A physiological analysis of high front, tense-lax vowel
pairs in Standard Austrian and Standard German

Jonathan Harrington, Philip Hoole & Ulrich Reubold

The main aim in this study was to establish whether lax /i/ was
closer to tense /ii/ in Standard Austrian German (SA) compared with
Standard German (SG) and to suggest some possible mechanisms that
may have brought about the differences between /i/ and /i:/ in these vari-
eties. In order to do so, physiological movement data of vowels in three
symmetrical consonant contexts were analyzed from four Standard
Austrian and seven Standard German speakers. The results showed that
the duration of /i/ was less than /i/ in both varieties but that the position
of the tongue for /v/ was closer to /ii/ in SA than in SG. Consonantal con-
text was found to exert a greater influence on /// than /i/ only in Standard
German and not in Standard Austrian: the coarticulatory differences in
SG were such that /i/ in the velar, but not the other two contexts, was
perturbed towards the /ii/ vowel space. This perturbation is interpreted
as being due to the raised dorsum position of /k/ which counteracts the
tongue-dorsum lowering in //. We suggest that the shift of /i/ towards /i:/
in varieties such as Standard Austrian may come about when these coar-
ticulatory tongue-dorsum raising effects are generalized to other contexts
in which // occurs.”

1. Introduction

The present investigation is concerned with a theme that is
central to many sociophonetic studies (e.g. Hay & Drager 2007,
Foulkes 2010, Munson 2010, Docherty & Mendoza-Denton 2012,
for recent reviews): quantifying phonetic differences between two
varieties, in this case between Standard German (SG) and Standard
Austrian (SA) based on experimental studies of group differences
in vowel production. Our particular concern in this paper is with
differences in vowel tensity and whether there is any evidence, as
has been suggested in the literature (Moosmiiller 2008, Wiesinger
2009), that the high front lax vowel in words like bitten (‘to request’)
is tenser in SA than in SG. The overall aim of this study is to shed
light both on some of the ways that tense and lax vowels can differ
phonetically as well as to contribute to our understanding of dia-
chronic tense-lax sound changes which — in contrast to monophthon-
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gal vowel changes that have been shown to be involved in various
types of chain shifts (Labov 1994, Watson et al. 2000, Labov et al.
2006, Maclagan & Hay 2007 — are not so well understood nor docu-
mented (but see Di Paolo & Faber 1990 and Faber & Di Paolo 1995
for details of tense/lax neutralizations in some varieties of American
English).

In SG, almost all vowels stand in a tense/lax phonological opposi-
tion that can give rise to various minimal pairs such as /le:m/ vs. /lem/!
(lahm vs. Lamm, ‘lame’ vs. lamb’), /mi:ta/ vs. /mits/ (Miete vs. Mitte,
‘rent’ vs. ‘middle’) and /o:fn/ vs. /ofn/ (Ofen vs. offen, ‘oven’ vs. ‘open’).?
In both English and German, tense vowels have been shown to be
more peripheral and longer (Lehiste & Peterson 1961, Hoole 1999)
than their lax counterparts. The tensity distinction found in some
Germanic languages is quite different from that of Niger-Congo lan-
guages that involves differences in pharyngeal volume as a result of
tongue root advancement (Ladefoged 1964, Stewart 1967, see Tiede
1996 for an MRI study comparing vowel tensity differences in Akan
and English). In English and German, tense and lax vowels are dis-
tinguished not only on static measurements of vowel peripherality at
the target, but also on their dynamic structure including for English
the proportional amount of time taken up by the vowel’s closing tran-
sitions (Lehiste & Peterson 1961, Rakerd & Verbrugge 1985, Huang
1986). There is a long line of research to suggest that German tense
and lax vowels differ dynamically (Sievers 1901, Jespersen 1913,
Trubetzkoy 1939) and that lax vowels are cut off to a greater extent
by a following consonant than are tense vowels (Vennemann 1991).
Some evidence to support this view was found in a study of German
vowels using electromagnetic articulometry by Hoole & Mooshammer
(2002) who tested whether lax vowels were more truncated ver-
sions of their tense counterparts using some of the parameters in
Harrington et al. (1995). Based on their analyses of the different ways
that lax and tense vowels change physiologically under manipula-
tions of speech rate, Hoole & Mooshammer (2002) proposed that the
force required to move the articulators may be concentrated in a sin-
gle peak for lax vowels but distributed as two separate peaks in the
opening and closing movements for tense vowels: this hypothesis was
also shown to be consistent with the results of an electromyographic
study of the intrinsic laryngeal muscles in lax and tense vowel pro-
duction in Hoole & Honda (2011).

Tense and lax vowels have been shown to differ in their com-
pressibility when they occur in prosodic contexts that are likely to
lead to vowel shortening. Thus whereas tense vowels have been shown
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to shorten at faster rates or in unstressed contexts, lax vowel dura-
tion in German changes minimally (Mooshammer et al. 1999, Geng
& Mooshammer 2000, Mooshammer & Fuchs 2002) and may be close
to a threshold of incompressibility (Klatt 1973). Nevertheless, even
though lax vowels scarcely shorten, they may nevertheless reduce
spatially (Mooshammer & Fuchs 2002): that is, the extent of German
lax vowel reduction in unstressed contexts is often far greater than
can be predicted from durational shortening alone (Mooshammer &
Geng 2008). Finally, Hoole & Mooshammer (2002) showed that lax
vowels were more variable than their tense counterparts but prin-
cipally because they were affected to a greater extent by the coar-
ticulatory influences from flanking consonants: they found that the
variation in lax vowels across labial, alveolar, and velar contexts was
greater than that of their tense counterparts.

