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ABSTRACT

We investigated the coarticulation in
the first three formants of the Dutch
vowels /aiu/, and the speaker varia-
bility in this coarticulation. We found
the largest amount of coarticulation in
the vowel /u/, somewhat less in /a/,
and hardly any in /i/. The amount of
coarticulation as a function of context
turned out to be speaker-dependent for
/a/ and /u/. However, as for our data
coarticulation proved not to be an im-
portant parameter for speaker identifi-
cation by computer.

INTRODUCTION

Speaker variability in articulation
patterns has not been investigated on
a large scale, because the invariant as-
pects of speech production have been
considered more interesting from a lin-
guistic point of view. Nonetheless a few
studies were published dealing with this
topic [1,2]. In the light of these studies
it can be hypothesised that coarticula-
tion may exhibit substantial between-
speaker variability.

For some phonemes a confirmation
for this hypothesis has been found in
the field of (automatic) speaker iden-
tification. Su, Li & Fu (1974) [3]
noted that the amount of coarticula-
tion in nasals (and especially in /m/)
varies highly among speakers and can,
as a result, effectively be used in au-
tomatic speaker identification. Com-
parable experiments are reported for
/1/ and /r/ by Nolan (1983) [4]. In
his study the coarticulation in /1/ ap-

peared more speaker-specific than that
in /r/. Similar experiments for vowels
have not been carried out so far, which
is surprising since the coarticulation in
vowels as such has been studied exten-
sively.

The main aim of this paper is to as-
certain firstly whether coarticulation in
vowels is speaker-specific, and secondly
to investigate if it can be beneficially
used in a speaker identification task.
Before we examine this, we will first
have a look at the speech data used and
at the coarticulation that was observed
in /aj,u/.

SPEECH DATA

In order to keep the experiment
within practical limits and to have
control over the number of factors
that may effect the vowel formants,
we opted for a rather restricted data-
set. The data set used consisted of 24
/CVCs/ (mainly) pseudo-words spoken
in isolation. The three nucleus vowels
used were /a,i,u/ and the eight conso-
nants, which appeared once as C, and
once as C, for each vowel /a,i,u/, were
/pt.k,d,s,;m;nr/. See table 1.

The 24 words were printed in a ran-
dom order on ten 30-word word lists,
in a, for Dutch, plausible spelling. All
ten word lists were read out by each
speaker in one recording session. The
initial three words served as fillers, as
did the final three. In this way (24
words - 10 repetitions =) 240 words
were obtained for every speaker. Since
fifteen speakers participated in the ex-
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Table 1: The /CVCa/ pseudo-words
used in the experiment, in phonemic
representation.
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= [a] /i [uf

Cy=/p/ | [pass/ | [pina/ | [pudo/
C, = /t] | /tano/ | [tiro/ | /tums/
Ci = /k/ | /kads/ | /kima/ | /kuna/
Cy = /d/ | /dako/ | /diso/ | /dupa/

Ci=/s/ | [sapaf | [sido/ | [sura/
Ci = /m/ | /mara/ | /mika/ | /muta/
Cy = /n/ | /nato/ | /nips/ | /nuko/

C\ = /r/ | [ramo/ | [rito/ | /ruso/

periment a total of 3600 word tokens
were collected. The subjects were all
male native speakers of Dutch and aged
between 20 and 30 years.

The speech data were digitised with
a 12-bit AD-converter at a sampling
frequency of 16 kHz. Each word was
segmented into phoneme-sized units;
the nucleus vowel (i.e. /ai,u/) was ad-
ditionally split up into a steady-state
part flanked by two transitions.

The formants were calculated by
means of an LPC-analysis (pitch-
asynchronous autocorrelation method;
window length 25 ms; frame shift 5 ms;
order 20). Root solving was used
to obtain the formant values (in Hz).
The target formants were extracted
from the middle frame of the steady-
state of each vowel token (/a,iu/).
Only the first three formants Fj_3 were
used. The formant positions of Fy.3in
all selected vowel middle frames were
checked by hand. They were converted
to Barks to prevent that the variations
in the higher formants F; and F3 would
obtain a dominating weight.

MEASURING THE COARTICU-
LATION IN /a,i,u/

In our score model the coarticulation
(COART) in a formant i in a specific
context ¢ in replication r as realised by
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speaker s is given by
COART(S,C,T, 1) = (fad(i)_fa(re]),(i))Z,

where f,.(i) refers to a raw formant
value (obtained from the middle frame
of a vowel token) and fatrer).(3) to the
(speaker-dependent) reference value of
the vowel formant.

The best reference for coarticulation
is the vowel spoken in isolation or in a
/hVt/-context [5]. However, our speak-
ers did not produce /a,i,u/ in isolation
nor in a /hVt/-context. In order to
obtain good estimates of these formant
values for our experiment, we used the
vowel formant values for /a,i,u/ as pub-
lished in [5:1094] as initial references.
Next we used each context of a vowel as
reference and looked which context re-
sulted in COART-values with the clos-
est match to the COART-values result-
ing from the values given in [5|. These
contexts were selected as the ultimate
references. It were /pasa/ for /a/;
/rita/ for [if; [sura/ for [u/.

