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Abstract

Previous work on formant targets has assumed that these tar-
gets are independent of the speaking style. In this paper, we
estimate consonant and vowel targets in a database of “clear”
and “conversational” speech, using both style-independent and
style-dependent models. The test-set errors and clustering of
the estimated target values indicate that for this corpus, formant
targets depend on the speaking style. Vowel classification accu-
racy was then tested on estimated target values and compared
with classification based on observed formant values. Token-
based style-independent classification shows greater accuracy
for conversational speech (82.19%) than observed-value classi-
fication (73.97%).

Index Terms: formant target, clear speech, formant contour
model.

1. Introduction

Clear (CLR) speech has been studied because of increased intel-
ligibility and distinct acoustic characteristics as compared with
conversational (CNV) speech [1]. Kain et al. [2] investigated
which acoustic feature(s) contribute to increased intelligibility
of CLR speech. By modifying the feature combination of spec-
trum and phoneme duration, the intelligibility of CNV speech
was improved (degree of contribution 56%), while individual
features, spectrum or phoneme duration alone, did not always
significantly improve intelligibility. It is necesary to further un-
derstand the relationship between the formant contours (repre-
senting both spectrum and duration) and speech intelligibility.

It is known that the degree of formant undershoot varies
based on speaking rate, vowel duration, speaking style, and
word stress [3]. In CNV speech production, formant under-
shoot is more dynamic than in CLR speech [4]. In this paper, we
examine whether the speaker sets the target of the articulators
(tongue, lips and jaw), which are reflected in formant contours,
differently in CNV and CLR speech.

Our previous work showed that a formant contour model
fitted well to words with a limited context (/wV'l/ and /tV1/
words) [5]. The model was developed with a linear combination
of style-independent target values and coarticulation functions.
The assumption was that the speaker aims for the same target
position regardless of the speaking style. However, it may be
true that the speaker aims for a different target position in dif-
ferent speaking styles. Therefore, the style-independent targets
might have caused an increased error. In order to investigate
the style dependency of the target position, in the current work
we estimate style-independent formant targets as well as style-
dependent formant targets. The mean error rate and cluster-
ing of targets is examined to compare the performance from the
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two methods. Finally, as an application of the formant contour
model, vowels are classified using the Mahalanobis distance
with both style-independent and style-dependent token-based
targets, and results are compared with classification based on
observed steady-state formant values.

2. Formant Contour Model

As described in [5], the equation of the formant contour model
is given as

F(t) = d(t;s1,p1)- (Te, — Tv) + Ty

+do(t; —s2,p2) - (T, — Tv) 1)

where f‘(t) is the estimated formant contour of a CVC word as
a function of time ¢, as in a study by Niu and van Santen [6].
Tc,, Ty, and T, are the target formant vectors of the pre-
vocalic consonant (C1), vowel (V), and postvocalic consonant
(C5), respectively. The target formant vectors consist of the first
four formant values (4 x 1 dimension). The function & (¢; s, p)
represents the degree of coarticulation of Cy and Cs, and is
proportional to the differences in target formant values. The
sigmoid function is used for the coarticulation function:

1

‘f(t;syp)zm

2

which is characterized with two coefficients, s (slope) and p
(slope position).
Constraints for the parameters are the following:

o d4i(t;s1,p1) + do(t; —s2,p2) < 1.0
e s > (in Equation 2.

e p; (or p2) in Equation 2 may range from middle of C; (or
V) to the middle of V' (or C5).

e 200 < F1 < 900, 400 < F2 < 3000, 900 < F3 <
3700, 2500 < F'4 < 5000.

o F2—F1>200,F3—F4 > 200, F4— F3 > 200.