The variety of German to be investigated for differences in vowel
tensity, SA, is spoken in lower and upper Austria, Vienna, parts of
Salzburg, and parts of the Burgenland; it is characteristic of educated
and non-working-class speakers (Wiesinger 2009, Moosmiiller 2011);
and, together with varieties spoken in lower and upper Bavaria, SA
forms part of the Central Bavarian dialect. Impressionistically-based
studies have suggested that, in comparison with SG, the tense-lax
distinction in pairs like bieten / bitten is less marked in Central
Bavarian varieties than in SG (Bannert 1976, Wiesinger 1990). In
a recent, acoustically-based apparent-time study by Kleber (2011),
one of the main bases for the tense-lax distinction for older Central
Bavarian speakers from upper Bavaria was a lengthening of the tense
vowel that was argued to be a by-product of the lenition of the fol-
lowing obstruent: thus, older Central Bavarian speakers tended to
distinguish between [bi:dn] (bieten) and [bitn] (bitten). As far as SA is
concerned, Moosmiiller (2007, 2008) has proposed, based on acoustic
measurements of duration and the formant pattern at the vowel tar-
get, that pairs like bieten/bitten may well be in the process of merging,
possibly under the influence of a predominantly working class variety
spoken in Vienna.

The magnitude of both vowel tensity differences in Central
Bavarian varieties and the possible causes of a tense-lax merger in SA
are nevertheless not very well understood and the aim of the present
study is to begin to shed some light on this matter through a compari-
son between SA and SG of /i:, /. Thus the aim is to make use of SG, in
which the tense and lax vowels are distinct, as a baseline for assessing
the direction and nature of the change that has taken place in SA. Our
analysis is physiologically based because, as the various studies of SG
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reviewed above have shown, the vowel tensity distinction depends on
often quite subtle dynamic differences that cannot always easily be
quantified using acoustic measures such as total duration or informa-
tion based on single time slices at the vowel target. There is, it must
be admitted, a further pragmatic reason why we have proceeded with
a physiological analysis in this case which is to do with the availabil-
ity of a corpus of speech movement data of seven speakers of SG who
produced all the German vowels in three consonantal contexts that
exists as a result of other studies (Hoole 1999, Harrington et al. 2011a).
We do not apologise for this however: physiological speech corpora
are extremely time-consuming to collect and opportunities should be
exploited for their re-use when, as in the present case, they have the
potential to provide an existing baseline against which vowel changes
and differences in other varieties can be assessed.

The comparison between SA and SG is reported in three sepa-
rate sections below. Firstly (section 2), two types of analyses were
carried out to measure the relative proximity of /i/ and /v in the two
varieties: these included calculating the (speaker-specific) distances
between these vowels in a transformed space of the tongue; and calcu-
lating the size of the coarticulatory influence of the consonant on the
lax vowel. The predictions here were that the tongue positions of /i:, /
should be closer together in SA than in SG; and that SA /v should be
perturbed less by consonantal context if it is tenser than its standard
German counterpart. Then we considered whether any differences
between the varieties found in section 2 could be explained in terms
of duration (section 3): specifically whether the closer approximation
between /i;, / in SA than in SG could be predicted either from rate-
dependent stylistic variation or from a longer /// in the Austrian than
in the SG variety. Finally, we tested whether any differences between
the two varieties in the relative position of /// to /ii/ could be explained
in terms of perturbations due to consonant-on-vowel coarticulation
(section 4).

2. The tongue positions of /i, / in Standard Austrian and Standard
German

2.1. Method

2.1.1. Data collection and speakers

Speech movement data of the motion of the jaw, lips, and surface
of the tongue were collected at the IPS, Munich from 7 SG, and 4 SA
speakers. The SG speakers were all staff or students of the Institute of
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Phonetics and Speech Processing, University of Munich at the time of
recording and included 6 male speakers and 1 female speaker spanning
an age range between 26 and 58 years. Four of the SG speakers were
born in Bavaria, two in the Rhineland, and one in Schleswig-Holstein.
All seven SG speakers were judged to speak in a Standard German
variety with minor regional colouring. The 4 SA speakers were recruit-
ed from a larger group of SA speakers for which acoustic data had been
collected at the Acoustics Research Institute, Vienna. The 4 SA speak-
ers were born in Vienna and were students in Vienna at the time of the
recording.® Their age ranged between 19 and 23 years.

SA SG

Figure 1. A cross-sectional view of the vocal tract showing the approximate
positions of the sensors in the recordings from the Standard Austrian (left) and
Standard German (right) speakers for the upper lip (UL), lower lip (LL), jaw (J),
tongue tip (TT), tongue mid (TM), tongue dorsum (TD), and tongue back (TB).

The data for the SG speakers were collected between 1993 and 1995
and were taken from the same corpus described in Hoole (1999) and
Hoole & Mooshammer (2002); they were acquired using electromagnetic
midsagittal articulometry (EMMA; AG100 Carstens Medizinelektronik
Gottingen) with four sensors attached to the surface of the tongue
(Fig. 1), and one each on the jaw and lower lip (plus one sensor each
on the upper incisors and bridge of nose to compensate for head move-
ments). The jaw sensor was positioned in front of the lower incisors on
the tissue just below the teeth. The lower lip (LLL) sensor was positioned
on the skin just below the lips. The tongue tip (TT) sensor was attached
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approximately 1 cm behind the tip of the tongue; the tongue back (TB)
sensor was positioned as far back as the subject could tolerate.

