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On the allophonic behaviour of German /x/ vs /k/ — an EPG
investigation

Gilbert Ambrazaitis and Tina John'

Institut fir Phonetik und digitale Sprachverarbeitung, Christian-Albrechts-Universitét Kiel,
Germany

Facts about the phonotactics and the allophonic behaviour of German /x/ vs /k/ are
summarized and discussed concerning the question of categorical vs gradual
assimilation. It is concluded that the different allophonic variation of /x/ vs /k/ can
more appropriately be described in terms of a difference in articulatory control
rather than in assimilation. This difference is associated with a stronger allophonic
separation for /x/ than for /k/: /x/ (in contrast to /k/) has allophonic categories which
can be described as different speech sounds as perceived by native speakers. It is
hypothesized that these allophonic categories are manifested in production through
a larger articulatory distance between the most anterior and the most posterior
allophone for /x/ than for /k/. The hypothesis is tested successfully by an analysis of
/x/ vs /k/ in four subjects using EPG.

1 Introduction

The allophones of German /x/ and their proposed complementary distribution have been
described by Kohler® (1995):

“The place of articulation of /x/ varies between palatal and uvular. The palatal
fricative occurs after preceding front vowels — including diphthongs with a front
target — as well as after the consonants /1, r, n/, and word or morpheme initial; the
uvular fricative follows the open back vowels /a(:)/ and /o/; the velar fricative
occurs in the remaining cases, i.e. after the back close, close-mid or open-mid
vowels including the diphthong with such a target.” (Kohler 1995, our translation)

Thus, following Kohler there are three allophones of /x/: palatal [¢], velar [x] and uvular [y].
Kohler also describes the allophonic realizations of German /k/:

" This is a joint paper, and the authors names are listed alphabetically. We blame each other for any errors or
other shortcomings in the paper.
? Kohler (1995) describes a variety from northern Germany (very close to the standard variety).
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“The place of articulation of dorsal stops depends on the following and the
preceding vowel and varies between postpalatal and postvelar, depending on the
articulatory distance between the two vowels. The more front especially the
following vowel is produced, the more palatal is the stop.” (Kohler 1995, our
translation)

It has been proposed that the German dorsal fricative /x/ on the one hand and the dorsal stops
/k/ and /g/ on the other hand have a different behaviour regarding their allophonic variation.
Wiese (1996) remarks:

“It may be the case that the assimilation of the dorsal fricative is categorical,
while the dorsal stops (i.e. /g/ and /k/) assimilate in a more gradual and variable
manner. If this difference could be verified phonetically, it would provide good
evidence for treating DFA [= dorsal fricative assimilation] as a phonological, and
the assimilation of /k/ as a phonetic process.” (Wiese 1996)

In this study we understand the term assimilation as the process where a segment takes over at
least one phonetic feature of an adjacent segment and consequently becomes more similar to
it (e.g., Kohler 1995). This definition (which is only one part of Kohler’s definition) does not
state whether assimilation is categorical or gradual or whether there are different modes of
assimilation, a categorical and a gradual one. Furthermore, it does not state whether it is
optional or obligatory. Generally, assimilation has been defined as an optional phenomenon
that is dependent on factors like speech rate and style (e.g., Ellis and Hardcastle 2002, Kohler
1995).

Concerning the question of whether place assimilation is categorical or gradual, there are
two different accounts. The first one takes place assimilation as a categorical phenomenon
which means that the assimilating phonetic parameter is taken over completely (e.g.,
McCarthy 1988, Spencer 1996). The second account takes place assimilation as a gradual
phenomenon and is popular in Laboratory Phonology that uses experimental techniques such
as electropalatography (EPG) or electromagnetic articulography (EMA) (see Ellis and
Hardcastle 2002 for an overview). The two approaches locate assimilation at different stages
of the speech production process: the first one at the abstract planning stage and the second
one at the concrete physical execution stage. Hence, in (autosegmental) phonological theory
assimilation is a phonological phenomenon and in instrumental research it is a phonetic one.
Both accounts generally work with a definition of assimilation similar to the one presented
above. In the light of this definition, the segment that assimilates to another segment always
belongs to a constituent (e.g., word or morpheme) that has a canonical form, e.g. the German
verb /h'asbon/ where the canonical, unassimilated form is [h'a:bon] and the assimilated form
[h'a:bm] (which in spontaneous speech occurs much more frequently than the canonical form).
Such a canonical form can be used as a reference point for the decision whether the observed
case of assimilation is categorical (where the segment changes from one phonological
category to another) or gradual (where the segment does not change the phonological
category).

Wiese (1996), however, uses the term assimilation in a different way. In the case of the
allophones of /x/ or /k/ there are no canonical forms: no words exist that can contain either,
e.g., a palatal, or a velar realization of /x/, depending on assimilation factors such as speech
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rate or style. Thus, no reference point for classifying an assimilation as categorical vs gradual
exists in this case. Consequently, we suggest that Wiese’s (1996) hypothesis should not be
formulated by using the terms categorical vs gradual assimilation. However, there still might
be a different allophonic behaviour between the fricative and the plosives in that the
allophonic differences within fricatives might be categorical but gradient and continuous
within plosives. Such a difference, we suggest, is not a difference of assimilation but of
articulatory control. We have adopted this term from Menzerath and de Lacerda (1933) who
for the first described the overlaping articulatory movements by analysing kinematic data and
introduced the terms coarticulation and articulatory control (originally Koartikulation and
Steuerung).

We begin continue by considering some of the salient allophonic properties of /k/ and /x/ in
German. It is well known that the left vowel context is relevant for the articulatory control of
/x/ (Kohler 1995:81-83). Obviously, the reason for this are phonotactic constraints. /x/ usually
occurs after preceding vowels or /I, n, 1/ (e.g., /'ix/-“1”, ['ext/-“real”, /d'ax/-“roof”, /d'oxt/-
“wick”, /bwx/-“book”, /m'ilx/-“milk”, /m'eenx/-“friar”, /d'urx/-“through”), but less often
before a following vowel. Examples are the diminutive suffix -/xon/ and the plural forms of
some of the former examples (/d'exe/-“roofs”, /b'yxe/-“books”), as well as words such as
/r'axa/-“revenge”, /z'axo/-“thing”, where the following vowel always (or in most cases) is
schwa (o or e). Exceptions are loan words such as /mazox'ismus/-“masochism”, /xem'i:/-
“chemistry”, /x'ina/-“China”. In contrast, /k/ can occur before and after vowels (as well as in
several consonant clusters that are not relevant here), where in both cases all vowels — and not
only schwa — form possible contexts. Examples for /kV/ are /k'i:l/-“Kiel”, /k'y:l/-“cool”,
/K'elo/-“dipper”, /k'e:le/-“charcoal burner”, /k'a:l/-“bald”, /k'o:l/-“cabbage”, /k'w:lo/-*“hollow”.
Examples for /Vk/ are /n'tkan/-“nod”, /b'ykon/-“to bend down”, /‘e:kal/-“aversion”, /ft'ccka/-
“sticks”, /h'azkon/-“hook”, /h'okan/-“to cower”, /I'uzka/-“port hole”. So /k/ occurs frequently in
both CV and VC contexts, whereas /x/ occurs predominantly in the latter. This in itself might
explain why the greatest influence on /x/ is from the left context. Thus, there is a difference in
the articulatory control of German /x/ vs /k/ concerning the direction of the control. For /x/ a
specific direction of articulatory control is imposed by the phonotactics, while for /k/ the
phonotactics do not predict such an orientation towards either the left or the right context. A
question here is whether a further difference can be found as well, namely a difference
concerning the spacial extension of the articulatory control: does it lead to categorically
different allophones in case of /x/, in contrast to /k/?

But what does categoriality actually mean regarding allophones of a phoneme? On the one
hand, phones can be grouped together into phonological categories, the phonemes — so why
should then allophonic categories of a phoneme be plausible at all? On the other hand, why
should a subcategorization of phonemes not be possible? With such subcategories we mean
speech sounds that can be distinguished by native speakers and accepted as different sounds,
even if — due to their distribution — they are not two different phonemes. We propose that two
allophones of /x/, namely the palatal [¢] and a non-palatal, more posterior sound, presumably
velar [x] or uvular [], are such allophonic categories. In contrast, for /k/ we hypothesize that
no such categories can be distinguished, although, of course, contextual variants of /k/ occur,
like [k] or even [c] in the context of front vowels, and [k] in the context of back vowels.

Our aim in this paper is to test whether there are greater articulatory differences in the
allophones of /x/ compared with those of /k/ using EPG. Our hypotheses are based largely on
Wiese's (1996) auditory impressions and Kohler's (1995) observation that the articulatory
distance between the most anterior and the most posterior allophone is larger for /x/ than for
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/k/ (for /x/: palatal — uvular; for /k/: postpalatal — postvelar; see above). Following these
descriptions and the preceding discussions, we would like to reformulate Wiese’s (1996)
hypothesis (see above) as follows:

Hyp:

German /x/ and /k/ differ with respect to their allophonic variation, where /x/ has a

categorical allophonic variation, while /k/ has not.

0 (a) This difference is manifested in perception: /x/ has allophones which are
categorically different in the perception of native German speakers, while /k/
has not.

0 (b) This difference might have a manifestation in articulation, where the
articulatory distance between the most anterior and the most posterior
allophone is larger for /x/ than for /k/.

The results of this study will, of course, not provide a satisfactory argument for the entire
hypothesis Hyp, since hypothesis (a) still has to be tested by a perceptual investigation. Thus,
here we can only test whether Hyp is plausible from an articulatory point of view.

2 Method

A remark on the method has to be made here, because two aspects of the method might be
problematic for the interpretation of the data. Firstly, Kohler (1990) stresses that there are
three allophones of /x/, where the most posterior one is uvular. By using EPG we are, of
course, not able to recognize any uvular contacts, and even the velar region might be
problematic. So, the question here is whether velar/uvular allophones show EPG contact at
all, or — in case they show EPG contact — how these data have to be interpreted (see 4.1).

Secondly, the speech material used in this investigation consists of dorsal fricatives and
plosives in a V1-C-V2 structure, where both V1 and V2 are no schwa vowels (2.1). This
context is phonotactically unusual for the fricative /x/ in German (see 1). However, in this
study we want to test the articulatory control of /x/ vs /k/ due to the vowel context. And since
the left vowel context is relevant for /x/, while the right vowel context might be relevant for
/k/ (see 1), a VCV context was chosen. Thus, with our data we can also test the observation of
the differently directed articulatory control of /x/ vs /k/ and raise the question: is the
orientation of /x/ towards the left vowel context strong enough to even work in an unusual
context (see 4.2)?

2.1 Stimuli

The stimulus set consisted of 120 pairs of invented words. The first word of a pair had the
structure /r V C o n/, where V was one of the following vowels /i 1 € a o0 u/ and C was either
/x/ or /k/ (e.g. /r'ikon/, /r'oxan/). Thus, there were 6 (V) x 2 (/k/,/x/) = 12 words as first word of
a pair. The second word of a pair was a hypothetical street name: either /prof'undeve:k/ or
/haf'inskiveik/. Each of the 12 possible first words of a pair were combined with the 2 second
words of a pair. Thus, there were 24 word pairs. The stimulus set included 2 repetitions of
every word pair (= 48 word pairs). This set was replenished with 72 dummy word pairs, that
had a similar structure like the word pairs of interest. The 120 word pairs (48 + 72) were
randomized and used for the stimulus set of the experiment.
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2.2 Speakers

Four adult male speakers of German aged between 27 and 41 were recorded. All speakers had
had previous experience of using EPG palates in experiments. All were native speakers of
German but from different areas in Germany. Speaker CGE was born and raised in Baden-
Wiirtenberg (south of Germany), speaker DPA in Berlin, speaker JDR and RWI in
Mecklenburg-Vorpommern (north of Germany). At the time of the recordings all speakers
had been living in Berlin for several years already.