An ANOVA on the (3 vowels -
8 contexts =) 24 COART-values of
the three vowels, followed by a Tukey
HSD post-hoc comparison (a = .05),
showed that the COART-values for
/u/ were significantly higher than for
/a,i/. Other ANOVAs made clear that
significant between-context differences
in coarticulation were present only in
/a/ and [u/, but most in /u/. The
smallest COART-values and between-
context differences were observed for
/il
SPEAKER VARIABILITY IN
COART

In the previous section we encoun-
tered significant differences in coartic-
ulation between vowel contexts of /a/
and, especially, /u/. We may ask
whether the same pattern of between-
context differences is observed for all
speakers, or whether the pattern is
speaker-dependent. If the latter is the
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case, we may conclude that coarticula-
tion is speaker-specific.

A set of ANOVAs was carried out
to answer this question. The ANOVAs
were performed on the COART-values
of each vowel /aju/, separately.
COART was computed for individual
speakers, contexts and replications, av-
eraging over formants:

3
COART(s,c,r) = % ST COART(s,¢,r,i).

=1

Factors Speaker (fifteen levels) and
Context (eight levels) were crossed in
the ANOVAs. The interaction CxS
proved to be significant (p < .001)
for /a/ (Fssi0s0 = 3.21) and /u/
(Fgg,los() = 828), but not for /i/
(Fos, 1080 = 1.64). This demonstrates
that, indeed, the pattern of coartic-
ulation over the contexts is speaker-
dependent for /a,u/, but most for /u/.
The speaker variability in the coarticu-
lation of /u/ is shown in figure 1.
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Figure 1: The speaker distribution
of COART for each context of /u/.
The speaker means are denoted by the
speakers’ initials; the context’s mean
is denoted by a black circle, slightly
shifted to the left.

The figure illustrates that, indeed,
speakers do not coarticulate uniformly.
The most salient observation is that the
mean COART-values in contexts with
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alveolars in C)-position (/nuk/, /dup/
and /tum/) are pushed up due to the
behaviour of two speakers: JH and, in
particular, RP. Nonetheless, the inter-
action CxS remains significant if the
data of these two speakers are removed
from the ANOVA for /u/ (Fgigss =
8.34, p < .001).

SPEAKER IDENTIFICATION
USING COART

Our results have indicated that coar-
ticulation in the vowels /a/ and /u/ of
our data set (as expressed by COART)
is speaker-specific. This suggests that
the amount of coarticulation may be
used for speaker identification. The
question that we tested was: do speaker
identification scores improve if COART
is used as an additional parameter to
Fy_3? This is, of course, only a sensible
question if COART is not highly cor-
related to (one of) the formants. The
highest correlation observed between
COART and a formant is the one be-
tween COART and F, of /u/; it was
r = 0.55 (n = 1200), which is rather
low. This makes it interesting to eval-
uate the question.

Speaker identification percentages
were acquired by utilising the classi-
fication option of Linear Discriminant
Analysis (LDA) and by introducing
the 15 speakers as the groups to dis-
criminate. For the present purpose,
LDAs were carried out (a) for sepa-
rate contexts of each vowel, and (b)
for the pooled contexts of each vowel.
In condition (a) there were (15 speak-
ers - 10 replications =) 150 cases for
each LDA; in condition (b) this number
was multiplied by 8 (contexts), yielding
1200 cases. The identification percent-
ages were based on three functions both
for the LDAs on F_3 and for the LDAs
on Fy_3 combined with COART. In this
manner the analysis results were kept
compatible. The results are presented
in table 2.
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Table 2: Percentages for correct spea-
ker identification of the three vowels
/a,i,u/. See text.
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Condition | Vowel | Fi_3 COART +
Fi,

Pooled /a/ | 48.50 49.42
contexts /i | 43.83 42.33
Ju/ | 32.33 4017

Sphit /a/ | 50.33 59.02
contexts /i/ | 62.67 66.58
Ju/ | 59.84 60.33

The differences between the two
analysis settings (Fj-3 vs COART
+F)_3) are clearly not substantial. The
only exception is /u/ in the pooled
contexts condition, where the improve-
ment is about 8%. Thus, we find
that the COART-index was not found
a useful cue in speaker identification for
most analysis settings.

GENERAL DISCUSSION

In this study we examined the spea-
ker variability in the coarticulation of
/a,j,u/. The amount of coarticulation
in a vowel context was quantified using
a score-model based measure COART.

We concentrated first on the coartic-
ulation effects in the vowel contexts as
such. It was observed that the effect
of coarticulation upon /u/ was much
stronger than upon /a/ and /i/.

In the next section we looked at
the speaker variability in the observed
coarticulation phenomena. It was
found that the coarticulation in pre-
cisely the vowels that showed sig-
nificant differences between contexts,
proved to be speaker-specific as well
(i.e. the vowels /a/ and especially [u/).

Guided by the finding that COART
in /a,u/ had turned out to be speaker-
specific, we tested if COART is a
useful additional parameter for auto-
matic speaker identification. Our re-
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sults quite convincingly indicate that
the COART-index is not a valuable co-
efficient for this task. Similar findings
have been reported for /I/ and /t/ by
Nolan (1983) [4]. As yet high speaker
identification scores for a coarticulation
measure have been presented only by
Su, Li & Fu (1974) [3] for /m/. But also
in their paper there is no proof that the
coarticulation measure performs better
than or just as good as simple spectral
coefficients of /m/.

It is evident that the experimen-
tal setting described in this paper de-
viates considerably from the condi-
tions normally encountered in (auto-
matic) speaker recognition. There, the
setting will be less formal and the
recording background and transmission
channels more noisy. Moreover, au-
tomatic speaker recognition nowadays
operates increasingly more on sentence
material and less and less on isolated
words. Hence, stronger coarticulation
and probably more between-speaker
variability in coarticulation can be ex-
pected in such more complex speech
data.
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