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Abstract 
The purpose of this study was to make use of physiological 
data to test whether there is a greater overlap between tense 
and lax vowels in Standard Austrian German (SAG) compared 
with those of Standard German (SG). In order to do so, 
movement data was analyzed of various tense/lax vowels pairs 
produced in symmetrical consonantal contexts using 
electromagnetic articulometry from seven SG and eight SAG 
speakers. Parafac and principal components analysis were 
used to compress the multi-channel articulatory data at the 
temporal midpoint of the vowel to a two-dimensional space 
whose axes were related to phonetic backness and height. The 
results of these analyses showed a closer approximation 
between tense/lax vowel pairs vertically but much less so 
horizontally for SAG compared with SG vowels.  
Index Terms: vowel quality, tense/lax, Standard German, 
Standard Austrian German, physiological data, Principal 
Component Analysis. 

1. Introduction 
The present study is concerned with phonetic differences 
between two varieties of German in the relative proximity of 
tense and lax vowel pairs. Some Germanic languages as 
English and German distinguish tense and lax vowels lexically 
(e.g. German Kahn ‘boat’ vs. kann ’can’) and phonetically 
tense vowels tend to be longer and more peripheral than their 
lax counterparts in Standard German (SG). 

Although various auditory [9, 11, 12, 14] and some 
acoustic [1, 10] studies have suggested that the tense/lax 
vowel contrast is much less marked in Standard Austrian than 
in Standard German, the phonetic basis of this supposedly 
diminished tense-lax contrast in Standard Austrian is however 
unclear. The main aim in this present study is to investigate 
the extent of similarity in vertical and horizontal articulatory 
movements of the tongue in the production of tense-lax vowels 
pairs in both varieties. The purpose of doing so was both to 
describe the spatial variation in the vowel production and to 
use this information to shed light on the physiological 
grounding of the tense/lax opposition in German.   

2. Methods 

2.1. Data collection and participants 

Physiological movement data were collected using 
electromagnetic articulometry from seven SG and eight SAG 
speakers. The SG speakers included six male speakers and one 
female speaker with ages between 26 and 58 years. The SAG 
speakers (four male and four female) with ages between 19 
and 54 years were born and lived in Vienna at the time of the 
recordings. The data for the SG speakers were collected 
between 1993 and 1995 and were taken from the same corpus 
described in [6], using electromagnetic midsagittal 

articulometry. The data from the SAG speakers have been 
acquired over a two years period using 5D electromagnetic 
articulometry (EMA) at the IPS, Munich. For both sets of 
speakers, recordings were made with sensors attached to the 
jaw, lower and upper lip, and tongue. For the tongue, four 
sensors were attached for the SG speakers on the midline 1 cm 
behind the tongue tip (TT), as far back on the tongue dorsum 
as the subject could tolerate (TB), and then with two further 
sensors equally positioned between these two at the tongue 
mid (TM) and tongue dorsum (TD). For the SAG speakers, 
there were only three sensors: the TT and TB sensors were 
positioned at similar points as they had been for the SG 
speakers; and there was one sensor (TM) positioned at a point 
equidistant between TT and TB. For both sets of speakers, 
additional reference sensors were also attached on the maxilla, 
on the nose bridge, on the left and right mastoid bones. The 
synchronized acoustic data was digitized at 16 kHz in both 
corpora and automatically segmented using the Munich 
Automatic Segmentation tools [13]Authors should observe the 
following rules for page layout. A highly recommended way 
to meet these requirements is to use a given template 
(LibreOffice, Word® or LaTeX) and check details against the 
corresponding example file. 

2.2. Speech material 

The participants produced symmetrical CVC sequences in 
which C= /p, t, k/ and all the German phonemic 
monophthongs were embedded in the target non-word and 
carrier phrase 'ich habe /ɡəCVCə/ gesagt' (literally 'I have 
/ɡəCVCə/ said'). The German monophthongs included seven 
tense/lax vowel pairs that can occur in rhythmically strong 
syllables and included four front vowel-pairs (/i:, ɪ/, /y:, ʏ/ /e:, 
ɛ/, /ø:, oe/), one open central vowel-pair (/a:, a/), and two back 
vowel-pairs (/o:, ɔ/, /u:, ʊ/) (the phonetic qualities of these 
vowels are quite close to those of the IPA vowels with the 
same phonetic transcription). The carrier phrase was produced 
with a nuclear accent on the target non-word /ɡəCVCə/ and in 
most cases with a falling intonational melody.  
The carrier phrases were repeated five times, randomized 
separately for each subject, and presented individually on a 
computer monitor in the corresponding orthography (e.g. for 
/pa:p/ ich habe gepaape gesagt, for /kɪk/ ich habe gekicke 
gesagt, etc.). The SG speakers produced the entire corpus 
twice on separate occasions, once at a normal rate, then once 
at a fast speech rate; only the speech data at the normal rate 
was analysed in this comparison. The SAG speakers produced 
the materials once at a normal self-selected rate. The total 
number of presented sentences at the normal rate across both 
varieties was 3 (places of articulation) × 14 (vowels) × 5 
(repetitions) × 15 (speakers) = 3150 tokens. In addition, all 
subjects produced separately three steady-state versions each 
of all tense vowels; and the SAG speakers produced 
additionally symmetrical CVC sequences for the voiced stops, 
C = /b, d, ɡ/ and real words with the same monophthongs, 
which were not analyzed in this study. 
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2.3. Parameterization of the tongue data 