The 4 SA speakers were recorded at the IPS, Munich in 2011
using 5D electromagnetic articulometry (EMA) allowing the hori-
zontal, vertical, and lateral positions of the articulators to be mea-
sured.* The movement data were recorded from sensors fixed as
closely as possible to the same positions as they had been for the
7 SG speakers. One of the differences was that only three sensors
were attached to the tongue for the SA speakers, whereas for the
SG speakers there had been four. However, the relative positions of
the TT and TB sensors (1 cm behind the tongue tip and as far back
on the surface of the tongue as the subject could tolerate) were the
same. A second difference was that sensors were attached to both
the upper and lower lips for the SA speakers, whereas for the SG
speakers only lower lip recordings had been made (however, this
is of no consequence for the present paper which deals only with
tongue movement). In addition, four reference sensors were used in
obtaining data from the SA speakers to correct for head movements:
one each on the left and right mastoid process, one high up on the
bridge of the nose, and one in front of the upper incisors on the tis-
sue just above the teeth. Apart from these differences the data from
the two articulometry systems can be regarded as comparable since
both acquire flesh-point data of the articulators using exactly the
same kind of sensor (see Hoole & Zierdt 2010, for further compari-
son of the systems).

The physiological data in both corpora were sampled at a fre-
quency of 200 Hz and band-pass filtered with a FIR filter (Kaiser
window design, 60 dB at 40-50 Hz for the tongue tip, at 20-30 Hz for
all other articulators, at 5-15 Hz for the reference sensors). The data
for both SA and SG speakers were rotated so that they were parallel
to the occlusal plane that was estimated by having a subject bite onto
a bite-plate. The synchronized acoustic waveform was digitized at 16
kHz in both corpora. These procedures were carried out in Matlab and
the output stored in self-documented Matlab files. The data from both
corpora were converted into an Emu compatible format and analyzed
in the R programming language (Harrington 2010, Ch. 5).

2.1.2. Materials and segmentation

The SG speakers produced symmetrical CVC sequences for
C = /p, t, k/ and all the German monophthongs embedded in the tar-
get non-word and carrier phrase ich habe /goCVCo/ gesagt (literally
I have /goCVCao/ said). In addition, the subjects produced separately
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three steady-state versions each of all tense vowels except /e/ (none
of these steady-state vowels were analyzed in the present study).
The carrier phrase was produced with a nuclear accent on the tar-
get /goCVCas/ and in most cases with a falling intonational melody.
The carrier phrases were repeated five times, randomised separately
for each subject, and presented individually on a computer monitor in
the corresponding orthography (e.g., for /pe:p/ ich habe gepaape gesagt,
for /kik/ ich habe gekikke gesagt, etc.). The entire corpus was produced
twice on separate occasions, once at a slow speech rate, then once
again at a fast speech-rate at which vowel duration of tense vowels
most closely matched the duration of lax vowels spoken at the slow
rate. The total number of presented sentences was 3 (places of articu-
lation) x 15 (vowels) x 2 (rates) x 5 (repetitions) x 7 (speakers) =
3150. All of the analyses in this section are based only on the data
from the self-selected slow rate (see section 3 for a comparison of the
two rate conditions).

The SA speakers produced the same materials that had been
produced by the SG speakers and as far as possible under the same
conditions with two exceptions: firstly, they also produced symmetri-
cal CVC sequences for the voiced stops, C = /b, d, g/ which were not
analyzed in this paper; secondly, they produced the materials only at
their normal rate of speech. The total number of presented sentences
was 3 (places of articulation) x 15 (vowels) x 2 (stop voicing condi-
tions) x 5 (repetitions) x 4 (speakers) = 1800.

The acoustic signals from both SA and SG speakers were auto-
matically segmented using the Munich Automatic Segmentation tools
(Schiel 2004). The acoustic boundaries were manually adjusted at
the beginning and end of the acoustically periodic vowel signal in the
target word: this is the interval over which the data were analyzed for
both groups of speakers in this paper.

2.1.3. Data reduction

Following a procedure in Harrington et al. (2011b), our aim was
to compress the data from the tongue sensors to a two-dimensional
space that bears some relationship to the backness x height dimen-
sions of the vowel quadrilateral that is often used for acoustic com-
parisons of vowel quality differences between groups of speakers
in sociophonetic and sociolinguistic studies. In order to do so, we
applied separately for each of the 11 speakers principal components
analysis (PCA) to standard-normalized (z-score transformed) tongue
positions extracted at the acoustic temporal midpoint only for the
five tense vowels /i:, e:, e, 0:, u/. For the SG speakers, there were
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8 values per vowel token (one vertical and one horizontal position
from each of the tongue tip, tongue mid, tongue dorsum, and tongue
back) and only the vowels at the slow rate were input to PCA; for
the SA speakers 6 values per vowel token (one vertical and one
horizontal position from each of the tongue tip, tongue dorsum, and
tongue back sensors) were input to PCA. The resulting speaker-
specific eigenvectors (loadings on the tongue parameters) were then
applied to (matrix-multiplied with) the standard-normalized vowel
data between the acoustic onset and offset for the same speaker. All
subsequent analyses for assessing the relative similarity between
lax and tense vowels in the two varieties were carried in these first
two PCA-transformed dimensions.

