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ABSTRACT

The target undershoot model of vowel production pre-
dicts that vowels are characterized by formant values
called targels that are not reached under all circum-
stances. It is assumed that these targets are fixed
with respect to speaking rate and stress pattern. In
the work described here we attempted to investigate
this issue. We dynamically and cinematically mod-
elled formant time series to estimate unreached tar-
gets; then we compared the results of a speaking-rate
and stress-pattern variance analysis of the first two
formants of vowels [a] and [¢] to the results of a two-
factor variance analysis of the corresponding formant
target estimates. The two vowels were produced by
two speakers in a [iVi] context at several speaking
rate and stress pattern combinations. The corpus was
perceptually evaluated to spot uncertain data. Part
of our results gave support to the target undershoot
model, but they were not sufficiently convincing to
back it unambiguously.

1. INTRODUCTION

Previous studies have shown that vowels can be iden-
tified by means of their formants [Helmholtz 1954;
Joos 1948; Delattre et al. 1952]. However, formants
of the same phonetic segment in the same context
may vary with speaking rate or stress pattern. In this
case, the target undershoot model of vowel production
would predict that formant frequencies approach in-
variant values called targets, which are not reached
under all circumnstances [Lindblom 1963; Gay 1981;
Lindblom 1983]. The aim of our work was to test this
prediction experimentally.

Our method consisted in comparing the results of a
two-factor (speaking rate and stress pattern) variance
analysis of the first two formants of two vowels to the
results of a two-factor variance analysis of the cor-
responding formant target estimates. The null hy-
pothesis was the “no effect” hypothesis, i.e. speaking
rate and stress pattern do not influence formant fre-
quency values and formant target estimates of vowel
segments. Being able to reject the “no effect” hy-
pothesis for measured formant frequencies but not for
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formant target estimates would back the predictions
of the target undershoot model of vowel production.
We estimated target values by modelling formant
transitions by means of difference equations and fitted
curves [Caelen 1985]. Targets were defined as the dif-
ference equations’ stationary solutions or the curves’
asymptotes.

We also carried out a perceptual identification exper-
iment to spot uncertain data and compare results of
statistical and perceptual processing.

2. METHODS

We analyzed 4500 transitions of the first two formants
of vowels [a] and [¢] in a [iVi] context. Vowel [V] was
stressed or unstressed and inserted into a French car-
rying sentence [iliVimedia]. The sentence was pro-
duced by two male speakers at 10 speaking rates for
speaker A and 9 speaking rates for speaker B. All
speaking rates were controlled by metronome and
each combination of rate, stress pattern and vowel
was repeated 30 times.

(A) With seven subjects aged between 22 and 30, we
carried out perceptual identification experiments on
selected items of our corpus. The corpus was large
enough to allow the use of different items for differ-
ent listeners, and stimuli were randomly presented to
avold spurious correlations, due to order of presenta-
tion, in listeners’ responses. For each speaker, 7 lists
were made up of 4 [iVi] segments for each combination
of rate, stress and vowel. To avoid clicks at stimulus
onset and offset, signal amplitude was multiplied by a
linear 12.5 ms ramp at the beginning and end. Each
subject listened to two lists (speaker A and B) with a
3-second silence between items. Listeners were asked
to write down each vowel identified between the pre-
ceding and succeding [i]. They did not receive any in-
structions concerning phonetic transcription. Four of
them listened to speaker A first, three of them started
the test with speaker B.

(B) Signal analysis was carried out as follows. Sig-
nals were sampled at 16 kHz, then preemphasized by
means of a (1 — 0.95z) filter (in z-transform nota-
tion). Formant frequency trajectories were calculated
by means of an order 18 covariance linear predictive
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Table 1: Model, curve and target-estimate equations
[linear and nonlinear difference equations {1 & 2) and
sigmoid (3)]. Symbol z, stands for the formant fre-
quency value at time coordinate n; a;, a, b, ¢, d and
to are the coefficients of the difference equations and
sigmoid; & is the order of linear model (1); At is the
sampling step (i.e. 9 ms); x* s the target estimate.

analysis. Analysis window length was 26 ms and win-
dow displacement was 9 ms.

For each corpus item, formant frequencies of [V] were
defined as the maximum of the trajectory of formant
£y and the minimum of the trajectory of formant Fs.
This meant formant frequencies were measured at the
time coordinate when formant trajectories of segment
[V] took on nearly horizontal slopes. For each combi-
nation of rate, stress and vowel, formant frequencies
retained were the average of the 30 maximaof F} and
~ 30 minima of Fs.