The purpose of the parameterization was to transform the 
tongue data to a two-dimensional space that could be related to 
the vowel quadrilateral allowing judgments of vowel quality to 
be inferred. For this purpose, two methods were used: 
principal components analysis (PCA) and PARAFAC [see [5] 
for a detailed review]. For the first of these, PCA was applied 
separately to the horizontal (X) and vertical (Y) tongue sensor 
positions at the temporal midpoint of the tense vowels /i:, e:, 
a:, o:, u:/. The tongue tip (TT) sensor position was excluded in 
all cases because it provided little information about vowel 
identity. The resulting eigenvectors were then used to weight 
physiological data at all other time points, again separately for 
the X and Y dimensions and separately per speaker (see [2, 3] 
for further details). The derivation of the eigenvectors and 
subsequent weighting of the physiological data were applied 
separately to the data from each speaker. All subsequent 
analyses were carried out in the first two PCA rotated 
dimensions (henceforth PCA-X and PCA-Y). Finally, in order 
to be able to compare more easily the relative vowel positions 
between speakers, the PCA-transformed data were further 
rotated separately per speaker such that the mean position of 
each speaker's /a:/ was set to a value of 0 on PCA-X. 

PARAFAC is one of a class of three-mode analysis 
procedures, contrasting with standard principal-component 
and factor analyses, which are two-mode procedures. The third 
dimension in the data was represented in our case by the 
speakers (the first two dimensions, which would be common 
to PARAFAC and standard PCA, are vowels and sensor 
coordinates). The main advantage of PARAFAC over standard 
two-mode procedures is that it allows the problem of rotational 
indeterminacy in the orientation of the factor axes to be 
resolved, giving, it is claimed, greater explanatory power to 
the factors (see [5], for further details). In order to provide 
displays comparable to those of PCA, the PARAFAC derived 
data were also rotated such that /a:/ was centered at X = 0. 

Previous studies have shown that two or three components 
were able to represent the positions and differences in vowel 
production very effectively (see [4, 5, 7, 8]. In the present 
analyses about 80% of the variance was explained by two 
components, and most of the remaining unexplained variance 
was due to the contrasting coronal and dorsal consonantal 
contexts [5]. This lends further support to the idea that vowel 
production positions and differences are effectively 
represented by two factors. 

All subsequent quantification of the data was carried out in 
the PCA-X and PCA-Y dimensions. This included estimating 
the magnitudes and peak velocities of the opening movement 
from the initial C to the V in /ɡəCVCə/. Because it was very 
difficult to obtain physiological peaks and troughs in a 
consistent way for all combinations of the three consonant 
place of articulations and 14 vowel types, two acoustically 
based time points were used instead for this purpose: at the 
energy minimum in the consonant closure; and at the temporal 
midpoint of the vowel (whose boundaries were defined at the 
onset and offset of periodicity). Thus the magnitude was 
defined as the absolute positional difference on either PCA-X 
or PCA-Y between these two time points; and the peak-
velocity was calculated from the maximum velocity in either 
PCA-X or PCA-Y between these same time points 

3. Results 

3.1. Positions at the acoustic vowel midpoint 

The analysis was carried out to test whether there was 
evidence for a greater similarity in tense/lax vowel pairs for 
the Standard Austrian compared with the Standard German 
data. For this purpose, the relative positions were compared 
visually in the PCA and PARAFAC derived plots only in the 
labial /ɡəpVpə/ context. This context was chosen for this 
purpose because the consonant, in being produced with a 
different set of articulators, was presumed to interfere 
minimally with the tongue positions for the vowel. The further 
quantification was carried out in the PCA space for all three 
places of articulation. 