3. Experiment 1

The corpus consists of 242 consonant-vowel-consonant (CVC)
meaningful English words, with 23 initial and final consonants
and 8 vowels. The CVC words were spoken by a male speaker
with two speaking styles (CNV and CLR style). The total of 968
(242 words x 2 repetitions X 2 speaking styles) tokens are fitted
to the formant contour model with both style-independent and
style-dependent target estimation.
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3.1. Parameter Estimation: Style-independent targets

We estimate model parameters (s1,p1,S2,p2) per token, and
formant target values T for each phoneme for both speak-
ing styles. (This is called context-independent and style-
independent target estimation.) In our corpus, 484 samples per
speaking style are available for training and testing. Each sam-
ple is tested with a jackknife procedure, with 218 (or 217) ran-
domly selected training samples from each speaking style and
24 (or 25) test samples in 20 test groups, total of 436 in training
and 48 test sets. Parameters are initialized with s = 0.7, p =
corresponding phoneme boundaries. Formant target values are
initialized with values provided by Allen et al. [7]
The error function to estimate parameters (s1, p1,S2, p2) 1S
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where F(¢)*) and ﬁ(t)““) are the observed and estimated for-
mant contours for the k-th word, converted to Bark scale. N(*)
is the number of frames from Tfk) to T2(k>. The contribution
to the error from F1 and F2 are weighted more than F3 and
F4, representedasw = [1 1 0.5 0.1]. T® (or T4") is
located at the middle of C; (or C2) when C1 (or C2) is an ap-
proximant. Otherwise, Tfk) (or TQ(k)) is located at the C1 V' (or
V' C5) boundary. Thus, Errl is calculated only when formant
values are available.
Formant targets are estimated by minimizing

S K
Errz= % Y B,

style=1 k:phn€k

“4)

Err1® is summed over all the words (k) that have a particular
phoneme (phn) and over all speaking styles. K is the number of
words (K = 218) used in the training set. K has been reduced
to 218 to allow direct comparison of Err2 with Err3 (below).
S is the number of speaking styles (S = 2). Each parameter
is estimated using a steepest ascent hill-climbing approach, as
described in [5].

3.2. Parameter Estimation: Style-dependent targets

We estimate model parameters (s1, p1,S2, p2) in 4(¢;s,p) per
token, and formant target values T for each phoneme in each
speaking style. (This is called context-independent and style-
dependent target estimation, where one set of formant values is
estimated per phoneme for each speaking style.) Each sample
is tested once with a jackknife procedure, with 48 (or 49) test
samples and the remaining 436 (or 435) training samples from
each speaking style in 10 different groups.

The same error function (Errl in Equation 3) is used to es-
timate parameters (si, p1,S2,p2), while Err2 (Equation4) is
changed to

K
Err3styie = Z E’"“ilzg),le ©)

k:phneck

Err1® is summed over all the words (k) that have a particular
phoneme (phn) for each speaking style. K is the number of
words (K = 436) used in a training set. The initial values and
the steepest ascent hill-climbing approach for the optimization
method are the same as style-independent target estimation.
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Training set Test set
CNV CLR CNV CLR
Style-Indep. 0.2740 0.2975 0.3076 0.3104
Tgt Estimation ~ (0.1246)  (0.1091)  (0.1572)  (0.1164)
Style-Dep. 0.2592 0.2747 0.2780 0.2851
Tgt Estimation  (0.1242)  (0.1041)  (0.1362)  (0.1107)

Table 1: Mean error Fs target (in Bark) in training and test sets.

3.3. Goodness of fit

The root mean square error ng?wet (Bark) is calculated for
each word k as in Equation 3. The subscript s, target indicates
that the error depends on the variables s and target, while the
value p for slope position is adjusted to the best fit in each token.
Mean Eif?ar get Values over the samples in the training and test
sets are reported for each style in Table 1. The error difference
between training set and test set is relatively small, indicating
little over-fittining to the training set. The error rate was suc-
cessfully reduced with style-dependent target estimation both
in training and test sets.

Figures la and 1b represent the modeled formant contour
of the word “yes” (/j € s/) (solid lines) as well as observed
contour (dotted lines) in both CNV and CLR styles. The esti-
mated target values (crosses) are the result of style-dependent
targets for each speaking style. For the unvoiced consonant /s/
where formant values are not available, the virtual formant tar-
get values are estimated reasonably well. Figures 1c and 1d
show the corresponding coarticulation functions (d;(t1; s1,p1)
and d>(t2; s2,p2)). The slope of the coarticulation functions
show how fast the contour moves from one target to the other.

The ng?mga values were 0.1964 (Figure 1a) and 0.1803 Bark
(Figure 1b) in CNV and CLR styles, respectively.