Also, for all segments [V], formant frequency targets
of Fi and F, were estimated by means of two dy-
namic models and a sigmoid that were fitted to for-
mant transitions between initial [i] and [V]. Model
equations (1 & 2), curve expression (3) and target
estimates z* are listed in Table 1. Dynamic models
(1) and (2) were respectively a linear and a nonlin-
ear difference equation. Nonlinear difference equation
(2) had among its solutions sigmoid (3). Target es-
timates were defined as the difference equations’ sta-
tionary solutions or the asymptote of sigmoidal curve
(3) when n — +oo0.

Coefficients of difference equations (1) and (2), and
sigmoid (3) were estimated by means of least-squares
methods. The merit function was the sum of the
squared differences between model-generated and
measured values. Coefficients of linear model (1) that
gave rise to a merit function minimum were deter-
mined by means of a conventional linear method. Co-
efficients of noulinear difference equation (2) and sig-
moid (3) were estimated by means of the Levenberg-
Marquardt algorithm which was an optimizer that
gradually switched from a steepest descent method
to a quadratic approximation when the merit func-
tion approached a minimum [Press et al. 1992].

The order of linear difference equation (1) was found
by analysing the t-statistic of each equation coeffi-
cient. The t-statistic was the ratio between a coef-
ficient estimate and its standard deviation estimate.
The higher its t-statistic, the more likely it became
that the coefficient would be different from 0. The
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model order was iteratively increased by 1 until the
t-statistic of the highest-order coeflicient became in-
ferior to 1.96. At this threshold, it was considered as
not significant at the 5 % level, i.e. odds were 1 in 20
that the coefficient’s underlying distribution average
was different from zero. The last but one order was
chosen. )

The [iVi] segmentation procedures were the follow-
ing. Complete formant transitions between preceding
[i] and [V] were modelled by means of nonlinear differ-
ence equation (2) and sigmoid (3). The first samples
were manually chosen near the end of the horizon-
tal part of the trajectories of initial vowel [i], the last
samples were the next maximum of F} or minimum
of F24

In contrast to models (2) and (3), only the second
half-transition between inflexion point and maximum
or minimum was modelled by means of linear differ-
ence equation (1). The position of each inflexion point
was found by means of parameter o of sigmoid (3).
To increase the accuracy of estimate 1y, we assumed
that a speaker made use of the same underlying artic-
ulory gesture for the 30 repetitions of each rate, stress
and vowel combination. Accordingly, the 30 repeated
transitions of each combination were assumed to be
characterized by a single coefficient vector (a,b,c)
while each transition assumed a different time posi-
tion tg. Hence, we used the Viterbi algorithm which
was a means to estimate a unique (a, b, ¢) vector and
30 different ¢ values using simultaneously the 30 rep-
etitions of each combination. The method was to esti-
mate alternatively either one structural vector (e, b, ¢)
or the 30 time positions ¢y keeping fixed the other co-
efficient class until convergence was achieved.

For each vowel, we compared the results of a two-
factor (speaking rate and stress pattern) variance
analysis of formant frequencies to the results of a two-
factor variance analysis of the corresponding target
estimates. The null hypothesis Hy was the “no ef-
fect” hypothesis and the rejection level was 5 %. “No
effect” meant that rate and stress pattern did not in-
fluence formants or formant targets. The rejection
level is the probability of making a false rejection of
a true hypothesis.

3. RESULTS AND DISCUSSION

3.1. Results of the perception experiment

Listeners spontaneously labelled 99.5 % of vowels [V]
either [a] or [e]. Most mistakes therefore were confu-
sions between [a] and [g].

More than 90 % of vowels [¢] produced by both speak-
ers were identified correctly for 35 speaking rate and
stress pattern groups out of 38 (38 = 9 rates x 2
stress patterns + 10 rates x 2 stress patterns). The
identification score of the remaining 3 was 86 %.
Figure 1 shows the normalized average identification
scores of 7 listeners for vowel [a] as a function of
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speaking rate. More than 90 % of vowels [a] pro-
duced by speaker A were recognized correctly for each
speaking rate and stress pattern group except for the
3 highest speaking rates. Identification scores of these
6 groups (3 rates x 2 stress patterns) were above 80 %
except for the unstressed [a] produced at the 2 high-
est speaking rates. More than 90 % of vowels [a] pro-
duced by speaker B were correctly identified for only
9 speaking rate and stress pattern groups out of 18.
For the 9 others groups (stressed [a] preduced at the
3 highest speaking rates and unstressed [a] produced
at the 6 highest speaking rates) identification scores
varied between 18 % and 68 %.

The purpose of the perception experiment was to dis-
card uncertain data from variance analysis. Hence, all
vowels [g] were used in the two-factor variance anal-
ysis. Stressed or unstressed vowels [a] produced by
speaker A at the 6 lowest speaking rates were also
retained as well as stressed or unstressed vowels [a]
produced by speaker B at the 3 lowest speaking rates.