2.1.4. Relative distance measurements

We quantified separately for each speaker the relative distance
of lax /1/ to both tense /i/ and to lax /¢/ in this two-dimensional, trans-
formed PCA-space. The hypothesis to be tested was that /i/ was pro-
portionately closer to /i/ than to /¢/ for SA compared with SG speak-
ers. The quantification was based on calculating the average distance
of the trajectory to the same speaker’s /i/ and /e/ means in the same
consonantal context. More specifically, where (x,.g, ¥.cs) are the x-
and y-co-ordinates respectively in this transformed two-dimensional
PCA-space of a vowel trajectory (between its acoustic onset and offset)
of length N at time ¢ in consonantal context C (C = /p, t, k/) produced
by speaker S, and where (X; .5 , ¥;¢5) is the mean value at the acoustic
vowel temporal midpoint averaged across all (tense) /i/ tokens in the
same consonantal context and by the same speaker, and where (X5 g ,
Ve cs) 18 the mean value at the acoustic vowel temporal midpoint aver-
aged across all (lax) /¢/ tokens in the same consonantal context and by
the same speaker, we calculated (in the two-dimensional transformed
PCA space) a given vowel trajectory’s summed Euclidean distance to
the mean of /iv/:

N-1 — -
dics= EH] \/(x;_c_x “Xes) +Wes—Vies) 1)

and the same vowel trajectory’s summed Euclidean distance to
the mean of /¢/:

N-1 — —
dpcs= 2::11 \/(x;.c.x ~Xpcs) +Wies = Vecs) 2)
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Each of (1) and (2) produce a single value of the trajectory’s
summed distance to /i/ and /¢/. The final calculation was the logarith-
mic ratio of these two distances which expresses the relative proxim-
ity of the trajectory to the means of /ii/ and /¢/:

rcs = log(dics/decs) = log(dics) - log(dec.s) (3)

When rqg is zero, then the trajectory is, on average, equidis-
tant between /i and /e/; if it is negative, then the trajectory is
closer to /ii/ than to /¢/; and if it is positive, then it is closer to /e/
than it is to /i/. We calculated (3) for each speaker’s /i/ vowel trajec-
tories. The hypothesis to be tested was that if /v/ is closer to /i// for
SA speakers, then /// should have lower values on (3) for this group
than for SG speakers.

2.1.5. Magnitude of coarticulation

We further quantified the extent to which the vowels were per-
turbed due to the coarticulatory influence of the consonantal context
by measuring separately for each vowel and for each speaker the
Euclidean distances to the vowel’s mean: the greater the coarticula-
tory perturbation, the further a given trajectory is likely to deviate
away from the group mean. Since lax vowels are influenced to a
greater extent by coarticulation than are tense vowels (e.g., Hoole
& Mooshammer 2002), then if SA-/i/ is tenser than SG-/v/, it should
have lower distances than SG-/// on this measure. Where (x, g, ¥:vs)
are the x- and y-co-ordinates respectively in the transformed two-
dimensional PCA-space of a trajectory between the acoustic onset
and offset of a given vowel, V, of length N at time ¢ produced by
speaker S, and where (X5 , ¥y5) is the mean value at the acoustic
vowel temporal midpoint averaged across all tokens of the same
vowel type produced by the same speaker, the mean Euclidean dis-
tance dg, of a trajectory to the same speaker’s vowel mean was calcu-
lated from:

1 N-l — —
ds = NEH] \/(xr,v,s — Xy s)2 + (yr,V s Vs )2 (4)

for each speaker, S, and for the vowel-types V = /i;, 1, e, ¢/.
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2.2. Results

The results in this section are based on comparisons between the
SA-vowels and those of the SG speakers produced at the self-selected
slow rate.
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Figure 2. 95% confidence ellipses for PCA-transformed tongue data extracted at the
acoustically temporal midpoint of /i/ (solid black), /e/ (dashed grey), /e/ (dotted black),
/o/ (solid grey), and /u/ (dashed black) for 7 speakers of Standard German (left) and
4 speakers of Standard Austrian (right). The squares, circles, and triangles denote
respectively the mean positions per vowel category in /p_p/, /t_t/, and /k_k/ contexts.
A colour version is online at: http:/linguistica.sns.it/Rd1/2012.htm

As Figure 2 shows, a quadrilateral-like shape emerged from the
distribution of the five tense vowels in the first two dimensions of the
PCA-transformed space, with /ii/ positioned above /e/ and to the left
of /ui, o/. Given that these are physiology data with ellipses pooled
across contexts and speakers, then the vowels show a fair degree of
separation. Some of the expected effects of consonant-on-vowel coar-
ticulation are in evidence in both varieties, such as the shift of /u/
towards /i/ in an alveolar context.