2.3 Data collection

EPG data were recorded at 100 Hz with the EPG 3 System, which uses an artificial palate
with 62 electrodes. The acoustic data were recorded on DAT, digitised at 16 kHz and
synchronized with the EPG-signal.

The speakers were seated in a soundproof room in front of a microphone. The randomized
120 stimulus pairs were presented by a computer monitor outside the room through a window.
Two separate words, W1 W2, appeared on the screen and the speaker was asked to produce a
single word blend out of these words. The blend consisted of the first part of W1 without /on/
and W2 without the first part of the word (/haf/- or /prof/-). For example: W1 = /r'okon/ W2 =
/haf'inskive:k/ resulted in the blend /rok'mskive:k/. The final phoneme of W1's first part was
always either /k/ or /x/, while the preceding vowel V1 was always one of /i 1 € a o v/ and the
initial phoneme of W2's remaining part was always one of the vowels V2 /1 v/. As a result, the
blends included all combinations of {V1 =/iteaouv/} x {/xk/} x {V2=/tv/} (e.g., /oki/ in
the case of /rok'inskiveik/). Speakers were instructed to produce the blend with primary stress
on the second syllable (on /kin/ in this example), which is also the usual place in which
primary stress would fall in German. A test item was presented with instructions prior to
running the experiment itself. After the two words appeared on the screen, a tone was
sounded with a variable delay between 1-3 seconds which was a cue for the speaker to
produce the blend as soon as possible after the tone was heard. Before the actual experiment
started, each speaker produced ten practice blends. Trials with errors like hesitating, false
starts or technical problems, which were noted during the recording, were immediately
presented a second time.

The speech samples were labelled acoustically by means of waveform, spectrogram and {0
contours, which were calculated from the audio signals by the snack-track tool of the EMU
software (Cassidy and Harrington 2001). Labelling included marking the acoustic boundaries
of the consonant /k/ or /x/ as well as those of the preceding and following vowels. Deviations
from the intended realisations of the blend in V1 or V2 were commented. The acoustic
boundaries of /k x/ were marked at the onset and offset of the acoustically voiceless interval
between the vowels. In the case of /k/ the aspiration was marked separately from the
preceding closure.

Analyses were made using R (Cribari-Neto and Zarkos 1999), a software for statistical
analysis of data corpora. Articulatory data were extracted over the duration of the consonants.
The moments of onset and offset were given by the labelled data. For three speakers, EPG
contacts were available even for the context where a uvular realization of /x/ was expected
(see 2). Only for one speaker (CGE), realizations of the fricative were found where the EPG
signals did not show any contact. These cases probably are uvular realizations — although they
were preceded by a close back vowel (and not an open back vowel, see 1). A centre-of-gravity
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(COG) parameter was derived from the electropalatographic data over the acoustic interval of
/k/ and /x/. COG is defined as in Gibbon & Nicolaidis (1999) as follows:

COG = (3RsF)/ YRs
where R is the row number, Rs the sum of the contacts in a row, F the weighting factor
(with F =7,5 for row 1 (most anterior) through to F = 0,5 for row 8).

COG measure indicates where tongue-palatal contact occurred. Higher COG values represent
more anterior contact whereas lower values represent more posterior contact. The following
analyses were made for each consonant /k/ and /x/ separately.

According to the three different vowel contexts that were reported to be relevant for the
distribution of the allophones of /x/ (see 1, Kohler 1995) and as a starting point for our
analyses, we grouped /x/ according to the preceding vowel contexts “open” (V1,), “back”
(V1) and “front” (V1g), were “front” includes /i 1 ¢/, “open” /a o/ and “back” /u/. For
methodological reasons, the same hypothetical categories were chosen for /k/.

3 Results

3.1 Influence of V1

We analysed the extent of influence of V1 on /x/ and /k/ close to the acoustic consonant
offset, at the 90% time point of the consonant (see Table 1 and Figure 1). For all plosives, the
first 90% of the total segment duration was within the closure.

Table 1. Average COG values of /x/ and /k/ per V1-C-V2 context at 90% of segment duration
separately for the four speakers

Speaker CGE DPA JDR RWI
C /x/ /k/ /x/ /k/ /x/ /k/ /x/ /k/
context
V1-C-/1/[ 1.839 1.258 1.825 1.788 3.238 3.183 1.985 1.762
VI1-C-/uff 1.327 0.542 0.856 0.500 2.015 0.991 1.514 0.688
V1,-C-/1/ 0.667 1.218 0.700 1.471 1.300 3.218 1.364 1.498
V1,-C-/u[ 0.500 0.500 0.500 0.500 0.800 0.921 0.667 0.800
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Figure 1. Average COG values of /x/ and /k/ per V1-C-V2 context at 90% of segment duration with

V1 and V1y as left vowel context, /v/ and /u/ as right vowel context shown separately for the four
speakers

As Table 1 and Figure 1 show, for all speakers the consonant /x/ shows different COG-values
at 90% of segment duration in different contexts, where the highest COG-values appear in
V1g/x/-/1/, lower values in V1¢/x/-/u/, a further step lower in V1,-/x/-/1/ and lowest values in
V1,-/x/-/u/. Data for /k/ show for all speakers that there are always much lower COG-values
when the consonant is followed by /uv/ than by /1/. The COG values for /k/ only differ little in
respect to the left vowel contexts V¢ and V1, in the same right vowel context. For all
speakers except CGE values for /k/ and /x/ in the V1#C-/1/ context are very close, where
COG-values in the V1,-/k/-/1/ context are close to these, too.

3.2 Allophonic variation: /x/ compared with /k/

COG values were calculated on EPG data extracted at the acoustic midpoint of /x/ and /k/ and
averaged according to all 3 (V1 ="front”/’back”/”open”) % 2 (V2 = /1 v/) = 6 possible left and
right context combinations separately per consonant. The results were plotted by fitting
normal distribution curves to the data (Figure 2). The figure gives a first impression of how
the different vowel contexts influence the place of articulation of the consonants at its
temporal midpoint.



G. Ambrazaitis & T. John

CGE DPA

Ixi Tkl
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Figure 2. Normal distributions of COG values for /x/ and /k/ at 50% of consonant duration in the contexts
“V1-C-V2” per V1 categories f = “front” (dashed curves) vs o = “open” (dotted curves) vs b = “back” (solid
curves) with V2 /¢/ in the first line and /uv/ in the second line for all of the four speakers separately.

Generally it can be observed from Figure 2 that there are differences in the normal
distribution curves of the COG-values for /x/ vs /k/, while the differences of the curves
comparing V2 /1/ vs /u/ per consonant are smaller than the differences of /x/ vs /k/ in the same
left and right vowel contexts. The figures for /x/ show clearer separations between the curves
than the figures for /k/. How many divisions can be made depends on the speaker. One
division in the V1-/x/-/1/ context can probably be made for all the four speakers. Also in the
V1-/x/-/u/ context only one division can be made for the speakers DPA, JDR and RWI and
none for CGE (because of the missing data). No clear separations between the curves for
different vowel contexts are shown in the figures for /k/ except for speaker JDR in the V1-/k/-
/u/ context where one can divide two areas. Though it is possible that the data of different
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speakers can be separated into the same number of divisions one has to consider that the
points where these separations are made differ from speaker to speaker. The separation point
between the categories within V1-/x/-/v/ is close to COG = 2 for JDR but COG = 1.5 for
RWI. Also when no separation is possible the range of data depends on the speaker. The COG
value range is 0.5 - 1.5 for CGE but 0.5 - 2.5 for DPA in the V1-/k/-/1/ context.

In Figure 2, none of the figures for /x/ show clear separations for the three hypothetical
categories (“front”, “back”, “open”). Thus, the place of articulation of the allophones of /x/ —
as expressed by COG values — more likely indicates an articulatory manifestation of two than
of three allophonic categories. For /k/, the overlap of these categories is much larger than for
/x/.

Table 2. Average Bayesian distances (bdist) of COG-values for /x/ at 50% of consonant duration
between the contexts V1y-/x/-V2 V1¢/x/-V2 (V1 to Vg and V1y-/x/-V2 V1p-/x/-V2 (V14 to V1)
per V2 /u/ and /i/. Significance of differences of the Bayesian distances between V1, to V1f and

V1, to V1 is given in the last row of the table. The absolute values of the given numbers represent
the distances (the minus sign only adds information about the direction).

Speaker CGE DPA JDR RWI
\ /ol 1/ /vl /1] JASYAA /ol 1/

bdist

V1, to V1, 4595  -14.787 -11.352  -36.858 -46.073  -12.578 -8.636

Vi, to V1, 1.556 2.943 -0.493 2.440 -5.285 2362 -2.239

p-value 0.008 0.008 0.008 0.004 0.004 0.008 0.109

k % * sk sk * n.s.

In order to quantify the extent of overlap between the normal curves in Figure 2, we
calculated the Bayesian distances (bdist) between them. If a pair of normal curves overlaps
completely, then bdist is zero and the more the normal curves are separated (= the less likely
the two distributions belong to a single category), the greater is bdist. Assuming from Figure
2 that the place of articulation of the consonant following the open vowel would be between
the place of articulation after front and back vowels (see 4.1 for a discussion of this aspect),
we calculated bdist between V1,-/x/-V2 and V1¢/x/-V2 as well as between V1,-/x/-V2 and
V1u-/x/-V2 separately in the following V2 = /i/ and V2 = /u/ contexts (so 4 calculations for
/x/). The Bayesian distance between V1,-/x/-V2 and V1¢/x/-V2 was tested whether it differs
significantly from the Bayesian distance between V1,-/x/-V2 and V1,-/x/-V2 using a
Wilcoxon test. We then did the same but for the /k/ context (so another 4 bdist calculations,
hence 8 in total for /x/ and /k/ together). We calculated these 8 bdist values separately for each
of the 4 speakers. Distances and the results of the Wilcoxon tests are given in Table 2 for /x/
and in Table 3 for /k/.

For all speakers except RWI the Bayesian distance of the COG-values between /x/
preceded by open vowels and /x/ preceded by vowels of the front category is significantly
larger than the distance between /x/ preceded by open vowels and /x/ preceded by the back
vowel, independently of the following vowel /i/ or /u/ (see Table 2). The corresponding
distances for /k/ are significantly different for DPA and JDR when followed by /u/ and RWI
when the consonant precedes /i/ (see Table 3).
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Table 3. Average Bayesian distance (bdist) of COG-values for /k/ at 50% of consonant duration
between the contexts open V1,-/k/-V2 V1/k/-V2 (V1, to Vg and V1,-/k/-V2 V1p-/&/-V2 (V1, to
V1) per V2 /u/ and /v. Significance of differences of the Bayesian distances between V1, to V¢

and V1, to V1 is given in the last row of the table. The absolute values of the given numbers
represent the distances (the minus sign only adds information about the direction).

