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ABSTRACT: Statistical articulatory modeling is based on the analysis of a collected speech corpus to
extract parameters that should be able to resynthesize the articulatory movements in the original corpus.
As the parameters are based directly on the corpus, the size and content of the corpus have important
effects on the model. In this paper we compare statistical articulatory models based on three corpora
of different sorts: one rather exhaustive consisting of sentences, one limitied, but articulatory balanced
and one limited and more unbalanced. The articulatory data was collected in a simultaneous recording
with the electromagnetic articulograph Movetrack and the infrared stereo capture system Qualisys. The
subject was a female native speaker of Swedish. The comparison of the different corpora focused on
the articulatory space covered, the outcome of the statistical component analysis, articulatory speed
and hyperarticulation.

INTRODUCTION

Statistical articulatory modeling is based on the analysis of a collected speech corpus to extract articulatory
parameters that should be able to resynthesize the movements in the original corpus. The size and content
of the corpus used have important effects on the analysis and the results; the larger the corpus, the more
representative it is of the subject’s speech production. In principle, if the corpus is complete enough, then the
model should be able to reproduce all articulations (including assimilations, coarticulation and reductions) that
the subject use in her speech. However, the time required for the corpus collection and analysis also increases
importantly with the size of the corpus, and it is quite impossible to completely cover the subject’s articulatory
space with the corpus. Instead, the content of the corpus is chosen so as to make it as representative of
the language as possible, as examplified by the MOCHA-TIMIT database by Wrench & Hardcastle (2000),
where 470 sentences were constructed to include all the main connected speech processes in English. In some
cases, the corpus has to be even more limited, due to long acquisition times (MRI), radiation limits (X-rays) or
subject comfort and analysis possibilities. Articulatory models are hence often based mainly on a very limited
corpus; Beautemps et al. (2001) used consonants in symmetric vowel context and vowels in consonant context,
Engwall (2003) consonants in symmetric vowel context and vowels in isolation, Harshman et al. (1977) and
Dang & Honda (2000) isolated vowels, and Yehia et al. (1998) a few sentences.

The assumption is that even if the corpus is limited, the extracted parameters will correspond to general
articulatory processes in speech, as long the included articulations are chosen so that they span the most
important dimensions of the subject’s articulation, e.g. front-back and high-low tongue position. To investigate
the effect of different corpus compositions, we have compared statistical articulatory models based on three
different corpora containing: 1) 270 sentences, 2) 138 VCV words and 3) 41 CVC words, respectively. The
comparison focuses on the articulatory space covered, the outcome of the component analysis, articulatory
speed and hyperarticulation.

DATA ACQUISITION: SETUP, SUBJECT AND CORPUS

The experimental setup consisted of the electromagnetic articulograph Movetrack by Branderud (1985), the
infrared stereo capture system Qualisys (http://www.qualisys.se) and audio and video recorders. Six receiver
coils were used for the EMA measurements, placed on the upper and lower incisor, upper lip and three coils
on the tongue (approximatively 8 mm, 20 mm and 52 mm from the tip of the tongue).

28 reflective beads were used for the Qualisys-recordings, placed on the Movetrack headmount (reference for
head movements), the nose, cheeks, chin and at the lips. The position of each of the reflectors is captured
in 3D using four infrared cameras. In the comparison between different corpora below, only the 8 markers on
the lips were used. One marker was placed in each of the two mouth corners, one each at the centres of the
upper and lower lips and the remaining four were placed midway between the corners and centres (see also
Fig. 5 for an illustration). The data was collected in sets of one minute each, with a break between sets. In
the analysis below, silent pauses between the speech sequences were removed.
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The subject was a female native speaker of Swedish, judged as highly intelligble by hearing-impaired subjects.
The corpora were of three different sorts, one exhaustive (sentences), one limitied, but articulatory balanced
(consonants in cardinal vowel context) and one quite unbalanced in certain aspects (vowels in

�� � ��
context).

The 270 Swedish everyday sentences, listed in Öhman (1998), have been developed specially for audio-visual
speech perception tests, based on MacLeod & Summerfield (1990). The sentences are independent of each
other and generally seven to nine syllables long (4-5 words), such as ”Katten lekte med ett nystan” (”The cat
played with a ball of wool”) or ”Pojken arbetade i trädg̊arden” (”The boy worked in the garden”). They were
articulated clearly; ”trädg̊arden” was e.g. produced as

�� �� �	
 �����
rather than

�� ��	
 � �
(reduced).