As far as the relative degree of tensity of /i/ in the two varieties
is concerned, the data in Figure 3, which shows linearly time-nor-
malized trajectories averaged across the speakers in the three conso-
nantal contexts for the four vowel types, suggests that /i/ is relatively
closer to /i/ in SA than it is in SG: in particular, whereas SA-/v/ in the
labial (squares in Fig. 3) and alveolar (circles) contexts is quite close
to /i/ in the same contexts respectively, for SG these vowels are posi-
tioned at an approximately intermediate position between /i/ and /e/.
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Figure 3. PCA-transformed tongue trajectories extending between the acoustic
vowel onset and offset averaged after linear-normalization across 7 Standard
German (left) and 4 Standard Austrian speakers (right). The symbols are posi-
tioned at the acoustic vowel onset and represent /pVp/ (square), /tVt/ (circle), and
/kVKk/ (triangle) contexts for V = /ii/ (black solid, filled symbol), /ei/ (grey solid, fil-
led symbol), /i/ (black dashed, open symbol), and /¢/ (grey dashed, open symbol).
A colour version is online at: http:/linguistica.sns.it/Rd1/2012.htm
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Figure 4. Boxplots of the log. Euclidean distance ratio for /// in three contexts
produced by 4 Standard Austrian (white) and 7 Standard German (grey) speakers.
Negative values represent positions closer to /ii/, positive values are positions
closer to /¢/, and the value of zero is a position intermediate between these two
vowels. The boxes extend over the interquartile range and the solid horizontal line
is the median value.
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The quantification in Figure 4 of the relative position of /i/ using
the log. Euclidean distance ratio (3) discussed in section 2.1.4 shows
that, in comparison with SG, SA-/V/ is relatively closer to SA-/i:/ than
it is to SA-/e/ for all three consonantal contexts: thus for all three
SA contexts, the boxplots are generally below zero (i.e., closer to /i),
whereas for SG-/// the values are above zero in both /p/ and /t/ con-
texts (i.e., they are closer to /¢/), and just below zero for SG-// in the
/k/ context. These data are therefore consistent with those in Figure 3
in showing a relatively greater //-/ii/ proximity for the SA than for the
SG speakers. A mixed model with the log. Euclidean distance ratio
(the values in Fig. 4) as the dependent variable, with independent
factors Variety (two levels: SA, SG), and Context (three levels: /p, t,
k/), and with the speaker as the random factor showed a significant
interaction between Variety and Context (x% = 15.0, p < 0.01). Post-
hoc Tukey-tests® showed, consistently with the results in Figure 4,
that there were significant differences between the two varieties in
the /p/ (z = 5.1, p < 0.001) and /t/ (z = 5.7, p < 0.001) contexts, but not
in the /k/ context. Overall these results are strongly consistent with
the hypothesis, that /i/ is proportionately closer to /ii/ than it is to /¢/
for the SA than for the SG variety.
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Figure 5. Boxplots of the Euclidean distances to the vowel mean for /// (grey) and
/ii/ (white) in three contexts produced by 7 Standard German (left) and 4 Standard
Austrian (right) speakers.

The results in Figure 5 of quantifying the coarticulatory influ-
ences of consonantal context are to a certain extent consistent with the
hypothesis that SA-// should be perturbed less by context if it is tenser.
Recall from (4) in section 2.1.5 that the greater the values on this
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measure, the more that tokens in a particular context are displaced
from the speaker’s vowel group mean (and by inference the greater
the coarticulatory influence of consonantal context on the vowel). As
the left panel of Figure 5 shows, consonantal coarticulation had a
greater influence on // than on /ii/ for the Standard German variety
(as shown by the values in the three /i contexts which are closer to
zero than those for /v/), whereas for SA (right panel of Fig. 5), such dif-
ferences were much less marked. To a certain extent, these data are
consistent with those in Figure 3 in which the /i-i/ trajectories in the
same context were further apart for SG than for SA speakers.

The results of a mixed model with dependent variable Euclidean
distance (the parameter in Fig. 5) and independent factors Context
(three levels: /p, t, k/), Tensity (two levels: /v/, /i/) and Variety (two levels:
SA/SG) and with the speaker as a random factor showed a significant
three-way interaction between the independent factors (x%; = 83.7
p < 0.001). The results of post-hoc Tukey tests showed significant dif-
ferences only between SG-/v/ and SG-/i// for all three places of articula-
tion: (SG-/pip/ vs. SG-/pitp/: z = 5.8, p < 0.01; SG-/tit/ vs. SG-/tirt/: z = 4.4,
p < 0.01; SG-/kik/ vs. SG-/kik/: z = 5.3, p < 0.01) but there were no oth-
er significant differences, neither between the varieties, nor between
/v and /i/ in SA.

Thus the general conclusion from these results is that whereas
coarticulation perturbs /i/ to a greater extent than /i/ in SG, such dif-
ferences are much less in evidence for the SA variety.

2.3. Discussion

The first part of this physiological study of tongue positions has
provided some evidence for a greater overlap between /// and /i/ in SA
compared with SG. The second part showed that there is also a differ-
ence in the extent of perturbation due to coarticulation: whereas SG-/v/
is much more prone to coarticulatory influences than SG-/i/, SA-/V/ is
shifted due to coarticulation to about the same extent as SA-/iv/.

There are, however, at least two ways in which these SA-SG dif-
ferences could be an artefact of durational differences between the
two speaker groups. Firstly, recall that SG speakers produced the
materials at two rates (slow, fast) and that the above analysis was
based on productions at the slow rate. It is possible therefore that
the materials were produced by the SG speakers with greater hyper-
articulation than those produced by the SA speakers who received
no instruction about rate. Since the vowel space tends to expand in
hyperarticulated speech (Moon & Lindblom 1994), then the greater
/i;, / separation in the SG than in the SA productions may be a conse-
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quence not of phonetic, but of rate differences. We explored this issue
further by comparing the SG speakers’ slow and fast rate productions
on the same measures that had been used for analysing the SA/SG
differences in 2.2. The hypothesis to be tested in this case is that, if
the SA/SG differences were an artefact of speaking rate, then SG-/v/
should be closer to SG-/i/ at the fast, than at the slow rate.