3.2. Formant analysis

F; measurements of unstressed [g] produced by
speaker B varied between 330 and 390 Hz, F| mea-
surements of stressed [¢] varied between 360 and
400 Hz.

Figure 2 shows the average and standard deviation of
Iy values of speaker B’s stressed and unstressed [a]s
for different speaking rates. Fj of unstressed [a] at
the 6 highest speaking rates and F; of stressed [a] at
the 3 highest speaking rates levelled off at two values
closer to Fy of vowel ¢} than to Fi of vowel [a] pro-
duced at the lowest speaking rate. Also, F5 levelled
off for the same 9 groups at a value closer to Fy of
vowel [e] than vowel [a]. Perceptually, [a]s belonging
to these 9 groups were confused with [¢]. Therefore,
formant analysis confirmed perceptual analysis, 1.e.
9 combinations of stress and rate of speaker B’s [a]s
were ambiguously realised, perceptually and acousti-
cally speaking. Therefore, we ignored vowels [a] pro-
duced at the 6 highest speaking rates by speaker B in
our two-factor variance analysis.

Fy values of speaker A’s vowel [a] levelled off at the 4
highest speaking rates. But, no stabilization was ob-
served for F5. Hence, speaker A did not seem to have
reached the limits of his vocal apparatus. Perceptu-
ally, identification scores decreased only for [als pro-
duced at the 3 highest speaking rates. Therefore, the
link between perceptual and acoustic analyses was not
s0 clear cut for speaker A as for speaker B. Nonethe-
less, as stated in the “Results of the perception ex-
periment” section, we left [a]s produced by speaker A
at the 3 highest speaking rates cut of the two-factor
variance analysis.

3.3. Two-factor variance analysis

For speaker B (results not shown), the “no effect” hy-
pothesis Hp was rejected at the level 0.05 for speaking
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Figure 2: F) averages of speaker B’s vowel [a] {(*)
stressed, (O) unstressed} and standard deviations as
a function of speaking rate. The y axis is graduated
in Hz and the 2 axis is the time interval in ms between
two successive metronome beats.

| [[a] 71 [[a] P2 | [e] Iy [ [e] 1 |
F; measurements
linear model S S ST
nonlinear model s 5
sigmotd 8 s

Table 2: Variance-analysis results for speaker A.

rate and stress for F, and F5 formant values and tar-
get estimates of [a] and [e]. This meant that speaking
rate and stress pattern influenced both formants and
target estimates. Therefore, results of speaker B did
not back the target undershoot model.

For speaker A, variance-analysis results are shown in
Table 2. The first line presents analysis results for
unprocessed formants Fy and Fy, the three following
lines present analysis results for Fy and F, targets
estimated by means of linear model (1), nonlinear
model (2) and sigmoid (3) respectively. An empty
square means that the “no effect” hypothesis Hy was
rejected for both speaking rate and stress, i.e. both
factors influenced formant and target estimate, an ’s’
indicates that Hg could not be rejected for stress, i.e.
stress did not influence the formant or target esti-
mate, and an ’r’ means that Hg could not be rejected
for speaking rate.

Table 2 shows that “no effect” hypothesis Hy was re-
jected for speaking rate in all cases except for the
Fy target of [e] estimated by means of linear model
(1). Inspection of F; averages and standard devia-
tions (data not shown) suggested that the inability
to reject Hy could have been due to the presence of
noise. Therefore, these results did not give support
to the target undershoot model.

In contrast to speaking rate, the “no effect” hypothe-
sis was not rejected for stress in the case of some tar-
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Figure 1: Normalised average identification scores of 7 listeners for speakers A’s and B’s vowel [a] as a function
of speaking rate: (O) stressed [a}, () unstressed [a]. = axes are the time interval in ms between two metronome

beats.

get estimates. A possible explanation would be that
target-estimate variability due to stress was lower
than formant variability. But the target estimation
procedure introduced some additional noise into the
estimates. Again, inspection of formant averages and
standard deviations (data not shown) suggested that
the inability to reject Hy for target estimates could
have been either due to an increase in noise or to a
real stress-related variability decrease.

4. CONCLUSION

Variance analyses were carried out on formants and
formant target estimates of [a] and [e] produced at
several speaking rate and stress pattern combinations
by two speakers to test the target undershoot model
of vowel production. Uncertain acoustical data were
discarded on the basis of perceptual analyses. For one
speaker, results did not back the target undershoot
model, for the other speaker, they gave support, but
were not sufficiently convincing to back the model
unambiguously.
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