The test-set results were submitted to three way analysis
of variance (ANOVA) (2 methods x 2 speaking styles x 8
vowel identities). The main effect of the method was signifi-
cant (F'(1,1926) = 16.62, p < 0.0001) as well as the vowel
identity (F'(7,1926) = 5.91, p < 0.0001). No significance
was observed due to the speaking style (p > 0.05). These re-
sults show that the model fitted better with style-dependent tar-
get estimation, but fitted equally well to the CNV and CLR data.
Post-hoc analysis (HSD) showed that the error rate on words
with the vowel /u/ was significantly different from vowels (/i:/,
lel, l&e/ and /a/), at « = 0.0018 level, and that no other combi-
nations were significantly different. This is due to the fact that
the formant contour of /u/ has high variability because of the
neighboring consonants.

3.4. Estimated formant target values

The parameter estimation process resulted in 20 sets of for-
mant target values with the style-independent target estimation,
and 10 sets for two speaking styles with the style-dependent
target estimation. Figure 3 shows estimated style-dependent
target values for Tv, Tc, and Tc, from the 10 different
training sets, while only mean values are shown for the style-
independent targets. Selected consonants (/t/, /1/, /1/, /j/ and /w/)
are shown in Figures 3b and 3c.

The estimated vowel target values (Tv) are tightly clustered
for each speaking style with different data partitions, which sup-
ports the hypothesis that style-dependent targets exist. The es-
timated vowel target values from style-independent estimation
(shown in black squares in Figure 3a) are close to the CLR tar-
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(a) Modeled formant contour (solid lines) and ob-
served contour of CNV style (dotted lines). The
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(b) Modeled formant contour (solid lines) and ob-

served contour of CLR style (dotted lines). The
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(d) Coarticulation functions 4 (¢; s, p) for CLR.

Figure 1: The results of formant contour model for the word “yes (/j € s/)”. Circles (same in (a) and (b)) are the the initial values, while
crosses are estimated values with style-dependent estimation (different in (a) and (b). Blue vertical dash-dot lines show the phoneme
boundaries, while vertical red dashed lines represent p; (left) and p» (right).

Ip/ I/ K/ /ol /d/ g/
Styledep. 1.27 021 0.11 029 0.14 0.11
Styleindep. 148 134 043 051 033 040
W n 1jl /wl /m/  /n/
Styledep. 0.08 0.05 0.05 0.05 0.18 0.12
Style indep. 0.17 0.10 0.12 0.15 095 0.36

Table 2: Average distance from estimated target values to cen-
troid, in Bark, for twelve consonants and both speaking styles.

gets (filled blue triangles) from the style-dependent estimation.

For the voiced consonants (T'c,and Tc,) /w/, /j/, /3/ and
/1/, where formant values are available, the estimated target val-
ues are tightly clustered, similar to the vowels. The consonant
/{/ in the Cy position, in particular, shows two distinct target
classes for CNV and CLR speaking styles. For the voiced stop
consonants /b/, /d/, /g/ (not shown in figures), even though for-
mant values are not available, the estimated targets are closely
clustered, while the unvoiced consonants (only /t/ is shown in
Figures 3b and 3c) show more scattered estimated values. Table
2 indicates how well various consonants are clustered accord-
ing to style-independent or style-dependent estimation. This ta-
ble shows the average distance from each estimated target to
the centroid for that target. (There is one centroid for style-
independent estimation and two centroids for style-dependent
estimation.) It can be seen that style-dependent estimation al-
ways yields better clustering than style-independent estimation.

Previously, the formant contour model was fitted to words
with a limited context (/wV1/ and /tV1/) [5]. Results showed
that the estimated target values tended to be located at the most
extreme F1 and F2 values. Unlike this previous study in which
we had limited phoneme contexts, the current style-independent
target estimation yields higher error because of the different for-
mant contour shapes that depend on the phonetic context. Fig-
ure 2 shows observed formant contours for C'; approximants
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Figure 2: Observed F2 contours for C = approximant, V'=/¢/ in
both CNV (red solid lines) and CLR (blue dashed lines) speech.
All contours are centered at the C; — V' boundary (0 ms).

and the vowel /¢/, for both CLR and CNV speech styles. The
style-independent estimation yields a large error for /j ¢/, for
example, because a high /¢/ target can not accurately model the
lower observed F2 contour.