Fig. 1 (high and low vowels) and Fig. 2 (mid vowels) of 
the /ɡəpVpə/ data present the distribution of the tense (in 
black) and lax vowels (in grey) in the first two dimensions of 
the PCA-transformed space (above) and on the PARAFAC 
solution (below) for the Austrian (left) and German (right) 
data. As Figs. 1-2 show, the vowels are arranged in a way that 
is consistent with the vowel quadrilateral with front and back 
vowels separated horizontally and high and low vowels 
vertically. The same figures also show that the relative 
positions of the vowels were broadly similar in the PCA and 
PARAFAC spaces: the main exception was in the vertical 
positions of the back vowels which (for reasons that are not 
entirely clear to us) were positioned vertically higher (closer to 
/i:/) in the PCA than in the PARAFAC space. 
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Figure 1: PCA-transformed articulatory vowel space 
(top) and PARAFAC solution (bottom) of the 
peripheral vowels extracted at the acoustically 
temporal midpoint of tense /i:, y:, u:, a:/ (black) and 
lax /i, y, u, a/ (grey), for seven speakers of Standard 
Austrian German (left) and eight speakers of Standard 
German (right). 

326



e:

o:

ø:

-2 -1 0 1 2

-2
-1

0
1

SAG

ɛ

ɔ

œ

o:

ø:

e:

-2 -1 0 1 2
-2

-1
0

1

SG

œ

ɔ

ɛ

e:

o:

ø:

-40 -20 0 20 40 60

-6
0

-4
0

-2
0

0
20

40

ɛ

ɔ

œ

-40 -20 0 20 40 60

-6
0

-4
0

-2
0

0
20

40 e:

o:

ø:

-40 -20 0 20 40 60

-6
0

-4
0

-2
0

0
20

40

ɛ

ɔ

œ

-40 -20 0 20 40 60

-6
0

-4
0

-2
0

0
20

40

 

Figure 2:  PCA-transformed articulatory vowel space 
and PARAFAC solution (bottom) of the middle vowels 
extracted at the acoustically temporal midpoint of 
tense /e:, ø:, o:/ (black) and lax /ɛ, œ, ɔ/ (grey), for 
seven speakers of Standard Austrian German (left) 
and eight speakers of Standard German (right).  

As far as tensity differences are concerned, Fig. 1 shows 
that there are greater differences between the two varieties 
vertically than there are horizontally: in particular, there was a 
smaller vertical difference on PCA-Y in the ±tense pairs /i-ɪ, 
y-ʏ, u-ʊ, a:-a/ for the Standard Austrian (left panels Fig. 1) 
than for the Standard German (right panels Fig 1) vowels. But 
Fig. 2 also suggests that there were few variety-dependent 
differences on the vertical dimension of mid vowels. 

Many of these trends were confirmed by the displays in 
Figs. 3-4 in which each distribution consisted of one value per 
speaker on the speaker means calculated from VT – VL where 
VT and VL denote tense/lax vowel pairs respectively: thus for 
example, the top left panel in Fig. 3 was obtained by 
calculating separately for each speaker two mean values on 
PCA-Y, one for /i:/ and one for /I/ and then subtracting them: 
the further, therefore, the distribution is from the horizontal 
dashed line at zero, the greater the difference for a given 
tense/lax vowel pair. Fig. 3 confirms the greater vertical 
separation between the ±tense pairs /i-ɪ, y-ʏ, u-ʊ, a:-a/ for 
Standard German compared with Standard Austrian shown in 
Fig. 1. The negative difference value for the /a: a/ vowel 
reflects that for this vowel pair, as opposed to all others, the 
tense vowel is lower than the lax vowel. Fig. 4 shows a greater 
horizontal difference on PCA-X for the pairs /i-ɪ, y-ʏ/ in 
Standard German than in Standard Austrian. 

We ran a mixed model over the (non-aggregated) 
positional data in order to quantify whether there was evidence 
for variety-dependent tense/lax differences in the tongue 
position. The dependent variable in the model was either the 
vertical (PCA-Y) or horizontal (PCA-X) position of the tongue 
at the acoustic vowel midpoint. The fixed factors were variety 
(two levels) and tensity (two levels). We entered as random 
factors the speaker, the consonant place of articulation (three 
levels) and the vowel type (7 levels). (The model therefore 

estimates the extent to which there were differences in variety 
of tensity after factoring out the variation due to the speaker, 
the vowel, and consonant place of articulation). Since the 
results showed a significant interaction between these two 
fixed factors, we carried out post-hoc Tukey tests on all 
pairwise combinations of the tensity and variety levels. For the 
Y-data, the results of these post-hoc tests showed a 
(predictably) significant difference between tense and lax 
vowels in both Austrian (z = 13.0, p < 0.001) and German (z = 
23.6, p < 0.001) data. 

 
Figure 3: Boxplot of the differences between tense and 
lax vowels for the vertical Y tongue position in /p/ 
context, produced by eight Standard Austrian German 
(grey) and seven Standard German (white) speakers. 
Principal component values are normalized to units of 
1 standard deviation.  

 

 
Figure 4: Boxplot of the distances differences between 
tense and lax vowel for the horizontal X tongue 
movement in /p/ context, produced by eight Standard 
Austrian German (grey) and seven Standard German 
(white) speakers. Principal component values are 
normalized to units of 1 standard deviation. 

