KSH and FBB, and three for LJR. Since all insertions
were successful, we selected those recordings which appeared, on preliminary inspection,
't0 be most stable, for further analysis. The electrode preparation and insertion technique
has been reported in detail elsewhere (Hirose, 1971).

“ All acoustic measurements were made on an interactive computer system at Haskins
Laboratories. Duration measures were made on the waveform; the duration for each
syllable represents the duration of closure, burst, aspiration and voicing for the central
two syllables in the nonsense word, indicated as the first and second syllables below.
Measurements of F, and F; peak frequency were made after spectrographic transforma-
tion, although as measures of F, frequency were so closely parallel to those of F,
frequency, they will not be reported. Since low-frequency room noise was recorded
during the experimént, reliable measurement of F, frequency was not feasible. ‘

- The EMG signals were rectified, filtered and averaged using the Haskins Laboratories
system, as previously described (Kewley-Port, 1973). Peak EMG activity was measured
for each syllable, as a crude indication of overall muscle activity. Some typical averaged
interference patterns are shown in Fig. 1.

RESULTS
Results of the acoustic measurements are shown in Fig. 2. Each panel shows the eight

data points for F, peak frequency as a function of duration, for /p/ or /b/ syllables, for
a single speaker. Each point is labelled as to whether it was produced in a first or second



Katherine S. Harris | 357

LJR - KSH FeB
2.6f 33 : . 32p
v/ e/ : SR lp/ F S
. . ) .
- 28b : / S, 32t at F-/,
: " 'i"'ﬁ‘\sz :l/ 2
( Fs S, 2
24} / ' ap i—o, 3o}
1 .
U4 f?———"“ $2 f
1 1 1 2 ] J 1 1 g
230 18 225 ars 3075 225 218 325 %0 180 200 2%
RATE : s

. 26p 330 3.2 /
/b/ b/ . 7/ Sy
[ 2
Lzﬁ < ‘ /ss‘ 3.2} F,F\s N1
1
F; ‘kz \

F

¢ ~S, $ '/32
24 . , 34k W\ 3.0./ t
s )

5, 52

23l L 20 L F— 20l L —

125 .18 225 273 ‘s 225 2rs 328 . 100 "0 200 2%0
™~ - S2
b :
v 26r o 33¢ s2p
P v/ _ o/ !
4 . 4 F
= : s‘s, . '
= 2.5F 32fr 3P
e - R h S2 (% %
4 / F, / f,
my] A s, 2
2 24) LA 3t 3ot
(e ) .
w fi
o t \) $2 ‘ f
uw 2.3 - T 30 L b 2.9 A T
25 175 225 275 178 225 215 325 00 180 200 2%
STRﬁ-'.SS ' 5,
268 33r , s2r
/v/ /v/

. . |
. ‘ . s 2 / P Sz
24} / caap b so}b
£y :

23 30 4 2
125 175 228 278 178 228 218 328 100 150 . 200 250

DURATION [N msec —

Fig.2. Peak F; frequency plotted against syllable duration, for three subjects. Values
for utterances whose final consonant is /p/ are plotted in the first and third
rows; those for utterances whose final consonant is [b/ are plotted in the second

and fourth rows. Points representing minimal contrasts in speaking rate are
connected in the upper six panels; points representing minimal stress contrasts

are connected in the lower six panels. Stressed syllables are indicated with

upper case letters; unstressed syllables are indicated with lower case letters.

Values for first syllables are subscripted with «1”: those for second syllables,

with “2.” Values for fast speaking rate are indicated with “F”; those for slow

speaking rate are indicated with “S.”
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Fig.3. Peak EMG activity (in microvolts) plotted against syllable dflration, for three

subjects. Values for utterances whose final consonant is /p/ are plotted in the
first and third rows; those for utterances whose final consonant is /b/ are plotted
in the second and fourth rows. Points representing minimal contrasts in speaking
rate are connected in the upper six panels; points representing minimal stress
contrasts are connected in the lower six panels. Stressed syllables are indicated
with upper case letters; unstressed syllables are indicated with lower case letters.
Values for first syllables are subscripted with “1”; those for second syllables,
with “2.” Values for fast speaking rate are indicated with “F”; those for slow

“speaking rate are indicated with “S.”
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. syllable, as to the stressed of unstressed character of the syllable, and the speaking rate
. condition. In the top set of six panels, lines are drawn between syllables which show a
minimal contrast in speaking rate. If the «yndershoot” hypothesis weré supported, we
- 'would expect all lines to slope upward and to the right; that is, “slow” syllables would be
- longer in duration, indicating that the subject was following instructions, and that the
. fast syllables would have lower F, frequency values, indicating undershoot at fast speaking
" Trates. In fact, the proposed pattern is followed, for two subjects, LIR and FBB, but is
_not for the third, KSH. '
" In the lower set of six panels, lines are drawn between points which show 2 minimal
stress contrast. For contrasts of stress, lines connecting corresponding syllable pairs
slope upward and to the right for all three subjects. Furthermore, in those cases where
there is an overlap of duration values from different syllables, there is a tendency for
stressed syllables to lie at higher values of F peak frequency than unstressed syllables.