Speaker CGE DPA JDR RWI
\ /vl /1] /vl 1/ /vl 1/ /ol /1]

bdist

Vi, to V1, 3,467 1,378 0,651 -60,18 0,819 0,762 1,604

V1, to V1, 3,466 1,856 1,631 -6,39 1,036 1,271 -2,483
p-value 0,932 0,046 0,799 0,021 0,283 0,442 0,004

n.s * n.s * n.s n.s *%

Further analyses disregard “open” as third category and add it to the “back® category except
for speaker RWI-data with V2 =/1/.

For the main analysis with respect to the hypothesis (b) the Bayesian distance of the
overlaps of the normal distribution curves of the COG-values between the contexts V1¢ and
V1, (where V1, includes V1, see above) were calculated for each consonant separately for
V2. The differences between the distance for /x/ and /k/ were judged statistically. Results are

shown in Table 4.

Table 4. Average Bayesian distance (bdist) of COG-values at 50% of consonant duration between the contexts
V1¢C-V2 and V1,-C-V2 where V1y, includes V1, (except for RWI with V2 = /v/) for C /x/ and /k/ per V2 /v/

and /v/. Significance of differences of the Bayesian distances between V1¢-C-V2 V1p-C-V2 for C /x/ vs /k/ is
given in the last row of the table.

Speaker CGE DPA JDR RWI
V2 /u/ /1] /u/ /1] /u/ /1/ ju/ /1]
C
/x/ -5.539 -15.002 -9.158 -45.719 -24.558 -8.648 -11.913
/k/ 2.020 1363 0.694 2017 1252 0399  1.635
p-value 0.00004  0.00006 0.00004  0.00004 0.00004  0.00004 0.0002
dkkok kksk kkok skokok skkok kksk kksk

For all speakers the distances of COG-values between the two hypothetical allophonic
categories “front” and “back” are significantly higher for /x/ than for /k/.

10
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4 Discussion

4.1  Uvular allophones of /x/

Regarding the question about uvular allophones of /x/ and the suitability of the EPG System
to measure this place of articulation (see 2) our analyses show quite confusing results. First of
all, the artificial palate does not cover the entire section of the soft palate. Thus, for both
consonants that were expected to be velar or uvular a potential difference between the actual
articulation and the one reflected by the EPG data has to be considered. It is possible (and
likely) that for these consonants only the anterior part of the constriction area is captured by
the EPG recording, rather than the whole constriction area — or even that no contact at all is
recorded, in case the constriction is too posterior.

Consequently, it should actually not be surprising that for one speaker (CGE) we did not
measure any EPG contact in contexts where a velar allophone of /x/ was expected (see 3.1).
But on the other hand, it is quite surprising that for those realizations of /x/ that were expected
as uvulars, EPG data could be recorded. Furthermore, for all speakers (except CGE), the COG
values of those consonants that were preceded by an open vowel tended to be between the
values of the other two hypothetical categories (Figure 2). In other words: those consonants
that were expected to be more posterior (uvulars in the case of /x/) were articulated more
anterior than those expected to be velars — at least as far as the articulation is represented by
the COG values.

How should such strikingly anterior values of expected uvulars compared to expected
velars be interpreted? One possible explanation could simply be the allophonic contrast of /x/
as realized by (at least three of) our speakers: maybe they do not make any distinction
between the allophones that were described as velar vs uvular (Kohler 1995, see 1) and they
prefer the velar one. In the case of CGE, uvular allophones seem to occur but in a slightly
different context than the one described by Kohler (1995). Both observations could possibly
be explained by the dialectal influence of the speakers (see 2.2): none of them speaks exactly
the same variety which Kohler (1995) describes, and CGE is the only speaker with a southern
German accent.

4.2 The direction of articulatory control of /x/ vs / &/

The first analysis (3.1) showed that near the segment offset of /x/ (at 90% of consonant
duration) the left vowel still has more influence on the consonant’s place of articulation than
the (temporally much closer) right vowel, while for /k/ there was more coarticulation with the
right vowel context. For /k/ all four speakers always produced higher COG-values where the
right context was /1/ than where the right context was /u/ — independently of the left vowel
context. These results (Table 1, Figure 1) show clearly that the right vowel context has a
coarticulatory influence on both /k/ and /x/, while the left vowel context has a huge influence
on the place of articulation of /x/ and hardly any influence at all on that of /k/. Thus, although
an unusual context for /x/ was chosen for the stimuli (V1-C-V2, with V1, V2: not o, ®),
stronger influence of the left context on /x/ was clearly apparent.

Such unusual context could lead to exceptions from our results as a reflection of
comparable “real” exceptions that happen with real words in German. One example is the
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word /mazox'tsmus/-“masochism” where at least two different pronunciations exist in German:
/x/ can be pronounced as palatal or velar/uvular. If the pronunciation is derived from the usual
rule, i.e. “the left vowel determines the place of articulation”, then the pronunciation will
more likely be non-palatal. However, if it is derived from the morphology in an “incorrect”
way, the pronunciation can be palatal: There are speakers who seem to interpret /x'ts(mus)/ as
a morpheme and consequently /x/ as morpheme initially which leads to the realization as a
palatal fricative (although the first morpheme of the word is the name /mazox/). This problem
probably occurs more likely on unknown words or words with a very low frequency in every
day speech. The problem of unknown or unfrequent words in some cases could even lead to
totally irregular realizations of /x/ (where, in contrast, the variation in the “masochism”
example still can be treated as regular). In fact, we commented such irregularities for speaker
DPA during the labelling process (see 2.3). For some reason, these realisations did not affect
our general results.

4.3 Differences in place of articulation: allophones of /x/ vs allophones of /k/

Our results have also shown that there might be quite a lot of variability in the precise places
of articulation for the allophones of /k/ and /x/ — at least as far as they are represented by the
COG values — due to the individual speaker as well as due to the right vowel context. For
none of the speakers there seemed to be three distinct allophonic categories of /x/, thus only
two allophones are found to be more likely. By contrast, there was no such distinct categorical
allophonic variation for /k/. However, this was the case for only three speakers. Speaker JDR
had noticeably fronter realisations of /k/ when the preceding vowel was front than when it was
back.

The results illustrated in Table 2 (3.2) confirm that there are more likely to be two
allophones of /x/ than three, since the Bayesian distances between the distributions of the V1~
/x/-V2 context and that of the V1,-/x/-V2 context were significantly larger than the distances
between the V1,-/x/-V2 and the V1,-/x/-V2 contexts, at least for most of the tested cases
(speaker RWI with V2 = /1/ was the only exception). The results for /k/ (Table 3) also showed
significant differences in the tested distances, although it seems very unlikely from Figure 2
that there are different allophones for /k/ with one exceptions (JDR with V2 = /u/).

In sum, the results for /k/ indicate that there are no clearly distinct allophonic groupings.
With regard to the results for /x/ we found that the distinction between a preceding open and a
preceding back vowel produced no serious allophonic difference. We have also shown that
the articulatory distance between the most anterior allophones and the most posterior
allophones is significantly larger for /x/ than for /k/. That is, from an articulatory point of view
it is much more likely for /x/ than for /k/ that there are two distinct allophonic categories.

5 Conclusion: General results and speaker variability

In summary, the hypothesis (b) (see 1) was confirmed by the results of this study: the
articulatory distance between the posterior and the anterior allophones is significantly larger
for /x/ than for /k/. Thus, in case our hypothesis of categorical allophonic variation of /x/ (as
defined in 1) can be confirmed by further perceptual studies, the actual study can provide
additional articulatory evidence.
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As far as our general result is concerned, we observed less speaker dependent variability
than expected. But even when speaker variability does occur, it mostly supports this
conclusion. In the case of CGE, who seemed most likely to produce uvular allophones, this
exception would lead to an even larger contrast of posterior vs anterior allophones than the
one found in this study. Other examples of speaker variability in this study did not contradict
the general results either, but reflect differences in the range of articulations. E.g., the precise
place of articulation (as expressed by COG values) varies a lot between speakers (see 4.3).

6 Future research

It follows that hypothesis (a) (see 1) should be tested by further perceptual investigations.
This indeed might seem superfluous to a German speaking phonetician, since the ability of
German listeners to distinguish [¢] from [x / %] on the one hand, and the unability to (easily)
distinguish [k] vs [k] as well as [x] vs [x] on the other hand seems obvious from every day
observation. Or, how Kohler puts it concerning /x/: “for German speakers and listeners, the
opposition between the front and back ends of the front-to-back continuum is a psychological
reality: they can produce and perceive the distinction without difficulty in any context”
(Kohler 1990:46). Thus — although perceptual studies are, of course, possible — we would like
to propose another very simple production experiment, in order to test this “psychological
realtiy”. Speakers of German could be confronted with an orthographic stimulus, where a
consonant is underlined. The speakers could be asked to produce the sound of the underlined
consonant of the presented word (this should be demonstrated by the researcher once, e.g. for
the stimulus “Harke” (/h'arko/-“rake”) the researcher produces the underlined consonant as
[k"3]). The stimuli here could contain the following words:

(a) “Kiiche” (/k'yxa/-“kitchen”),

(b) “Buch” (/b'ux/-“book™),

(c) “Dach” (/d'ax/-“roof”),

(d) “Kino” (/k'i:no:/-“cinema”),

(e) “Kuhle” (/k'w:la/-“hollow™),

(f) “Kanu” (/k'amnu:/-“canoe”),

where the fricative is preceded by a front vowel (a), a back closed vowel (b) and an open
vowel (c), and the stops in (d-f) are followed by corresponding vowels. We would expect the
subjects to recognize the same consonant category for (d-f) and consequently produce a
“neutral” [k"s]. We would further expect subjects to recognize the fricative sound in (a) as a
different consonant category as in (b-c) and consequently produce a palatal [¢] in (a), while
the production in (b) should be [x] or [¥] and not differ significantly from (c).

Our articulatory data showed that it is very likely that a palatal category of /x/ is separated
from the non-palatal realizations while it remained unclear whether a contrast between “velar”
and “uvular” exists, or at least, whether the one described by Kohler (1990, 1995) is dialect-
specific. Thus, further studies should concentrate on these non-palatal variants. Here, it might
be useful to apply a different instrumental technique such as electromagnetic articulography.

We have seen that the left context exerts a considerable influence on the articulatory
control of /x/ while near the segment offset only the right context had an influence on the
place of articulation of /k/. However, we have not checked whether the right context
influences /k/ to the same extent as the left one influences /x/.

For future experiments similar to the one reported here speakers will be more carefully
selected according to regional accent and we also plan to record a greater number of tokens.
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by the staff at ZAS, Berlin, especially Jorg Dreyer who managed the whole recording session and, of course, by
the four subjects. Klaus Kohler read an earlier version of the paper and provided us with very helpful comments
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Jonathan Harrington read and commented on this reformulated version and had some further helpful suggestions.
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Acoustic analysis of phonetic parameters of less mas-
culine sounding Ger man speech

Karita M. Guzik

Institut fur Phonetikund digitale Sprachverrbeitung, Christian—Albetts—Universiit
Kiel, Germany

The acousticcharacteristicof two spealers were explored, one less masculine
sounding(LMS) andonemoremasculinesounding(MMS), asjudgedby a group
of listeners.The basicquestionsarewhetherthe LMS spealer differssignificantly
from the MMS spealer in thefirst andsecondormantvaluesaswell asmeanfun-
damentalfrequeng and pitch range,andwhetherthesedifferencesare similar to
thosefound betweermaleandfemalespeechTheinvestigatiorshavs thatsignifi-
cantdifferencesarefoundwithin thevowels(the LMS spealer having lesscentral-
izedvowels)aswell asin fundamentafrequeng (theLMS spealer having ahigher
medianvalueandhigherquartilevalues). Anatomical,acousticandsociophonetic
reasondor suchdifferencesare explored. The resultssuggesthatthereis a ten-
deng for the LMS spealer to approximategowardsfemalespeecttharacteristics.