Secondly, we compared the durations of SA and SG vowels: the
hypothesis to be tested in this case is that, if the greater centrali-
sation of // relative to /i/ in SG is conditioned by vowel-dependent
undershoot (Cho 2004, Lindblom et al. 2009), then /// can be expected
to be shorter in SG than in SA.

3. Vowel duration and rate in Standard German and Standard Austrian

3.1. Method

The speakers, materials, and procedures for processing the physi-
ological data were the same as described in section 2.1. In addition,
we calculated the log. Euclidean distance ratio from (3) and quanti-
fied the magnitude of coarticulation from (4) for the data produced
at the fast rate of speech by the Standard German speakers. The aim
was to assess whether there was any evidence of a greater approxi-
mation of /i/ towards /i/ at the fast compared with the slow rate. We
also tested whether the durational difference between /// and /i/ was
less in SA than in SG.

3.2. Results

The results for the SG speakers of a repeated measures ANOVA
with the log. Euclidean distance ratio as the dependent variable cal-
culated from (3) and independent factors rate (2 levels: slow, fast) and
place of articulation (3 levels, /p, t, k/) showed no significant effects for
rate: that is, the relative distance of /i/ to /i/ was no different in the
slow or fast rates for the SG speaker productions.

162



A physiological analysis of high front

N
. = -
.ET,-

Duration (ms)
150
1
o
il
Duration (ms)
150
1

j .
i |
1 | - -
i ! I "
i o } — _
o . 0
o I

100
1

-

100
-

4

]
Q
T

T T T T T T T T T T T
lpp/  fpipd  Mtf Mt Jkikd o kikS Ipipl pipd ot Mttt fkakd fkicks

Figure 6. Acoustic vowel duration (as measured between the periodic onset
and offset of the vowel) for /1, i/ in three contexts in Standard German (left) and
Standard Austrian (right).

Secondly, we compared the acoustic durations of /v/ in the two vari-
eties in order to determine whether it was longer (and more /i/-like) in
SA than in SG. This analysis was based on the vowels produced at the
slow rate by the SG speakers that had been analysed in section 2. The
data in Figure 6 show very little evidence in support of the idea that
SA /i/ is longer than its SG counterpart. Compatibly, the results of a
mixed model with voiced vowel duration as the dependent variable,
with independent factors Vowel (two levels: /1, ii/), Consonant (three
levels: /p, t, k/), and Variety (two levels: SA, SG) showed (predictably) a
highly significant effect of Vowel (x4 = 232.5, p < 0.001) but no effect
of Variety and there were no significant interactions (as there should
have been, if /1/, but not /i/, had been longer in SA than in SG).

3.3. Discussion

The analysis in this section was designed to investigate whether
the closer /1-i/ proximity in SA compared with SG might be an arte-
fact of duration. Firstly, the greater /1-i/ separation observed for SG
compared with SA in section 2.2 may have come about because of
vowel space expansion at the slow rate. But if this had been so, then
we should have observed a shift of /i/ towards /i/ in SG speakers’ self-
selected faster rate: however, there was no evidence to support this
hypothesis. Thus the greater /i-i/ approximation in SA compared with
SG is unlikely to have been caused by different degrees of hyperar-
ticulation in the two varieties.
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Secondly, the greater /1-i/ similarity combined with the smaller
perturbation of /i/ due to coarticulation found in section 2.2 for SA
compared with SG might have been associated with durational differ-
ences: if both /i/ and /i// are long in SA and more similar to each other
in duration than in SG, then there would be more time to produce
SA-/i/ than SG-/1/, as a result of which target undershoot and coarticu-
latory perturbation would be less likely in the Austrian variety. Such
an explanation is however unlikely in view of the results showing
that the durational relationship between /i/ and /i/ was similar across
the two varieties.

The conclusion from all the results so far is that there is a great-
er articulatory proximity between /// and /i/ in SA compared with SG
that can be explained neither by style nor duration differences. The
question remains therefore which mechanisms might bring about
the differences between these two varieties such that /i-i/ in SA are
spatially, but not durationally, more similar than in SG. On the one
hand, the data for SG in the left panel of Figure 3 is possibly anoma-
lous because it suggests that the tongue position for /i/ was more cen-
tralised in /pip/ as shown by its greater proximity to the more central
(and lower) vowel /e/ than when it occurred in the other two contexts.
The anomaly here is that a labial context should interfere minimally
with tongue articulation of the vowel and therefore not induce any
form of tongue centralisation, given that the consonant and vowel are
produced with different sets of articulators in /pip/. But a different
and more plausible way to interpret the left panel of Figure 3 is that
the tongue position for /i/ was perturbed not in /pip/ but in /kik/: that
is, the coarticulatory influences of the velar stop shifted the tongue
trajectory of /i/ towards the space for /ii/. The basis for this idea is
that, as van Bergem (1993, 1994) has shown in his detailed acoustic
study of vowel shifts in prosodically weak contexts, “...vowel reduc-
tion is not a tendency of vowels to centralize, but rather the result of
an increased contextual assimilation” (van Bergem 1993: 22). Thus if
/// assimilates to its consonantal context in /kik/, then the constricted
tongue configuration during the stop is likely to restrict the magni-
tude of tongue-dorsum lowering in /i/, with the consequence that it
might be produced with a relatively high tongue configuration similar
to that of /i/. Thus context-induced undershoot may have caused /v/ to
shift into the /ii/ space in this context. We addressed this issue by com-
paring the two varieties on the influence of context on tongue dorsum
lowering of /i/. Our hypothesis was that the extent of tongue dorsum
lowering would be greater in /p, t/ contexts than in a /k/-context but
only in Standard German.
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4. Tongue dorsum lowering in /v