The VCV and VCC{C}V words included the consonants
�� � � � � � � � � � � � � � � � � �  � �� �� � � � � � � 	 � � � � � � �� � � � ��

and the consonant clusters
�� � � �� � ��� � �� � �� 	 �� � �� ��� ��� ��� 	 �� �� � �� � � �� � �� � � � �� � � � � � � � � �� �� ��� ��� � ��� � ���

in symmetric vowel context with V=
�� � � � ��

. When not otherwise indicated, the term ’VCV’ will
henceforth refer both to words containing single consonants and consonant clusters.

The CVC corpus consisted of asymmetric C1VC2 words, with the long vowels V=
��� � 
 � �  � � !� � " � � � � � # ��

in
C1 C2=

�� � � � ��
context, and the short vowels V=

�$ � � � � � " � � � % � & � ��
in C1 C2=

�� ��� � ���
context.

The
���

allophones V=
�' � � & � � ' � & �

were collected with C1 C2=
�� �� � ���

.

ARTICULATORY SPACE COVERED

The areas covered by the jaw and tongue coils in the three different corpora are shown in Fig. 1 and the
proportion of the entire corpus covered by each subcorpus is listed in Table 1. The sentence corpus covers
the largest articulatory areas, except for the jaw coil, where the VCV area is larger due to hyperarticulation.
The VCV corpus clearly corresponds to the sentence corpus better than the CVC corpus, but it nevertheless
underestimates the subject’s articulatory space, especially for the second tongue coil. The CVC corpus is much
worse in covering the articulatory space, with a mean of less than half of the total and particularly narrow
coverage for T1 and T3. The underestimation of the articulatory space is a much greater shortcoming than
the hyperarticulation of the jaw, as the result is that some of the articulations that the subject use in everyday
sentences may be unacheiveable with the VCV and CVC based models. The articulatory space of the single
consonant VCVs is slightly smaller than that of the entire VCV corpus, but the differences are minor, both
quantitatively and regarding the shape of the articulatory space around each coil.
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Figure 1: The articulatory space covered by the jaw coil
and tongue coils 1-3, in the sentence (solid), VCV (dashed)
and CVC (dotted) corpora. The figures on the axes refer to
distances from the reference coils (note that the scales are
different between the parameter plots).

Table 1: The articulatory space around the
three tongue coil covered by each subcorpus
relative to the entire corpus.

VCV CVC Sentences
J 91.6% 51.3% 74.2%
T1 72.2% 35.4% 88.7%
T2 46.4% 52.6% 84.0%
T3 64.9% 40.2% 94.0%
mean 68.8% 44.9% 85.2%

Table 2: The percentage explained by each
factor in the component analysis.

VCV CVC Sent All
JH (%) 8.58 21.2 3.53 4.90
TB (%) 17.6 13.0 22.1 20.8
TD (%) 61.6 51.9 55.5 56.8
TT (%) 4.37 8.80 7.89 6.31
TA (%) 2.94 0.94 4.39 4.36
Total (%) 95.1 95.9 93.5 93.1
RMS ε

(mm) 1.13 1.14 1.30 1.41
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FACTOR ANALYSIS

Five articulatory parameters were defined for the tongue using a guided component analysis, consisting of
an adapted principal component analysis (PCA) carried out according to the following steps, similar to the
analysis Engwall & Badin (1999) and Beautemps et al. (2001) used for MRI and X-ray data, respectively:

1. The first parameter, JH, was determined as the linear predictor of the jaw movement, assuming one
degree of freedom, based on the mean value and the standard deviation of the jaw height.

2. TB and TD were the first two principal components of the dataset from tongue coils 2-3, after the
contribution of JH had been removed. These two parameters correspond to the movement of the
tongue body that is not due to the jaw.

3. TT was the first principal component of the dataset from coils 1-2, after JH, TB, TD had been removed.
TT corresponds roughly to the movement of the tongue blade and tip relative to the tongue body.

4. TA is the contribution of the tongue advance, predicted by the mean value and standard deviation of
coil 1, after JH, TB, TD and TT had been removed.

The guided factor analysis seems to be suitable for all three corpora; the total variance explained being at
the same high level in Table 2. The RMS error is somewhat lower than the two-factor PARAFAC solution
and similar to the subject specific PCA of German CVC sequences measured with EMA in Hoole (1999). The
total variance explained is slightly higher than in Hoole (1999) and slightly lower than for the X-ray based
articulatory model in Beautemps et al. (2001).