1. Introduction

Male andfemalevoicescontainmary acousticallycodeddifferencesvhich male it pos-
sible for the listenerto identify the speakr’s sex. But there are also caseswhen fe-
male speakrsarelabelledasmasculinesounding,or male speakrs asfeminine sound-
ing. Thereareonly afew studiesof the phoneticcharacteristicef thesespealer groups,
andby contrasto male-soundindemalespealkrs,the phoneticcharacteristicef female-
soundingmalespeakrsseemto bemorephoneticallydistinct(Moonwomon,1985). Fur-
thermore almostall studiesof lessmasculinesoundingmalespeectarerestrictedio En-
glish.

The main aim of this studyis to examinesomeacousticcharacteristic®f lessmas-
culine soundingspeechin German,andalsoto investigatewhetherthesecharacteristics
shawv similaritiesto the phoneticattributesof femalespeech.

AveryandLiss(1996)characterizélessmasculinesounding”speeclasbeinglocated
someavherein the middle of the continuumfrom femaleto male speechwheregender
specific attributes may be assignedncorrectly There might be a misidentificationof
gendeyor alternatvely a mismatchof “biological” and“social” gender(Biemansandvan
Bezooijen,1999): the listenerassociates biologically male spealer with socialfemale
qualities(or vice versa).
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Thereis generalagreementhat maleandfemalespeechdiffersin a numberof ways.
As hasbeendemonstratedn mary studies(e.g., Fant, 1975; Henton, 1995; Simpson,
1998; Diehl et al., 1996), the formantvaluesof male and femalevowels differ within
the samevowel catgory suchthatthe femaleF1x F2 vowel spacehasbeenfoundto be
consistentlylarger than the male. The relationshipbetweenmale and femaleformant
valuesis differentfor the first and secondformantaswell asfor eachvowel cateyory.
This non-uniformrelationshiphasbeenobsered for anumberof language¢seeHenton,
1995; Fant, 1975). Becausenf thesedifferencest is not possibleto derive the formant
valuesof femalevowels from malevowels of the samecatayory by usinga singlescale
factor

As Simpson(2001) states differentreasondhave beenproposedo accountfor this
non-uniformity:accordingo Fant,(1966,1975)thedifferencegoundin maleandfemale
vowel spacesrerelatedto anatomicabifferencedetweemmaleandfemalevocaltracts.
The formantvaluesare reciprocallyproportionalto vocal tract length (Fant, 1960). As
this relationshipdoesnot accountfor the obsered non-uniformity separatescalefactors
have to be calculatedor eachformantandvowel cateyory.

Simpson(2001)took a biomechanicahpproachdueto the anatomicatifferencesn
maleandfemalevocaltractdimensionsthearticulatoranove throughdifferentdistances
in male and female speechSimpsons resultsshav that women cover thesedistances
with greaterarticulatoryspeedandso are ableto producemore peripheralvowels than
menover the sameduration.In Simpsons analysisthen,non-uniformityarisesfrom the
differentdistanceghroughwhich the articulatorsmove in producingthe differentvowel
cateyories.

During vowel production,thereis a complec interactionbetweenfundamentalfre-
queng andformants.Dueto womens higherfundamentafrequeng, femaleharmonics
arefurther apart. Diehl et al. (1996)and Goldstein(1980) statethat distancedetween
vowel cateyorieshave to beincreasedo maintainthe samedegreeof audibledistinctiv-
ity at a high fundamentafrequeng. This could suggesthat the greaterfemalevowel
spacemay resultfrom the needto compensatéor the higherfundamentafrequeng and
correspondinglypoorerdifferentiationof the vowels.

The factor of voice quality is alsoof importance.Titze (1989),Hentonand Bladon
(1985),Holmbeqg et al. (1988)andKlatt andKlatt (1990)find consistentvoice quality
differenceetweermaleandfemalespeechwomentendto usebreathyoicemoreoften
thanmen. Titze seesthe reasonfor this voice quality in anatomicaland physiological
differencesf thevocalcords,whereagdentonandBladon(1985)amguein sociophonetic
terms.

Someof the differencesdbetweenmale andfemalespeecharisefrom gendeitypical
behaiour (Labov, 1972,1990).As Henton(1995)argues womentendto hyperarticulate:
they producevowels with a wider mouth opening. Hentonstatesthat suchopen-mouth
articulationcanbe inducedby the needto articulateclearly in particularin passingon
languagdo their children.

Averagefemalefundamentafrequeng, dueto biological differencessuchasshorter
andthinnervocal cords,is aboutone octave higherthanmale (Titze, 1989). Perception
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experimentscarriedout by Coleman(1976)suggest very high correlationbetweerthe
positionof the fundamentafrequeng andthe degreeof masculinityor femininity in the
voice.

Contraryto theassumptiorthatwomenusea wider pitch rangeSnidecorindicatesas
early as1951thatfemalevariability is rathersmaller Hentonre-examinespitch ranges
from differentsourcegPetersormandBarnegy, 1952;FitchandHolbrook,1970;Fant,1973;
Hudsonand Holbrook, 1981; Graddoland Swann, 1983) and points out that most of
themhave investigatedvariability onthelinear Hertz scale wherewomenseento have a
greatempitchrange.If alogarithmicscaleis usedasHentondoesbothfor there-examined
sourcesandin a furtherinvestigation no significantdifferencebetweemmaleandfemale
pitch rangeds obsered. Hentonamguesthatmalespeakrsdecreasandfemalespeakrs
increaseheir variability intentionallyif they wantto enhancegendeitypical behaiour.

As previously stated,most investigationsinto less masculinesoundingspeechare re-
strictedto English. In all studiesthereis agreementhat listenershave a clearidea of
the perceptualmpressiorof lessmasculinesoundingspeech.

Avery andLiss (1996)investigatedundamentafrequeng contours vowel formant
midpointvalues,spectraimomentsof fricativesandthe speakingrate of four “less mas-
culine sounding”andfour “more masculinesounding”speakrs,asjudgedby a groupof
listenersin a paired-comparisoperceptuatest. Theresultsrevealedthatthelessmascu-
line soundingspeakrsusedasignificantlygreaterextentof downwardshiftswith steeper
slopes,andthey also produceda rising intonation patternmore frequently Avery and
Liss furtherobseredthatthe F1 andF2 valuesfor thevowels/i/, /&/ and/A/ werehigher
for the lessmasculinesoundingthanfor the more masculinesoundingspealkrs, so that
their vowel quadrilaterawasdisplacedupwardsandto the right comparedo that of the
moremasculinesoundingspeakrs. Thelessmasculinesoundingspeakrsproducedess
centralizedvowelsin connectegpeectaswell asin a/hVd/ contet, thougha significant
effect could only be obsered for the secondformantof the vowel /i/. Lessmasculine
soundingspealkrsproducechigher/s/ centrefrequenciesandlessdiffuse/[/ enegy dis-
tribution thanthe moremasculinesoundingspeakrs. Accordingto Avery andLiss, this
arisedrom increaseabr reducedip rounding,indicatingthathyperarticulatiortook place
during the productionof thesefricatives. Finally, the lessmasculinesoundingspeakrs
useda slightly but not significantlyhigherspeechrate.

Avery andLiss suggestwo possiblereasongor theobsereddifferencedetweerthe
two spealer groups.First, thedifferencesouldbe causedy differentstylistic behaiour
(as the hyperarticulationwithin the fricatives suggestsand second,the differencesin
vowel productioncouldarisefrom differentanatomicatonditions.

Terango(1966) reportsthat the “effeminate-soundirig speakrs in his experiment
useda higherfundamentafrequeng, but this value waslower thanthe meanvaluere-
portedfor Americanmenasa whole. Wolfe et al. (1990),(cited by Gaudio,1994),re-
portedhigherfundamentafrequeng valuesfor their “feminine sounding’spealkers, but
a greaterdegreeof femininity could not be achiered throughanincreasen fundamental
frequeng alone.Gaudio(1994)aswell asSmythetal. (2003)obsered no influenceof
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fundamentafrequeng ontheratingas“gay/straight-souridg”. But while repeatinghe
perceptuaéxperimentwith thecategyories‘masculinesounding”and“feminine sounding”
Gaudio(1994)reportsthata highermeanfundamentafrequeng led to thereassessment
as“feminine sounding”of several speakrs previously ratedas “straight-soundig” and
Smythetal. (2003)found that listenerswerereluctantto rate a gay-soundingroice as
“feminine” if it hadalow fundamentafrequeng.

As far aspitch rangeis concernedCrystal (1975)found that “effeminate-soundirig
speakrsusegreatevariability andgreaterdynamicrange whereasaccordingto Terango
(1966) neitherspealker groupshaved significantdifferences.Gaudio(1994) himself ob-
senedarelationbetweergreatepitchrangeandtheratingof thespealkrsas“effeminate-
sounding”.Additionally, Wolfe etal. (1990)statethat“feminine sounding”spealkrsuse
a greaternumberof rising patterns. This is consistentwith the findings of Avery and
Liss (1996).Gaudio(1994)amguesthatpitch rangecanhave aninfluenceon theratingas
“effeminate-soundirigonly in interactionwith otherfactorssuchasintonationpatterns.
Smythetal. (2003)examinethe effectsof differentdiscoursdypesanddifferentlistener
groupson the rating of male voiceswithin an continuumfrom “very gay sounding”to
“very straightsounding”.Also, Smythetal. (2003)statethatspeakrsusedifferentnum-
bersof parameterso differentdegreesin orderto bejudgedas“gay-sounding”.

Thereasondor all thesereporteddifferencesarenotyetknown. Accordingto Smyth
et al. (2003), “gay-sounding”speakrs practiseimitation of female speechbehaiour,
althoughsomeof the parametersisedby spealkrs are not thosethat differentiatemale
andfemalespeechGaudio(1994)amguesthatthe terms“feminine/efeminate-sonding”
areinadequateasthereis no shift in thedirectionof femalespeechBut hedoesnotdery
that,within the perceptionthereis anobsenrablecorrelationbetweertheseterms.

Theaimin this paperis to presentananacousticanalysisof the stressedsermarvowels
lil, le:l,la:l,lo:/ and/u:/ aswell asmeanandstandradieviation of fundamentafrequeng.
Basedon theresultsof the cited studiesfor Englishl hypothesizehe following:

Listenersshaw clearconsisteng in judgingLMS andMMS speakers.
Thevowel formantvaluesof LMS speakrsdiffer from thoseof MMS spealers.
This deviation is not equalfor differentvowel cateyories.

LMS speakrsproducdesscentralizedvowels.

a » 0 npoE

Themeanfundamentafrequenyg of LMS spealkrsis higherthanfor MMS speak-
ers.

6. The variability of fundamentalfrequeny is greaterfor LMS speakrs than for
MMS spealers.
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Vowel ./ le:/ la:/ lo:/ lu:/
Berlin | Lebensmittel| Laden | gedioht | Wut
sieben lesen Abend gut

Word ziemlich jeder Ladentir

liefld ebentlls kam
viel stehen kam
kam
bat
Numberof tokens 5 5 7 1 2

Table1: The vowel typesandthe wordsfrom which they were extractedin Die
Butteigesaichte

2. Method

2.1. Materialsandrecodings

The speechdatausedin this experimentincludedrecordingsfrom one LMS and from
one MMS spealker aswell as speechdatafrom four spealkrs from the Kiel Corpusof
GermanReadSpeeh (IPDS 1994), for which recordingswere alreadyavailable. All
speakrscamefrom the Schleswig-Holsteirareaandwerebetweer24 and31 yearsold.
The speechdatafor all six spealkrs consistedf the story Die Butteigesdichte andthe
relevantvowelsareshavn in Tablel.