4.1. Method

For each speaker separately, the physiological data were normal-
ised by conversion to z-scores. In order to do so, the speaker-specific
mean and standard deviation were calculated from all the frames of
data and across all sensor positions between the acoustic onset and
acoustic offset of the pooled tense /i, e, e, o:, u/ vowels produced by
the same speaker. In this way, a z-score of zero is a value at the centre
of the tongue space for tense vowels and increasing/decreasing val-
ues are standard deviations greater/less than this value. This z-score
transformation was carried out separately for the horizontal and ver-
tical positions of each speaker’s tongue sensor positions.

4.2. Results

The mean positions of the tongue sensors averaged across the sub-
jects separately by variety in Figure 7 shows that the tongue dorsum
position (as judged from the 3™ sensor from left in the left panel) for /v
in the /k/ context was not as low as for the other two contexts for the SG
speakers; and also that this same sensor position was evidently very
close to those for /i/. The tongue dorsum positions for /// as judged from
the 2" sensor from the left in Standard Austrian were by contrast all
very close to those of /i/ and there was no evidence for the influence of
context on tongue dorsum height as there was for the SG.

We applied a mixed model to test for an effect of consonantal con-
text on the tongue dorsum position of /i/. The dependent variable was
the vertical tongue dorsum position (3™ sensor from the left for the SG
data; 2™ sensor from the left for the SA data in Fig. 7) extracted at the
temporal midpoint of the vowel in the z-score normalised space. The
independent factors were Variety (two levels: SA, SG), and Consonantal
context (three levels: /p, t, k/). Consistently with the data in Figure 7,
the results showed a significant interaction between Variety and
Consonantal context (x2[2] = 41.0, p < 0.001). A post-hoc Tukey test
showed that the tongue dorsum position for /v/ differed significantly
between the two varieties in the /p/ (z = 4.3, p < 0.001) and /t/ (z = 5.0,
p < 0.001) but not in the /k/ contexts. Within each variety, consonant
place of articulation had no significant effect on /// in SA; as far as SG
was concerned, the vertical position of the tongue dorsum for /v/ in a
/k/ context was significantly higher compared with the corresponding
positions in the other two consonantal contexts (/k/ vs. /p/: z = 12.1,
p < 0.001; /k/ vs. t/: z = 12.9, p < 0.001) whereas the /p/-/t/ differences
were not significant on this measure.
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These data show, therefore, that the tongue dorsum position for
SG-/i/ in a /k/ context was higher than in the other two SG-contexts;
and that SG-/V/ in a /k/ context did not differ from the corresponding
positions of Standard Austrian /// (in any context).

SG SA

15

1.0

Tongue-Y position (normalized units)

Tongue-X position (normalized units) Tongue-X position (normalized units)

Figure 7. Mean positions of the sensors at the temporal midpoint of the vowel
averaged across speakers in labial (squares), alveolar (circles), and velar (trian-
gles) contexts for /i/ (black, filled symbols) and /v/ (dashed, open symbols) produced
by Standard German (left) and Standard Austrian speakers (right). The direction
is as in Figure 1 with positions to the left on the x-axis nearer the lips, and higher
positions towards the palate.

5. Discussion

The main findings from this study are as follows. In section 2,
it was shown that the tongue configuration for /i/ at the temporal
midpoint of the vowel was closer to /ii/ in SA than in SG. There was
also evidence to show that the coarticulatory influence of consonan-
tal context on SG-/i/ was greater than on SA-///. Taking into account
the findings from Hoole & Mooshammer (2002) showing that tense
vowels are less prone to coarticulatory-induced perturbation than
lax vowels, the general conclusion from these results is that /i/ in SA
is tenser — that is, it is more peripheral in the vowel space — than
in SG. In section 3, we considered two ways in which these findings
might have been an artefact of vowel duration. The first was that
the SG speakers’ vowels might have been hyperarticulated since

166



A physiological analysis of high front

they — in contrast to those of the SA speakers — had been produced
at a self-selected slow rate. However, we ruled this out as a possible
explanation for the differences between the two varieties found in
section 2, in view of the findings in section 3 showing that speech
rate differences for the SG speakers had no effect on the relative
/1-i/ positions. Secondly, the duration of Standard Austrian /i/ might
have been longer and more similar to /i/ than in SG — as a result of
which, there would be more time for a more peripheral (and more
/i/-like) target configuration to be produced in the Austrian variety.
However, this was also ruled out as a possible explanation for the
results in section 2, given that the pattern of /i-ii/ durations was
found to be no different in the two varieties. The conclusion from
these two sections together is therefore that /i/ is phonetically tens-
er/more peripheral in SA than in SG.