There are however some differences in the factor analysis applied to different corpora. Fig. 2 shows the effects
of varying each parameter around the mean tongue coil positions, which are considered to show a ’neutral’
tongue in a balanced corpus. When comparing the CVC and sentence corpora, the differences are large and the
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Figure 2: Resulting coil positions when varying each articulatory parameter between -2 and +2 in the sentence
(top), CVC (middle) and VCV (bottom) based models. The figures on the axes refer to distances from the
reference coils.
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principal axes of movement are even different for JH, TB and TT. This is explained by the large importance
of the tongue dorsum movement for ()* in the CVC corpus, which causes the two first principal components
of the tongue (TB and TD) to be related to the tongue dorsum movement, while the third component (TT)
takes over a part of the role TB has in the other corpora.

The VCV corpus seems, on the other hand, to correspond rather closely to the entire corpus, but with a large
overestimation of the importance of the jaw movement (parameter JH) and a corresponding underestimation
of the tongue tip (TT, TA). Note that the similarity between the sentence corpus and the VCVs is not due to
the fact that consonant clusters have been included in the VCV words. Excluding the consonant clusters only
changes the result of the factor analysis slightly, both regarding the the mean coil positions and the variance
explained by each factor (JH=8.09%, TB=19.5%, TD=60.5%, TT=4.88%, TA=2.93% for VCV words with
one consonant).

It can also be noted in Table 2 that the root mean square (RMS) error of the estimated coil position increases
with the size and complexity of the corpus.

HYPERARTICULATION

Both the factor analysis and the articulatory space suggest that the VCV and CVC words were hyperarticulated,
at least regarding the jaw. This claim is supported by the maximal deviation from the neutral position and
the proportion of time spent outside the ”5 mm neighbourhood” of the mean coil position (refer to Fig. 3
for an illustration of this neighbourhood, defined as a circle with its centre at the mean coil position for that
corpus and a radius of 5 mm). Table 3 shows that, eventhough the articulatory spaces are smaller for the VCV
and CVC corpora compared to the sentence dito (Table 1), the tongue coils spend as much (T3 in VCV) or
more time (T2 in VCV and CVC, T3 in CVC) some distance away from the mean position. It can further be
noted that both the maximal deviation and the proportion outside the neighbourhood suggest that the jaw
movements are hyperarticulated in the VCV corpus compared to the sentences (the same tendency is found for
circles with 10 mm radius). Fig. 3 shows that while the mean coil positions are quite similar for the sentence
and VCV corpora, they differ substantially for the CVC corpus.

The lip protrusion of the upper and lower lips was measured with the Qualisys markers at the centre of the
upper and lower lip. Fig. 4 shows that the maximal protrusion and retraction of the upper lip is quite similar
in the three corpora, with inter-corpora differences of less than 1 mm. The mean position for the CVC corpus
is slightly protruded compared to the sentence and VCV corpora, but this difference is within the standard
deviation of the sentence corpus. For the protrusion of the lower lip, two details should be noted. Firstly
that the horizontal movement, roughly corresponding to the lip protrusion-retraction, is larger in the sentence
corpus, indicating that some articulations are not reached in the two more restricted corpora. Secondly that
the lower lip has an overall lower position in the VCV and CVC corpora, both regarding the mean position and
the maximal deviations, reflecting the hyperarticulation of the jaw in the isolated word corpora.
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Figure 3: The mean position of the jaw and
tongue coils for the entire corpus (o), the sen-
tences (*), VCVs (4) and CVCs (5) and circles
indicating the ”5 mm radius neighbourhood” for
the sentence corpus. The figures on the axes refer
to distances from the transmitter coils.

Table 3: Hypo/hyperarticulation in different corpora.
Maximal deviation from the mean and proportion of
time spent outside the circles with centres on the mean
positions and a radius of 5 mm.

VCV CVC Sentences
max deviation (mm) (mm) (mm)
Jaw 8.53 8.20 7.53
T1 14.9 17.9 20.1
T2 17.5 29.8 25.2
T3 32.3 33.5 47.2
Proportion (%) (%) (%)
Jaw 10.8 3.19 2.61
T1 36.7 37.8 44.9
T2 34.9 55.0 32.6
T3 70.1 77.4 69.6
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Figure 4: Lip protrusion for the sentence (solid, ◦),
VCV (dashed, 5) and CVC (dotted, 4) corpora,
centered on the mean for the sentence corpus (0,0).
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Figure 5: Mean lip contour for the sentences (–),
VCVs (- - -) and CVCs (· · · ). Vertical bars indicate
the standard deviation in the sentence corpus.