In summary, based on the lower test-set error from model
fitting and more closely clustered estimated consonant target
values in the style-dependent model, we conclude that formant
targets are style dependent.

4. Experiment 2

As an application of the formant contour model, Experiment 2
is to determine whether vowel classification results can be im-
proved by using model target values instead of observed steady-
state formant (SS) values. The hypothesis is that, because the
targets represent the vowels independent of phonetic context
and formant undershoot, target classification will have higher
accuracy than SS classification. (The observed SS values are ex-
tracted from the middle position of the vowel.) The target values
are evaluated with both style-independent and style-dependent
models, since style-independent estimation has the advantage
over style-dependent estimation of not requiring prior knowl-
edge about the speaking style.
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(a) Estimated vowel target values: Vowels

(b) Estimated C'; target values: Selected con-
sonants (/t/, /y/, //, /j/ and /w/)

(c) Estimated C' target values: Selected con-
sonants (/t/, /3/ and /1/)

Figure 3: Estimated style-dependent formant target values in F1—F2 space for CNV style (open red) and CLR style (filled blue). The
means of each phoneme from style-dependent target estimation are shown in black crosses, while the means from style-independent

target estimation are shown in black squares.

Style-indep. Style-dep.
CNV CLR CNV CLR
Observed data 73.97 8843 7647 9193
Token-based target 82.19 86.13 76.05 88.23

Table 3: Mean percent correct rate in vowel classification ex-
periment.

4.1. Token-based target estimation

Using the formant contour model (described in Section?2),
the token-based vowel targets are estimated while neighbor-
ing consonants (C7 and C) are set with global target values.
(Previously-estimated target values are referred to as global tar-
gets.) Errligle in Equation 3 is minimized per token by ad-
justing s1,p1, s2, p2 and Tv with global target values T'c, and
Tc,. The outcome of this procedure is a style-independent
(or style-dependent) token-based target value for each vowel,
as well as s1,p1, s2, p2 coefficients. A style-independent token-
based target means that the global target values T, and Tc,
were obtained from previous style-independent target estima-
tion. The mean error rates for the style-independent token-
based target values are 0.1838 (CNV) and 0.2132 (CLR), while
style-dependent token-based target values are 0.1770 (CNV) and
0.2009 (CLR). If token-based target values are sufficiently close
to the global target (Tv/) values, we expect that the vowel clas-
sification results will be better with the token-based target val-
ues than with observed formant SS values.

4.2. Vowel classification results

Similar to the jackknife procedure described in Section 3, train-
ing and test sessions are completed in 20 different groups for
style-independent targets, and 10 groups for style-dependent
targets. During the training, one mean (u) and covariance ma-
trix (S) for the style-independent method and two sets of u and
S are computed for the style-dependent method.

In the test set, the Mahalanobis distance, D(z)
V(x — w)TS=1(z — ), is measured with y and S from the
training set for all vowels. The vowel identity for each to-
ken is assigned based on the minimum Mahalanobis distance
(D(x)). The vowel classification results are shown in Table 3.
A two-sample t—test showed that the CNV vowel classifica-
tion results were significantly improved with token-based tar-
gets, compared with classification based on the observed values
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(p = 0.0004), while none of other comparisons were significant
at the @ = 0.0125 level. The estimated per-token formant tar-
gets therefore have potential for improving vowel classification
without prior knowledge about the speaking style, which may
be applicable to automatic speech recognition (ASR) systems.

5. Conclusions

In this study, we examined whether style-dependent targets
would yield better model results as compared with previously
presented style-independent targets. The mean test-set error
rate was reduced significantly with style-dependent target es-
timation, while both CNV and CLR formant contours were fitted
equally well. The style-dependent consonant targets were better
clustered than style-independent targets, further supporting the
conclusion that formant targets depend on the speaking style.

As an application of the formant contour model, vowel iden-
tity was classified based on either the observed steady-state
values or the token-based formant target values. The style-
independent vowel classification of CNV speech, using the Ma-
halanobis distance measure, was improved by a relative 32% by
using token-based formant targets.
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