The speechdatafor all six spealkers were recordedunder studio conditionsat the
laboratoryof thelnstitutefor PhoneticandDigital SpeechProcessingJniversityof Kiel.
The speakrswereinstructedto usea normalspeeckrateanda normallevel of speaking
loudnesswhile readingthe story Therecordedsamplesveredigitized at a samplingrate
of 16 kHz.

2.2. Perceptualtask

A preliminarylisteningexperimentwascarriedout in which 3 maleand 23 femalesub-
jectswereasled to rank the speakrs on a scaleof perceved masculinity A five-point
scalewasusedbetweenl (mostmasculinesounding)and5 (leastmasculinesounding).
For all six speakrs,a singlesentencavasextractedfrom the Butteigesdichte A warn-
ing tonewasprependedo eachsentencandthe sentencewerepresentedo thelisteners
oneatatimein randomorderover aloudspea&r. After eachsentencethe subjectsvere
asled to ratethe spealkr in termsof his masculinityon the 5 point scale. The subjects
weregivenjustover5 second$o make eachresponse.
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2.3. Analysis

The acousticanalysisis basedon the entire speechmaterial provided by the two
speakrsjudgedasLMS andMMS. The speeclsampleof both speakrswereanalysed
with thespeectsignalprocessingrogramxassp(IPDS,1997). Manualsegmentatiorand
labelling of the speechdataof both speakrswascarriedout on the basisof waveform,
spectrogranandauditoryimpressionFor subsequerdnalysighe EMU systenfor speeb
databaseanalysis(CassidyandHarrington,2001)wasused.

All stressedowelsof thecatayories/i:/, /e:/,/a:/,/0:/ and/u:/ wereextracted.Thefirst
four formantfrequencieslerivedautomaticallyusinganLPC analysigprogram(Schefers
and Simpson,1995; Simpson,1998). The first and secondformant frequencieswere
extractedat thetemporalmidpointsof the vowels.

The fundamentafrequeny distribution wasextractedover the voiced framesof the
whole speechmaterialfor eachspealer using an algorithmby SchaferVincent, (1982,
1983)includedin xassp MedianandquartilevalueswerecalulatedusingR.

SinceTraunnuller undErikson(1995)have aguedthatgenderspecificbehaiour can
occurin perceptiortheresultsof maleandfemalelistenerswereevaluatedseparately

3. Results
3.1. Listeningexperiment

Table 2 shaws that 82.6% of femaleand 83.3% of malelistenersjudgedthe MMS
speakr (Spealer 1) asmore masculinesounding(1 on the scale);93.5%of femaleand
83.3%o0f malelistenersthe LMS speakr (Speakr 6) aslessmasculinesounding(5 on
thescale).Thereis thereforestrongsupportfrom theseresultsfor distinguishingoetween
thesetwo speakrsLMS andMMS is theway originally hypothesised.

3.2. Vowelquality

Table 3 shawvs meanvaluesand standarddeviation for the F1 and F2 valuesof the
vowels/i:/, le:/and/a:/asmeasuredtthetemporalmidpoint. As therearetoo few tokens
for the vowels/o:/ and/u:/, meanvaluesandstandarddeviation could not be calculated.
Table 3 shaws singlevaluesinstead. The meanvaluesanddistribution for all vowelsin
the F1x F2 spaces shavnin Figurel.

The meanF2 valuesfor /i:/ and/e:/ are 2449 Hz and 2476 Hz respectiely for the
LMS speakr; and1987Hz and1946Hz respectiely for the MMS spealer. This shavs
a greatdifferencebetweenthe speakrs of about500Hz, whereador the F1 values,the
differences only 47 Hz for /i:/ and92 Hz for /e:/. For thevowel /a:/theLMS speakr also
produceshigherF1 values:at 902 Hz the valueis 297 Hz higherthanthe corresponding
valuefor the MMS spealer andin thesecondormantthe LMS speakris 391Hz higher
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Femaldisteners
Scale
Spealer 1] 2 | 3] 4| 5] Total
82.6| 15.2 2.2 0 0| 100
19.5| 435 37 0 0| 100
0
2
0

13| 60.9| 23.9 2.2 100
195| 348| 39.1| 44| 22| 100
0| 32.6| 39.1| 283 100

0 0 0 6.5|93.5| 100

Male listeners
Scale

OO Ul WN PR

Spealer 1] 2 | 3] 4| 5] Total
1 83.3| 16.7 0 0 0| 100
2 0| 33.33| 33.33| 33.33 0| 100
3 0| 33.33] 66.7 0 0| 100
4 16.7 50| 33.33 0 0| 100
5 0 0| 66.7] 33.33 0| 100
6 0 0 0| 16.7|83.3| 100

Table2: Percentag®f female(above) and male (below) listenersthat gave the
spealersacateyoryratingonafive pointscalefrom 1 (most)to 5 (least)ymasculine
sounding.
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Looking at the standarddeviation of the LMS spealer for the F1 andF2 valuesit is clear
thatit is in all casegreaterthanthatof the MMS spealer.

For the onetokenof /0:/ the LMS speakr producesanF1 valueof 390Hz andanF2
valueof 754Hz whereaghe MMS spealker hashis F1valueat367Hz andhis F2 valueat
720Hz. For thevowel /u:/ the LMS spealer producesonehigherandonelower F1 value
(402Hz comparedo 289 Hz for the MMS speakr and288 Hz comparedo 333 Hz for
the MMS spealkr) aswell asonehigherandonelower F2 value (1036 Hz comparedo
784 Hz for the MMS speakrand712Hz comparedo 740Hz for the MMS speakr).

In orderto verify the hypothesisthat the LMS speakr producedmore peripheral

Spealker | Vowel | Formant| Mean[Hz] | Standarddev. [Hz] || n

MMS fi:/ F1 257 14 5
F2 1987 67

LMS i/ F1 304 42 5
F2 2449 175

MMS le:/ F1 295 4 5
F2 1946 70

LMS le:/ F1 387 37 5
F2 2476 107

MMS la:/ F1 605 70 7
F2 1104 33

LMS la:/ F1 902 89 7
F2 1495 108

Spealker | Vowel | Word Formant Value[Hz] n

MMS lo:/ gedroht F1 367 1
F2 720

LMS lo:/ gedroht F1 390 1
F2 754

MMS fu:/ Wut F1 333 1
F2 740

LMS lu:/ Wut F1 288 1
F2 712

MMS lu:/ gut F1 298 1
F2 784

LMS lu:/ gut F1 402 1
F2 1036

Table3: Meanandstandardieviation for F1 andF2 valuesof thevowels/i:/, le:l,
/a:/ aswell asF1 andF2 valuesof the vowels/o:/ and/u:/ for both spealers. All
valueswereextractedfrom the temporalmidpointsof the vowels.
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Figure2: MeanEuclideandistancego the centroid/i:/, /e:/ and/a:/ for the LMS
(black)andthe MMS (grey) spealers.

vowels, the Euclideandistancesverecalculatedor eachvowel tokento the averageF1 x
F2 acrossall vowels separatelyor eachspeakr. (The backvowels/u:/ and/o:/ werenot
includedin this Euclideandistancecalculationbecausef the small numberof tokens).
As Wright (2003) hasrecentlyshavn, the Euclideandistanceto the centreof the vowel
spaces agoodmeasurdor the extentof peripheralityof vowelsin theformantspace.

By = \/(FL, — F1)? + (F2, - F2)? (1)

Theresults,which aresummarizedn the barplot in Figure2, indicatethatthe LMS
speakr hasgreaterEuclideandistanceghanthe MMS spealer. The LMS speakr also
shaws greaterEuclideandistancedor /i:/ and/e:/thanfor /a:/. Overalll, LMS hadsignif-
icantly greaterEuclideandistanceshan MMS to the centreof the F1 x F2 vowel space
(t=2.60,df=29.12,p< 0.05).

3.3. Fundamentafrequency

Figure 3 shaws the distribution of fundamentafrequeng for both speakrs. As the
distribution is non-symmetricthe medianandquartilevalues(ratherthanmeanandstan-
darddeviation) hadto be calculated.

The medianof the LMS spealkr (143 Hz) wasclearly higherthanthe corresponding
valuefor the MMS speakr (91 Hz). The quartiledistanceof the LMS speakr wasalso
higher at 49 Hz. An extraordinarilyhigh maximumof the LMS speakr at 435Hz was
obsered?, whereaghe MMS spealkr hadhis highestvalueat 145Hz.

twhichwasno errorin the FO—algorythm.
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Figure3: FOdistributionsof theLMS andMMS spealers.

A Wilcoxonranksumtestwith continuity correctionconfirmedthe obserablediffer-

encesthedistributionsof thetwo speakrsweresignificantlydifferent(iW = 15754856, p <
0.0001).

Theresultsof this studycanbe summarizedasfollows:

e Thevowelsof theLMS spealkrin theacoustid=1x F2vowel spacearesignificantly
moreperipherathanthe correspondingowels of the MMS spealer.

e Thevariationbetweerthetwo spealkrsis differentfor eachvowel cateyory:.

e The medianvalue of the LMS speakr is clearly higher than that of the MMS
spealkr.

e Thequartilevaluesof the LMS spealer arehigherthanthoseof the MMS spealker
onthelinearaswell asonthelogarithmicfrequeny scale.
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4. Discussion

Thefirst experimentshavedthatGermarlistenersvereableto differentiatereliably less,
from more masculinesoundingspealers. This finding is consistentwith resultsfrom
previously reportedstudies(Avery andLiss, 1996). But the questionarisesasto which
phoneticparameterplay the key role in this perception. Gaudio (1994) hassuggested
thattheremight be aninteractionbetweensereral cues(e.g., pitch rangeandintonation
patterns)but therelationsbetweernthesecuesarenot yetknown. This could suggesthat
if onecueis missing,anotheroneis moredistinct,sothattradingrelationstake place.

Theacousticanalysisshavedthatthe LMS spealer producedesscentralizedvowels
thanthe MMS spealer, which is compatiblewith theresultsof Avery andLiss (1996). It
was seenthatthe productionof peripheralvowels is not similarly distinct for all vowel
catgyories. This non-uniformityrecallsthatfoundin comparingmaleandfemalespeech,
andcouldindeedsuggesan approximationof the LMS speakr towardsfemalespeech.
Severalreasongouldaccountor thedifferencedbetweerthetwo speakrs.

First, thedifferentformantvaluesof thevowelscouldbeattributableto adifferencan
vocaltractdimensionsThoughtherewereno obviousdifferencesn thespealkrs’ heights
andbodysize,we cant discountthe possibilitythatthe LMS spealker hasa smallervocal
tract. To verify this possibilityit would be necessaryo examineanatomicabata.

Secondthe higherfundamentafrequeng of the LMS spealkr could alsohave con-
tributedto his moreperipheralvowels. To maintainthe samedegreeof audibledistinctiv-
ity atahighfundamentafrequeng, thedistancedbetweemeighbouringrowel catayories
mustbeincreasedDiehl etal., 1996).