There are twWO minor variables which might have shown some systematic pattern. Since
the nonsense words were produced in citation form, somewhat longer durations might be
expected for the second syllable; furthermore, longer durations should be expected for
those syllables terminating in [o]. A comparison of the twelve relevant cases shows that
while all /b/ S, syllables are longer than S, o/ syllables, F, frequency values are higher
for [b/ for only five of the twelve comparisons, indicating no systematic relationship
petween the two variables. In short, speaking-rate yariation seems t0 be quite different in
the effects on vowel target than stress variations; and individuals differ in how they
accomplish speaking-raté variation. Furthermore, the relatively small variations in
duration which accompany the. effect of terminal voicing and phonetic environment do
not seem to be accompanied by systematic changes in Fj frequency.-

Fig. 3 shows peak EMG activity as 2 function of acoustic duration, in an analogous
form of presentation to that of Fig. 1. It is clear that the second Lindblom hypothesis
is not supported;"peak activity varies substantially for stress, for most comparisons, for
all three subjects; for speaking rate, there are no consistent effects on peak activity.
~_As to the effects of the minor variables of syllable position and terminal consonant,

© out of twelve possible comparisons, peak activity for /b [-syllables is greater than that for
/pl-syllables in six. Thus, the overall conclusions from a study of peak EMG activity is
that signals to the articulators are not 2 constant size; stressed syllables show greater
activity than do unstressed syllables. Other variables do not show consistent effects.

DISCUSSION

The results of the experiment lead to the general conclusion that the mechanisms for
the control of speaking rate and duration in vowel articulation are disjunct, a conclusion
which finds some support in the literature. N

" As to the acoustic result, the experiment closest to that reported above is that of Gay
(1978). He concluded that speaking rate and lexical stress are controlled by different
mechanisms, onl the basis of results which show variations of vowel-target frequency 2as

s

a function of stress, but 1O _variation as a function of speaking rate. Our results are
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identical to his for stress, but at variance with respect to speaking rate. S

There are some studies of articulator movement under conditions of varying stress
and speaking rate which, although no acoustic measures are reported, are consonant with
those reported here. Kent and Netsell (1971), in a cineradiographic study, examined
articulator position as a function of stress. Most of their observations show that under
conditions of contrastive stress, the articulators move further from neutral position, and
there is, in addition, some evidence for increased articulatory. velocity with increased
stress. ’ i

Using a technique identical to that of Kent and Netsell, Kuehn and Moll (1976)
examined articulator displacement for vowels under conditions of variable speaking rate.
They found that, as speaking rate increased, some speakers decreased articulator target
position, while others increased articulator velocity to reach the target in a reduced
amount of time.

Finally, in a study of single motor units, in the anterior belly of the digastric muscle,
Sussman and MacNeilage (1978) observed a pattern of recruitment and discharge re-
organization in emphatic stress, characterized by, among other things, changes in motor-
unit discharge rate and recruitment of additional motor units, They conclude that their
findings support the Ohman (1967) notion of “an instantaneous addition of a quantum

- of physiological energy underlying stressed productions.”

It can be concluded, then, that speakers articulate using independent controls of the .
duration and magnitude of movement, in generating allophonic variations in varying stress
and speaking rate. There is some acoustic evidence (Nord, 1974) that the mechanism
associated with terminal lengthening may lead to allophones with still a different relation-
ship between duration and target frequency. Terminal lengthening may be particularly
important in conveying syntactic information about sentence structure to the listener
(Klatt, 1976; Cooper, 1976). .

There is a possible reason, from a perceptual point of view, why these independent
controls are necessary. Klatt (1976) has pointed out that, for a listener faced with the
acoustic representation of a sentence, there is information encoded in duration about
both the suprasegmental and segmental structure of the sentence. He suggested that if
the listener already understood the sentence, he could interpret the durational variations,
but he must use the durational information to decode the message. However, if dura-
tional variation is accomplished so that there are different relations among duration,
target formant frequencies and transition velocity, for, for example, stressing and clause
terminal lengthening, some of the ambiguities in the message may be resolvable. _

It has recently been shown by Strange, Verbrugge, Shankweiler and Edman (1976)
that vowel identification is aided by consonant context; presumably, as we understand
movement dynamics better, we will better understand the way in which the listener
makes use of the acoustic counterpart of the articulatory act. N

N
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