Notice that the higher z-score for the German data 
suggests that the vertical separation between ±tense vowels 
was greater than for the Austrian variety. The post-hoc tests 
also showed significant differences between the Austrian and 
German varieties on lax (z = 3.2, p < 0.01) but not on tense 
vowels. These results confirm what was evident in Figs. 1-4: 
that the main differences on PCA-Y are brought about by 
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positional differences between Austrian and German lax, but 
not tense, vowels. 

Finally, we ran further tests to investigate whether there 
were tensity and variety differences in the movement 
amplitude and peak-velocities calculated in the initial CV of 
/ɡəpVpə/. The results of a mixed model with the same fixed 
and random factors as before showed a significant difference 
between tense and lax vowels on the magnitude of PCA-X 
(χ2[1] = 439.0, p < 0.001) and the peak-velocity of PCA-X 
(χ2[1] = 15.6, p < 0.001). There was no effect of variety on the 
magnitude of PCA-X but a weak effect of variety on the peak-
velocity of PCA-X (χ2[1] = 5.1, p < 0.05). There were no 
significant influences of either tensity or variety on the 
magnitude of PCA-Y, a significant influence of tensity (in 
Standard German: z = 20.9, p < 0.001; in Standard Austrian: z 
= 12.2, p < 0.001) but not of variety on the peak-velocity of 
PCA-Y. Thus the differences on tensity were as expected 
(larger and faster for tense than for lax vowels) with the 
exception of the magnitude of PCA-Y which showed no 
significant tensity differences; and apart from a weak and as 
yet unexplained difference on the peak-velocity of PCA-X, 
there were no variety differences on these kinematic 
parameters 

4. Conclusions 
The main finding of the paper is that there are greater phonetic 
similarities between tense and lax vowels for Standard 
Austrian German than for Standard German. The differences 
are primarily in the vertical dimension of tongue movement 
such that lax /ɪ, ʏ, ʊ, a/ are closer to their tense counterparts in 
Standard Austrian. These variety-dependent differences that 
were found at the temporal midpoint of the vowels were not 
found in measurements based on the magnitude or peak-
velocity from the initial consonant to the following vowel.  

We are currently investigating whether there may be 
variety-dependent dynamic differences in the way that the 
vowel is timed with the following consonant. The basis for this 
investigation is the idea that tense and lax vowels in German 
may be differentiated by a closer VC timing in lax than in 
tense vowels [6] which for Standard German has resulted not 
only in vowel shortening, but also in vowel undershoot, if the 
final consonant cuts off or truncates the vowel during or 
preceding the vowel target (see [6] for a physiological analysis 
of German vowel truncation). Thus the current issue that is 
being analyzed is whether the greater vertical expansion of the 
lax vowel space in Standard Austrian can be related to less 
truncation and/or a greater delay in timing the final consonant 
relative to the preceding vowel than in Standard German. 

Finally, two methods have been presented for deriving 
vowel spaces from tongue data that bear some resemblance to 
the vowel quadrilateral. The first, which has previously been 
used in our research [2, 3], is based on obtaining eigenvectors 
derived by applying PCA separately to each speaker's tense /i:, 
e:, a:, o:, u:/ vowel data at the temporal midpoint and then 
using these eigenvectors to weight all of the other tongue data. 
Which of these methods is preferred depends partly on the 
methodological considerations. For example, PARAFAC 
cannot be used if the number of speakers is small; moreover, 
the speakers must be varied enough to show a range of 
different weighting patterns over the extracted factors. Thus 
only the PCA method but not PARAFAC could be used in the 
very many EMA studies based on less than five speakers. 
PARAFAC is also less suitable if the main focus of the 

investigation is articulatory variability, given that the input to 
PARAFAC is data aggregated across repetitions. Finally, the 
eigenvectors from PCA applied to five tense vowels were used 
to warp all the other data in this study, including the tongue 
data from lax vowels and from all other time points. An 
analogous separation into 'training' and 'testing' data (in which 
the latter forms no part of the algorithm used to derived the 
warped vowel space) would also be possible using 
PARAFAC, but sits awkwardly with the whole thrust of the 
model, in which speaker-specific effects are extracted as part 
of model-generation itself. Thus the model’s potential for a 
very parsimonious representation is lost if it is subsequently 
used to generate vowel loadings for individual tokens of 
specific speakers. 

A quite separate issue that we are currently investigating 
through articulatory-to-acoustic investigations is which 
method provides the more reliable positioning of vowels in the 
transformed physiological space. This approach will also be 
used to investigate further the so far unexplained issue 
discussed earlier of why the two methodologies provide quite 
different vertical values for tense back vowels. 
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