Third, voice quality, as Simpson(2001) states,could also play an importantrole.
Thoughtherewasno explicit analysisof voicequalityin thisexperimentauditoryimpres-
sionssuggesthatthe LMS spealkr tendsto usea breathiervoice quality Thistendeng
hasalsobeendemonstratefbr femalespeech(Titze, 1989;HentonandBladon,1985).

Fourth,accordingto Smythetal. (2003),the phoneticbehaiour of “gay-sounding”
speakrscouldbe causedy the attemptto approximateheir speectstylistically towards
typical femalespeech.As Henton(1995) states yvowel hyperarticulatioris a typical at-
tribute of femalelinguistic behaiour. Sothe productionof lesscentralizedvowelscould
beregardedasaneffort onthepartof theLMS speakrto imitatefemalespeechbehaiour.

As far asfundamentafrequeng is concernedthe LMS spealer shavs a greatemme-
dian value and greaterquartile valuesthan the MMS spealer. Avery and Liss (1996)
found no differencesbetweentheir speakr groupswhereasTerango(1966) statesthat
his “effeminate-soundirigspealkrshada highermeanfundamentafrequeng thanother
speakrs.

Anatomicalreasonsiotwithstandingthe statisticallysignificanthighermeanfunda-
mentalfrequeng of the LMS speakr in this experimentcould beinducedby anattempt
onthepartof the speakrto achieve a higherdegreeof femininity in hisvoice. According
to Coleman(1976),thereis a correlationbetweenperceved femininity and high funda-
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mentalfrequeng. But Wolfe et al. (1990) on the other handemphasizehat a greater
degreeof femininity could not be achiered throughan increaseof the fundamentafre-
queng alone.

Thegreate-0—wariability of theLMS spealer onthelinearaswell asthelogarithmic
scalecouldalsobesociophoneticallynotivated,aswomenwho wantto soundmorefem-
inine usea greaterpitch range(Henton,1989). This sociophoneti@approachwould give
credenceao theview thatthe LMS speakr triesto copy femalelinguistic behaiour.

Thoughparallelswereobsered betweenphoneticcharacteristicof femaleandless
masculinesoundingspeechit is too soonto saywhethera shift towardsa morefemale-
soundingvoiceis theonly thingthatoccurswhenmenspeakin alessmasculinesounding
way. As Smyth et al. (2003) emphasize,'gay-sounding”spealkrs shav variationsin
areaswhich do not markdistinctive differencedetweermaleandfemalespeech.To ob-
tain moreinformation abouttheseareasmore experimentsare neededaddressingnore
phoneticparametersuchasconsonantaproductionstratgies, durationalstructuresand
intonationpatterns.Additionally, the investigationof the useof differentvoice qualities
hasbeenneglectedsofar, but this couldalsobe characteristiof alessmasculinesound-
ing speechstyle in Germanmorethanin English. Indeed,the LMS speakr tendsto
usebreathyvoice, like typical femalespealers, but furthermorethereis evidenceof an
addeduseof nasalizationSoarticulatoryexperimentson vocal cordvibrationandvelum
movementare neededhere. Moreover, datafrom transgendespealers could also shed
new light ontheissuesraisedin this paper particularlywhereit comesto the adaptation
of typical voice attributesof the othergender And finally, comparisonsvith otherlan-
guagesareindispensablandclearlyneededere,sincevariantsthatareexpressie in one
languagecould be phonemian another

I amvery gratefulto JonatharHarrington,Katrin Liebthal, AlexanderRadtke, JonatharRodgers,
MichaelSchefers,Adrian Simpson,ThomasWeseneandMichaelL. Willson for theircomments
andsupport.
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Accentin L2 — An acousticanalysisof the vowels of
German spealers of English

Katrin Liebthal

Institut fur Phonetikund digitale Sprachverrbeitung, Christian—Albetts—Universiht
Kiel, German

This study assessethe effect of Englishlanguageexperienceon native German
spealers’ productionof English vowels. The speechdatawas ananlysedfrom
two spealers of German(an experiencedand an inexperiencedspealer) as well
asfrom a control group of native Englishspealersrecordedas part of the MAR-
SECdatabaseThe subjects’accuray in producingthe Englishvowels/i/, i, /¢,
la:l, Ial, Il was assessedcoustically Their productionof Germanvowels was
alsocomparedo the productionof their Englishvowels. The experiencedserman
subjectproducedhe Englishvowelsmoreaccuratelyi.e.,in amorenative manney
thanthe inexperiencedsermansubject. The resultsshav differencedetweenthe
Germanand Englishspealers’ vowels aswell asfor the cateyory formation strat-
egy betweerthe Germansubjects.The experiencedspealer usesone category for
bothlanguageswhereagheinexperiencedsubjectseemgo have establishednew
category for someEnglishvowels.

1. Intr oduction

Are adultsableto learnforeignspeechsoundsauthentically?Cantheir succes®r failure
be accountedor by correspondingoundsn their native languageandthe L2? The aim
of mary speechlearningmodelsis to answerthesequestionsby establishingdifferent
hypothesesThe Critical PeriodHypothesiqLennebey 1967)stateghatit is impossible
for alearnerto learna foreignlanguageo a native standardafter the so called“critical
period” haspassedi.e., whenhe or sheis beyond a certainage. The particularsof this
periodrangefrom 2 to 16 years. Otherscientistsdo not believe in the existenceof such
a critical period. They assertthat languageacquisitiondependaiponandis influenced
by otherfactors.The Speech_earningModel (SLM) proposedy Jamed-lege (2003)is
basedntherelationshipbetweerl1l andL2 aswell ashow they caninfluenceeachother
ThemodelpredictsthatadultL2 learnerswill producenew L2 sounds-thatis, L2 sounds
thatdont occurin L1 — moreauthenticallybecausaextendedL2 experiencdeadsto the
establishmenof phoneticcategyoriesfor L2 soundsthatdo not have a corresponding.1
sound. Similar soundson the otherhandwill stayaccentedven afteralongerexposure
to the L2. Thisis dueto a blocking of cateyory formation for similar soundsthrough
the so-called“equivalenceclassification”,a mechanismwhich causessimilar soundsin
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theLl1 andL2 to betreatedasbelongingto the samephoneticcatgory (FlegeandBohn
1992).

The experimentsreportedhereexaminethe influenceof L2 experienceon the pro-
ductionof L2 monophthongshat do not alwayshave an acousticcounterparin the L1.
Thehypothesigo betestedakesits patternfrom experimentsy FlegeandBohn (1992):
wheread. 2 experiencedoesnot affect the productionof the similar Englishvowels /i, 1,
¢/ by Germanspealkrs,anEnglish/z/, which hasno Germarncounterparandcanthusbe
classifiedasa“new” soundwill be producedmoreauthenticallyby experiencedserman
speakrs of Englishthanby inexperiencedones. To testthis hypothesisthe production
of the Englishvowels /i, 1, ¢, &/ asproducedby two groupsof differently experienced
Germanspeakrsof Englishwascomparedo the productionof thesevowels by a native
Englishcontrolgroup. Therewasalsoa Germancontrolgroupto seeif the Englishvow-
elsproducedby the Germanspeakrsweresimilar to Standardsermanvowels or would
shaw differentvalues.The questionghatmotivatethis experimentare:

1. Canthe phenomenaf interlingualidentificationandequialanceclassificatiorbe
foundin thisanalysisj.e.,do speakrsreplacesimilar soundswith thecounterparts
of their natve language?

2. Are new soundgroducedn anative manner?

3. What influencedoeslanguageexperiencehave? Do more experiencedspealkers
achieve better i.e., moreauthentiaesultsthaninexperiencedspealers?

It is generallyassumedhat adultsare not ableto producethe soundsof an L2 au-
thentically i.e., like native spealers. On the otherhand,Flege (1987a,1987b,1992) has
shavn thatadultsmaysucceedn thattaskif theL2 vowel is suficiently differentfrom the
vowelsof theL1, andif theL2 learnerhasbeenexposedor long enoughto thelL2. Flege
(1987b,1990,1992)dren from thesefindingsthe conclusionthatnewv vowels evadethe
processof equivalenceclassificationand that enoughinput is sufficient to enablelearn-
ersto build phoneticcateyoriesfor new vowels. Flege andBohn (1990)alsofound that
intensve L2 contactnot only improvesL2 productionbut alsothe perceptionof vowel
differencessuchasthe contrastetweernsimilar andnew vowels, e.g.,English/e/ vs /el.
Adult learnersareableto establishphoneticcateyoriesfor nev L2 soundsandthuspro-
ducethe soundsauthentically Similar soundson the otherhand,will be producedwith
anaccentevenafterlong andintensve exposureto the L2 asthebuilding of a cateyory is
blocked by equivalenceclassification.

In thefirst partof the experimentthe acousticqualitiesof the Englishvowels/i, 1, ¢,
&, ai, 3:/ asproducedby native Englishspeakrsaswell asby natve Germanspealkrs
wereexaminedandcompared.

In the secondhartof the experimentthe acoustioqualitiesof the Englishvowels/j, 1,
¢, &, ai/ asproducedy native Germanspeakrsandtheacoustioqualitiesof the German
vowels/i, 1, ¢, €1, az, a, e:/ asproducedy thesamenative Germarspealkrswereexamined
andcompared.
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2. Method

2.1Subjects

Speechproductiondatawere collectedfrom three groupsof adult subjects. Two
groupsof L1 Germanspeakrswith onefemalespealer eachdifferedprimarily in terms
of Englishlanguageexperience. The subjectin the “inexperienced’L1 Germangroup
(i hadbeenexposedo Englishonly atschool,whereagheexperiencedsermansubject
(baf) had,aswell ashaving learntEnglishat school,spentoneyearliving andworkingin
the UK. Both Germarspeakrswereunderthe ageof 30 andhadbeenraisedin Northern
Germary. The sortof Englishtaughtat their schoolswasSouthernStandardBritish En-
glish. Thethird groupconsistedf femaleEnglishspeakrsfrom the MARSEC database
(MA chine-Readablespoken EnglishCorpus)(Deterding1997).

2.2 Materials

The Germanspealkrs producedboth Germanand English materials. For the German
materialsthe subjectsread29 Germansentencesonsistingof the frame sentencélch
sageX.”, whereX wasa two-syllableGermanword with stresson the first syllable. (X
wasalsonuclearaccented).The vowelsin theinitial stresseayllableof X wereoneof
the monophthongsi/, /1/, Iel, lal, le:/, Ie:l. The sentencesvere presentedn randomized
order For vowels,numberof tokensandwords,seeTablel.

For the Englishdata,the subjectsread30 Englishsentencesonsistingof the frame
sentencél will sayX.”, whereX wasatwo syllableEnglishword with stresson thefirst
syllableandX beingnuclearaccentedaswell. Thevowelsin theinitial stressedyllable
of X wereoneof themonophthongéz/, /i:/, /¢/, lee/ und//. Thesentencewerepresented
in randomizedrder For vowels, numberof tokensandwords,seeTable2.

In additionto the Englishsentenceghe subjectswereasled to readan Englishtext
taken from the MARSEC databasegonsistingof prayersanda readingfrom the Bible.
This text was chosenasit containedhardly ary foreign words and was thus relatively
easyto readfor the Germansubjects Fromthesedata,theformantvaluesof the stressed
Englishvowels/i, 1, €, &, az, A, 3:/ weretakenfrom both subjects For vowels,numberof
tokensandwords,seeTable3.