The mean lip contour was calculated based on the eight Qualisys markers on the lips, and a slight hyperartic-
ulation (giving a more open mean lip contour) can be observed in the VCV and CVC corpora compared to the
sentences (cf. Fig. 5). The mean lip contour for the VCV corpus is however well within the standard deviation
for the sentence corpus.

ARTICULATORY SPEED

Not surprisingly, the articulatory speed, listed in Table 4, is higher in the sentences than in the VCV and in the
CVC sequences, but note that the difference is substantial. The mean and median speed within the sentences
are twice or more for the tip coil compared to the isolated VCV or CVC words, and almost as high for the
other two tongue coils as well.

ANALYSIS OF COMMON SEQUENCES

A few VCV +,- ., / , 0., / ,1 ., / ,2., / ,3 ., / ,4 ., / ,3 5, / 64 .6 / 60.6 / 754 7 / 784 79 and CVC +:;5. / 5, :.9 sequences were
also present in the sentence corpus. They were analysed in each of the two sets where they were present and
the two versions were compared, regarding duration, articulatory movement and speed. The sequences were
always shorter when taken from a sentence context; 0.22 s on average. Generally, as shown in Table 5, over
all common sequences, the articulatory speed is higher for all coils, except the jaw coil, in the sequences taken
from sentences and the maximum deviation from the neutral is smaller, except for the second tongue coil.
Examining the articulatory trajectories, the sentence sequences differed from the isolated sequences in one of
the following manners:

1. equivalent, but smaller, movements, were found for +754 7 / 784 79.
2. smaller jaw movement, larger tongue movements (of all three for +,- ., / 64 .6 / :65.9, of T2 and T3 for+,3 ., / ,1 ., / ,35,9 and of T1 for +,2., / , 0.,9).
3. larger jaw movement, smaller tongue movement ( +5, :.9).

Except for +5, :.9, the jaw movements are hence smaller in the sentences, and the tongue instead plays a more
active part in acheiving the articulations when the articulatory speed is higher. However, as the time to reach
the articulatory targets is shorter, the deviations from the neutral tongue tip and dorsum positions are less

Table 4: The mean and median articulatory speed
of the jaw and three tongue coils in each subcorpus.

mean (mm/s) median (mm/s)
VCV CVC Sent VCV CVC Sent

JH 13.0 12.3 17.4 8.53 8.63 14.3
T1 25.5 20.7 55.3 16.9 12.8 42.5
T2 23.1 37.1 43.5 14.6 18.7 31.1
T3 31.7 38.5 59.7 16.5 21.6 38.3

Table 5: Median differences in mean speed (δv) and
in maximum deviation from the mean position (δ∆) of
the sequences from a sentence compared to in isolation.

δv (mm/s) δ∆ (mm)
Jaw -0.019 -0.91
T1 0.69 -0.76
T2 0.29 1.1
T3 0.92 -2.7

Proceedings of the 6th International Seminar on Speech Production, Sydney, December 7 to 10, 2003.

page 5



than in the corpora with isolated words, all the same. This again supports the interpretation that the isolated
sequences are hyperarticulated, with larger jaw movements, longer durations and lower mean speed.

CONCLUSIONS

The limited, but balanced VCV corpus does indeed capture the same articulatory features as a more complete
sentence corpus, whereas the unbalanced CVC corpus yields a significantly different articulatory model. The
VCV corpus hence gives relevant results for statical modelling of articulations, but a comparative analysis of
the different data sets shows that the VCV corpus will yield a hyperarticulated model that overestimates the
importance of the jaw, that may be unable to acheive some articulations used in normal sentences and that
has an articulatory speed that is substantially lower than a model based on a sentence corpus. It can hence
be concluded that VCV sequences can be used as a good, restricted corpus for an approximative articulatory
model, but that the issues of hyperarticulation and articulator speed need to be taken into account.

ACKNOWLEDGEMENTS

This research was carried out at the Centre for Speech Technology, supported by VINNOVA (The Swedish
Agency for Innovation Systems), KTH and participating Swedish companies and organizations. Olov Engwall
is funded by grants from the Wenner-Gren foundation and Hans Werthén fonden. The authors would like to
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