Finally, we interpret the origin of the greater /i1-ii/ proximity
in the velar compared with the other two contexts in SG as due to
coarticulation. The tongue dorsum in /kik/ is high for the two dorsal
consonants and must be lowered for the vowel; but if it is lowered
insufficiently, then the position of the tongue dorsum in /i/ may be
no lower than it is for tense /i/. Thus as observed in van Bergem
(1994), coarticulation need not result in vowel centralisation but can
instead push a lax vowel towards the periphery of the vowel space.
Perhaps the tenser /i/ in all contexts of SA has come about as a
result of generalizing synchronic coarticulatory-induced raising of //
when it is produced in velar or dorsal contexts: under this scenario,
the close approximation of /i-i/ in SA may have developed out of
the synchronic undershoot of /// in dorsal contexts which causes the
tongue positions of /i/ and /i:/ to become more similar. This type of
generalization could be accounted for in Ohala’s (1993, 2005) model
of sound change in which /i/ is misperceived as /i/ in a velar context
not just because of F2-raising, but also because of the F2-F3 proxim-
ity in the formant transitions in velar contexts (see e.g., Harrington
& Cassidy 1999, Fig. 4.17) which resemble the close F2-F3 fre-
quencies of /ii/. The sound change would then, according to Ohala’s
(1993) model, be brought about by the generalization of this raised
/i/-variant in velar contexts to other (e.g., labial and alveolar) con-
texts in which tongue-dorsum raising would have no coarticulatory
raison d’étre. We are currently conducting various perception tests
in varieties of German with and without ///-tensing in order to test
further whether such a coarticulatory-based model of sound change
can be applied to /1/-tensing in these varieties.
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6. Conclusion

In the present study as well as in the apparent time analysis
in Harrington et al. (2011b) electromagnetic articulometry has been
used to address questions that are relevant to sociophonetics. Both
studies have also shown that a quadrilateral-like vowel space can
be derived from tongue data (Fig. 2) which can be used to assess
the phonetic similarity between vowels across different varieties:
this procedure therefore establishes a methodological relationship
to many formant-based analyses that are common in sociophonet-
ics and sociolinguistics for comparing varieties and establishing
on-going sound change (Labov 1994, Cox 2006, Maclagan & Hay
2007, Jacewicz et al. 2011). One of the very general differences
between the two varieties of German examined here is that there
is a slightly greater degree of overlap between the vowel categories
in SA compared with SG (Fig. 2). The reason for such differences is
not entirely clear. One possibility is that the SG speakers may have
spoken more precisely at the slow rate than the Austrian speakers
who were given no instructions about speaking tempo (other than to
speak in their usual speaking style) — although the analysis in sec-
tion 3 showed that if they did so, then there was a negligible effect
on the relative positions of their /1-i/ vowels. Another possibility that
cannot be discounted is that all of the SG speakers had advanced
knowledge of phonetics, with the consequence that they may have
produced more cardinal-like tense vowels than the SA speakers
who were phonetically naive. Yet another is that vowel quantifica-
tion may have been more accurate in the Standard German corpus
because the tongue was sampled with four sensors as opposed to
the three that were used for SA speakers. A further consideration
is that if one speaker represents an outlier in relation to the others,
then this would have had a more dramatic effect on the degree of
variability of the SA vowel space of Figure 2 because of the smaller
number of SA than SG speakers. The solution to this and some of
the other problems outlined above is to obtain data from many more
speakers. Therein lies one of the current difficulties: recording and
quantifying data using EMA is exceptionally time consuming as a
result of which a single study can rarely accommodate more than
5-10 speakers. It remains to be seen whether technological develop-
ments in EMA will allow the kinds of subject sizes to be attained
that are more typical of sociophonetic investigations.

168



A physiological analysis of high front

Address of the Authors

Jonathan Harrington, Philip Hoole, Ulrich Reubold: Institute of
Phonetics and Speech Processing, Ludwig-Maximilian University of
Munich, Schellingstr. 3, 80799 Munich, Germany <{jmh, hoole, reu-
bold}@phonetik.uni-muenchen.de>

Notes
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Acoustics Research Institute, Austrian Academy of Sciences, Vienna, for recruit-
ing the speakers of Standard Austrian for this study. This research was sup-
ported by a joint German Research Council and Austrian FWF grant to Jonathan
Harrington, Philip Hoole, and Sylvia Moosmiiller (grant number I 536-G20).

! In broad phonemic transcriptions of Standard German, these vowels are conven-
tionally transcribed with a Cardinal Vowel 4 symbol. However, they are phoneti-
cally open central in both varieties.

2 With the exception of /e/, German vowels that occur in rhythmically strong sylla-
bles can be grouped into four front (/i;, v/, /y:, ¥/ /e, €/, /@, /), one central (/e:, /) and
two back (/o:, o/, /u, u/) tense-lax pairs. The phonetic qualities of the vowels denoted
by these transcriptions correspond approximately to those of the international
phonetic alphabet (thus /ev/ is phonetically close to a long cardinal vowel 2, etc.).

3 The SA speakers were selected by Julia Brandstitter and Sylvia Moosmiiller of
the Acoustics Research Institute, Austrian Academy of Sciences, Vienna.

4 In this more modern version of articulometry, data is obtained not only from
the horizontal and vertical movement of the articulators, but also from their lat-
eral movements whereas in the EMMA system that was used for collecting data
from the SG speakers, data collection is restricted to the horizontal and vertical
movement in the midline of the sagittal plane. The restriction in the older EMMA
system required the subject to wear a helmet to ensure data collection from the
midline, whereas in the 5D-EMA system, the subject has more freedom of move-
ment inside an EMA ‘cube’. A disadvantage of the more modern technique is that
the position of the sensor cannot always be uniquely determined, requiring consid-
erable amounts of manual, post-processing time to identify errors (see Hoole et al.
2003 for further details).

5 These were carried out with the glht() function in the multcomp package in R
environment.
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