The GermanmandEnglishsentencesvereformedin suchaway thatthetamgetvowels
were surroundedby a similar context in both languages. This was doneto minimise
coarticulationeffects(seeTable4).

Accordingto Flege and Bohn (1990), a review of the literaturedoesnot clearly in-
dicatewhetherthe /i/ and /1/ vowels of English are perceptuallysimilar or identicalto
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Vowel | Number | Word
of tokens
la:/ 5 large, heart, father part, start

fiz/ 6 meet,keep,cheatneed beat,heat
lel 5 bet,head deck,leg, bed
lael 6 bad,back,gag,cap,map,bat

N/ 8 sin, kick, bit, pit, chin, bin, list, big

Tablel: Vowels,numberof tokensandwordsfrom the Englishword list.

Vowel | Number | Word
of tokens
la:/ 5 Vase Nase Vater Dame,Hase
le:/ 6 (5) betenlLaden lesenreden(Rader)
le:l 1(2) baten,(Rader)
fiz/ 7 bieten,Lieder, Liebe,liegen,Miete, Wiese Krise
lal 3 baclen, Matten,Ratten
lel 4 Kastenretten,meckern,betten
ik 4 Kinder, bitten, kippen,Mitte

Table2: Vowels, numberof tokensandwordsfrom the Germanword list.

Germar/i/ and/i/. GermanandEnglish/e/ areprobablyidentical,while English/a/ can
beregardedasanew soundfor speakrsof Standardserman(FlegeandBohn 1990).

In bothlanguagesthe high front vowels /i/ and/i/ differ in termsof spectralquality
andduration(FlegeandBohn 1990). Stevens(1959a,1959b)shavedthat for native En-
glishlistenersthe/i/ - i/ contrasis cuedprimarily by spectradifferenceswhile duration
is alessimportantcue.

Accordingto (Flege and Bohn 1990), someacousticstudies(Jones1960; Moulton
1962)have supportedhe auditoryimpressiorthat Germar/i/ and/i/ aresomevhatmore
peripherathanEnglish/i/ and/i/, but Disners (1983)acousticcomparisorof Englishand
German/i/ revealedno significantdifferences.Delattress (1964) obseration that short
vowelssuchas/i/ aremorecentralin Englishandmoreopenin Germarnthanlong vowels
suchas/i/ doesnot seento betrueof all Germandialects(FlegeandBohn1990).

Like English/i/ and/i/, English/e/ also hjasan identifiable counterparin German
(FlegeandBohn1990). The/e/ of bothlanguagess shortandnominallylax. According
to (Flege andBohn 1990), no information on acousticdifferencesbetweenEnglishand
German/e/ is available.He concludeghatsinceEnglish/e/ is notmentionedasa problem
in textbooksfor Germanlearnersof English, English and German/e/ may in fact be
identical(FlegeandBohn1990).

Concerninghe vowel //, Standardsermanhasno long vowel in the low front por-
tion of thevowel spacgFlegeandBohn1990).Accordingto FlegeandBohn(1990),the
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Vowel | Number | Word
of tokens

[/ 15 thank(2x), mankind,can,Saint,Matthew, chapterman,gathered,
hand(3x), compassionyunderstandingplanning

lel 35 hearens,flesh,everyone twenty-five, said,separateshepherd,
separatedeft (2x), blessedinherit, welcomed(2x), brethren,
devil, welcome help (5x), footstepsrememberingself-forgetting,
helper strengthentepent respectforget, myself,improsperity against,
let, cherrish

fiz/ 39 dealingsfeet,Jesug3x), even,speakingneed(2x), reachesteading,
sheep2x), me (7x), see(3x), thee(7x), least(2x), these(2x), people,
weaknessex), reach keep

I 27 beginning,image,written, mystery living, kingdom(2x), sit, king,
drink (2x), sick (2x), visited, prison(3x), visit, minister, humility,
forgivenessyisdom,sins,resist,Christian(2x), risks

Il 23 mother lump, coming,nothing,son,comes anotheybut, come(3x),
hungry(3x), son’s, love (3x), sufferings,above, touch,others suffering

la:/ 15 answer(2x), father(3x), departask(4x), heart,past,guard,last

I3:/ 15 earth(2x), word (4x), church,world, thirsty (3x), cursed eternal(2x),

hurt

Table3: Vowels,numberof tokensandwordsfrom the Englishtext.

German English

Phoneme Word | Phoneme Word

fi:/ mieten i/ meet

I/ bitten n/ bit

le:/ beten [3:/ earth

[e:] baten [/ bad

lel retten lel read

la:/ Vater la:/ father

lal Matte /Al mother

Table4: Phoneme Word talular of GermanandEnglishwordsoccurringin this
experiment
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entireinventory of Germanmonophthonggonsistsof pairs gevernedby the opposition
long-closevs. short-opensothatalong vowel like /ae/thatis low andfront runscounter
to theorganizingprincipleof Germanvowels. For mostspeakrsof Germanjonganfront
impliesclose(FlegeandBohn1990).In alisteningtest,FlegeandBohn(1990)foundout
thatGermansubjectddentifiedEnglish/a/ in termsof German/e:/.

Englishdoesnotusetheoppositionax-tensgrealizedphoneticallyasshort-and-close
vs. long-and-openjo distinguishtwo differentlow centered/owel phonemesuchas/a/
and/a:/ (Moulton 1962).

In bothlanguagestherearephonologicabppositionsuchasfront vs. back,openvs.
closed roundedvs. unroundedtensevs. lax andlong vs. short.

By comparingtheseoppositionsbetweenthe two languagesijt con be found that
Germandecentralizedowels/i, e, a, o, u, y, ¢/ aretense whereaghe centralizedvowels
I, ¢, a, 9, u, v, e/ arelax. Englishdoesnot have a continuousoppositionbetweertense
andlax vowels, but only sometimesusesmuscularcontractionto differentiatebetween
pairssuchas/i/ vs. 1/, lel vs.lel, lul vs. [ul and/o/ vs. o/ (Kufner1971).SoGerman/ is
generallytenserthanits Englishequivalent,wherea€nglish/i/ is moreopenandshorter
thanGerman/i/ (Moulton 1962).

Englishdoesnotusetheoppositionax-tenserealizedphoneticallyasshort-and-close
vs. long-and-openjo distinguishtwo differentlow centered/owel phonemesuchas/a/
and/a:/ (Moulton 1962).

Englishshortvowels/e/ and/a/ areoften not distinguishedoy Germanspealers but
producedasa half-openvowel between'e/ and/z/ thatis qualitatively similarto German
half-openshort/e/ (Weiher1975).Soconcerningheoppositionof front vs. back,English
e/ is fronterthanGerman/a/.

2.3Data processingandlabelling

The speechdataprocessingprogrammeEMU (Cassidy1998; Cassidyand Harrington
2001)was usedfor the processingof the data. The Germanand Englishdatafrom the
Germanspeakrswereavailableaswaveformsandspectrograms.

Therelevantaccentediowels/i, ii, 1, €, &, a:, az, A, 31/ werelabelledmanually thefirst
four formantswerecalculatedautomaticallyusingan LPC analysisprogram(LPC order
of 16, pre-emphasis0.95,a Hammingwindow of 20 msanda shift of 5 ms). Problems
in theautomaticdformanttrackingwerecorrectedoy hand.

For themeasuremerdf thefirst two formants,alabelwassetin thetemporalmiddle
of eachrelevantmonophthongTheformantvalueswerethenextractedatthis pointusing
LPC analysis.

The MARSEC datahad alreadybeenprocessedn the sameway. For the acoustic
analysisaswell asthe statisticaltests,the EMU speecldatabasanalysisprogram(Cas-
sidy andHarrington1996)wasused.
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3. Results

ANOVAs were carried out on the data. In all tests,the dependanwariableswere the
formantvaluesof thefirst andsecondormantof therespectre vowel. Theindependent
variableswerelanguaggGermanof Englishnative language)type of text (text or word
list) andspeakr group (MARSEC, baf or jli). The ANOVAs werecarriedout for each
type of vowel spearately

If the Germanspealkrs producethe English soundsin a natve manney the mea-
surementsvill not differ significantlybetweernthe GermanandEnglishspealkrs. If the
resultsshav significantdifferencesetweerthetwo languagesthe Englishsoundsof the
Germanspeakrswill not be producedn a natve manner Therefore the two different
speakr groups,i.e., English(MARSEC)andGermamative speakrs(regardlesof pro-
ficiengy), arecomparedvith eachother Theindipendentvariableis the differentnative
languageof thespealers,i.e., EnglishandGerman.Thetwo factorANOVA revealedthat
the vowels /a:/ and/a:/ aswell as/a/ and/a/ are not significantly differentbetweenthe
threespeakr groups. They canberegardedasbeingsimilar. Thetwo Germanspealkrs
achieve qualitiesthatarestatisticallyequivalentto native.

If the Englishvowels of the Germanspealers do not differ significantly from their
Germanvowels, the Germanspealkrsusetheir Germanvowel quality to producean En-
glishvowel. Totestthishypothesisthe Englishdataof the Germarspealkrsarecompared
with their Germandata. Therelevantvariableis the Englishor Germananguageausedby
the Germanspealrs. The differencebetweenF1 andF2 valuesfor the vowels /&/ (F1:
F =195,p < 0.001; F2: F = 21.1,p < 0.001), /e/ (F1: F = 18.65,p < 0.001; F2:
F = 28.7,p < 0.001) and/3:/ (F1: F = 13.2,p < 0.001; F2: F = 29.8,0.001) is
highly significantbetweerthe two languagesAt least/x/ and/3:/ areseenby Flegeand
Bohn(1992)andFlege,Schirru,andMacKay (2003)as“new” phonesandshouldthusbe
producedn a native mannerby the experiencedGermanspealer. Sincethe differences
betweerthesevowelsarehighly significantthey offer no supportfor this hypothesisDif-
ferencesn thevowel /i:/ arehighly significantonly betweerthespeakrsandonly for F2
(F = 32.3,p < 0.001), but notbetweerthelanguageswhich suggestshatthisdifference
is spealker- but notlanguage-specifid-legeandBohn’s (1992)finding — thatthe German
vowel /i:/ is spectrallysimilar but not the sameasthe Englishvowel /i:/ — seemgo be
confirmedhere.

Thelasthypothesido be testedwasthatthe experiencedspealer would producethe
“more authentic’Englishvowels, especiallyin the caseof the vowels/z/ and/s:/. There-
fore, the Germanspealkrs are comparedwith eachother The relevant variableis the
dagreeof experienceof the Germanspeakrs. Theinexperiencedsermanspealkr made
a significantdistinction betweenthe vowels /a:/ and/a:/ in the Germanandthe English
wordlists (F2: F' = 0.0007, p < 0.001). Shemusthave usedor establishedlifferentpho-
netic categyoriesfor thesevowels. The experiencedsermanspeakr seemgo posses®sr
to useonly onecategyory for thesevowels asshavn assheshaws no differencesetween
the GermarmandEnglishproductionof either/i:/ or /a:/. ish productionof either/i:/ or /a:/.
However, her productionsof the Englishvowels/i/ (F1: F = 2.1e — 14,p < 0.001; F2:
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0.0014,p < 0.01), /a/ (F1: F = 0.009,p < 0.01), /e/ (F1: F = 0.0002,p < 0.01; F2:
F =1.7e —07,p < 0.001), /&e/ (F1: F = 8.9¢ — 16,p < 0.001;F2: 0.0002,p < 0.001)
are significantly different from their Germancounterparts. The inexperiencedspealer
producesll Englishvowels significantlydifferentfrom her Germarvowels.

4. Analysis

The hypothesisunderlyingthe analysiswasasfollows: if the Germanspealersproduce
the English soundsin a native manney the measurementwill not differ significantly
betweenthe GermanandEnglishspealers. If theresultsshav significantdifferencede-
tweenthetwo languagesthe Englishsoundsof the Germarspeakrswill notbeproduced
in anative manner

If thesehypothesearesupportedit might bethe casethatthe Germanspealkrspro-
nouncetheir Englishvowels in a Germanmanneyi.e., shouldtheir English vowels not
differ significantly from their Germanvowels, the Germanspealers usetheir German
vowel quality to producean Englishvowel.

Shouldtherealsobedifferencesn thepronunciatiorof their Englishvowelsbetween
thetwo Germanspealkrs,it is hypothesizedhatthe experiencedspealer would produce
the“more authentic’Englishvowels, especiallyin the caseof thevowels/a/ and/s:/.

Theanalysisvasdividedinto threeparts:

1. The two different spealer groups,i.e., English (MARSEC) and Germannative
speakrs (regardlessof proficieng), arecomparedvith eachother Theindepen-
dentvariableis thedifferentnative languageof the speakrs,i.e., EnglishandGer
man.

2. The Germanspeakrsare comparedwith eachother Therelevantvariableis the
dagreeof experienceof the Germarspealkrs.

3. The Englishdataof the Germanspealkrs are comparedwith their Germandata.
Therelevantvariableis theEnglishor Germarlanguagaisedby theGermarspeak-
ers.

ANOVAs were carriedout on the datato examinethe questionsabore. In all tests,
the dependenvariableswere the formantvaluesof the first and secondformantof the
respectre vowels. The independentariableswerelanguaggGermanor Englishnative
language)type of text (text or word list) andspealer group (MARSEC, baf or jli). The
ANOVAs werecarriedout for eachvowel type separately

For the first analysis,the speakrs were divided into two groups: the MARSEC-
speakrs andthe natve Germanspalers. It wasanalysedhow the different native lan-
guageof thetwo speakrgroupsaffect the productionof the Englishvowels.
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Figurel shavs theDistribution of the F1- andF2-valuesof the Englishvowels of the
MARSEC-speakrsandbothnative Germarspealkrs. Evenwithout a statisticalanalysis,
the diagrammeshaws that the vowels /e/ and/a/ of the Germanspealers (displayedas
lettersE and A in the diagrammehave overlappingellipses,whereaghesevowels pro-
ducedby the native Englishspealkersareclearly separatedrom eachother This overlap
suggestghatthe Germanspeakrsdont differentiatedistinctly betweenthe two vowels
in their production.

The ANOVA for thesevowels confirmsthis interpretation:for the vowel /&/, there
is a highly significantdifferencefor F1 aswell asfor F2 betweenthe languagesF =
195,p < 0.001; F = 21.1,p < 0.001). Thisis alsotruefor thevowel/e/ (F = 18.65,p <
0.001; F = 28.7,p < 0.001). The vowel /i/ shaws no significantdifferencebetween
the language$ut a highly significantdifferencefor F2 betweerthe spealkers(32.3,p <
0.001). This meanghatthetwo Germanspealkrsdiffer in their productionof this vowel
with eachotherbut thatthereis no differencebetweerthe Germanandthe Englishspeak-
ers. A highly significantdifferencebetweerthe languagesanbe foundfor the vowel 1/
for Flaswell asfor F2(F = 89.6,p < 0.001; F = 15.2,p < 0.001). Thevowels/a:/ and
/a/ shav nosgnificantdifferencewvhatsoger whichmeanghattherearerpoducednative-
like” by the Germanspealers. The ANOVA of the vowel /3:/ shawvs a highly significant
differencefor thelanguageg$or FlandF2 (F = 13.2,p < 0.001; F = 29.8,p < 0.001).

Thesecondpartof theanalysidooks atthe vowel productionthetwo Germarspeak-
ers, especiallythe influenceof text kind and spealer on the productionof the English
vowels. Differencesaremadebetweerthe experiencedandtheinexperiencedspeakr as
well asbetweertheir productionof thevowelsin the Englishwordlistandin the English
text.

Figure 2 shavs the formant ellipsesof the English vowels from the text and the
wordlist, producedby the two GermanEnglishspeadrs. At first sight, the two spealkrs
seemto producethe vowels quite similarly, which proveswrong The statisticalanalysis
revealsa significantdifferencebetweenthe two text kinds (i.e. wordlist andtext) for the
vowel /e/ for FLandF2 (F = 6.1,p < 0.05; F = 5.6,p < 0.05). For the samevowel,
thereis ahighly significantdifferencefor F1 betweerthespeakrs(F = 13,p < 0.001) as
well asfor F1 for theinteractionbetweertext kind andspealers(F = 12.8,p < 0.001).
This meanghatbothspeakrsmake a distinctdifferencein their productionof the vowel
le/ betweenthe wordlist and the text. Furthermore,they producethis vowel differ-
ently from eachother The vowel /i/ differs significantlyin F2 betweenthe two text
kinds (FF = 4.9,p < 0.05) and highly significantin F2 betweenthe tweo speakrs
(F =17.6,p < 0.001). Significantis alsothe interactionbetweertext kind andspealer
for F2(F = 4.6,p < 0.05).

Theresultsof the ANOVASs canbe summarizedsfollows:

TheWelch Two Sampld-testrevealedthatthe LMS speakr hadsignificantlygreater
distancego the midpointthanthe MMS spealer (t = 2.5958, df = 29,12,p < 0.05).

e Thetwo factorANOVA revealedthatthe vowels/a:/ and/a:/ aswell as/a/ and/a/
arenot significantlydifferentbetweerthe threespeakr groups(/a:/: F = 1,p >
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0.05; /al: F = 0.7,p > 0.05) . They canberegardedasbeingsimilar. Thetwo
Germanspeakrsachieve qualitiesthatarestatisticallyequivalentto native.

Theinexperiencedsermarspealker madeasignificantdistinctionbetweerthevow-

els/a:/ and/a:/ in the Germanandthe Englishword lists (F2: F' = 0.0007,p <

0.001). Shemusthave usedor establishedlifferentphoneticcateyoriesfor these
vowels. The experiencedGermanspeakr seemsto posses®r to useonly one
cateyory for thesevowelsasshavn by ...??7.

The differencebetweenF1 and F2 valuesfor the vowels/a/ (F1. F = 195,p <
0.001; F2: F = 21.1,p < 0.001), /¢/ (F1: F = 18.65,p < 0.001; F2: F =
28.7,p < 0.001) and/3:/ (F1: F = 13.2,p < 0.001; F2: F = 29.8,0.001) is
highly significantbetweerthetwo languagesAt least/z/ and/3:/ areseernby Flege
and Bohn (1992) and Flege, Schirru, and MacKay (2003) as “new” phonesand
shouldthusbe producedn a native mannerby the experiencedGermanspealer.
Sincethe differencesbetweenthesevowels are highly significant, they offer no
supportfor this hypothesis.

Differencesn the vowel /i:/ are highly significantonly betweenthe speakrsand
only for F2 (F = 32.3,p < 0.001), but notbetweerthelanguageswhich suggests
thatthis differenceis spealkr but notlanguage-specifid-lege andBohn’s (1992)
finding — thatthe Germanvowel /i:/ is spectrallysimilar but not the sameasthe
Englishvowel /i:/ — seemgo be confirmedhere.

The experiencedspealkr shavs no differencesbetweenthe Germanand English
productionof either/i:/ or /a:/. However, herproductionsof the Englishvowels /1/
(F1: F = 2.1e — 14,p < 0.001; F2: 0.0014,p < 0.01), /a/ (F1: F = 0.009,p <
0.01), /e/ (F1: F = 0.0002,p < 0.01; F2: F = 1.7e — 07,p < 0.001), /a&/ (F1:
F =8.9e — 16,p < 0.001;F2: 0.0002, p < 0.001) aresignificantlydifferentfrom
their Germancounterparts.

The inexperiencedspealer producesall English vowels significantly differently
from her Germarnvowels.

5. Discussion

The experimentsreportedherewere basedon studiesby Flege andBohn (1990,1992),
Flege, Munro, and MacKay (1996) as well as Flege, Bohn, and Jang(1997), but the
patternof resultsis very differentfrom thosein their experiments.

Accordingto Flege and Bohn (1990, 1992), the experiencedspeakr should have
producedhe Englishvowels/a/ and/s:/, classifiedby Flegeas“new” for Germamnative
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Figure 1: Distribution of the F1- andF2-values(Hz) of the Englishvowels from
the Englishtext of the experiencedspealer (above), the inexperiencedspealer
(middle)andthe MARSEC-spea&rs(below)
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speakrs,betteri.e.,in amorenatve mannetthantheinexperiencedspeakr. But thiswas
notfoundto bethe casen this study

Resultsrom earlierstudiegWeiher1975;FlegeandBohn 1992)have alreadyestab-
lishedthattheproductionof foreign,i.e.,“new” soundsn thel 2, especialljthetarget-like
productionof thevowel /&/, posesa considerabl@roblemfor Germamnative speakrs.

Thevowel/e/, classifiedoy FlegeandBohn(1990,1992)as"“similar”, andassumedo
causeno problemdor Germamative spealkrs,alsoshavedhighly significantdifferences
betweerthetwo languagesThe Germanspealkrsfailedto producethe Englishsoundin
anative manner

Theresultsfor thevowels/a:/ and/a:/ from this experimentareinteresting however:
whereashe experiencedspealer usesthe samevowel in both languagegand which is
not differentiatedfrom the English spealkrs’ /a:/), the inexperiencedspeakr seemso
have establishech new category for this vowel. Her realizationsof the English vowel
do not differ significantlyfrom the Englishspealers’ but from the Germancounterpart.
Unfortunately thereis alack of informationabouthow this vowel differs phoneticallyin
EnglishandGermanandsoit is difficult to explain this resultfurther

Thereare seseral possibleinterpretationdor the differencesbetweenthesefindings
andthosefrom Flege’s studieg1990,1992,2003).Onepossibilityis thattheexperienced
speakr had not masteredhe Englishlanguagewell enough. Whereashe experienced
speakrsin Flege's experimentshadspentseveral yearsliving abroad shehadonly lived
therefor oneyear this yearfurthermorepredatingthe experimentby two years.Though
shehadspolen Englisha greatdealin the interim, heruseof Germanwasgreater lea-
ving roomfor Flege’s theoryof theinfluenceof the L2 throughthe mothertongue(Flege
1987a).The mostimportantcriteriafor achiering analmostnative-like productionseem
to bethelengthof the stayabroadanddirectcontactwith theforeignlanguageln Flege's
studies,the inexperiencedspealkrs hadlearnt English at schoolfor aboutsix yearsand
hadspenthalf ayearin an English-speakingountry In the experimentreportedhere,it
wasthe experiencedspealker who metthesecriteria. The experiencedspeakrsin Flege's
experiments,howvever, had beenliving in an English-speakingrvironmentfor at least
six years. Thesedifferencesindicate that adults needquite a long time to shav signs
thatthey have acquireda new L2 vowel phonetically(FlegeandBohn 1992). Eventhen,
regularitiesof theL1 caninfluencethe productionof the new vowel.

As no discriminationexperimentwascarriedout, it is impossibleto saywhetherthe
experiencedspealkr wasableto differentiatethe relevant Englishsounds gspecially/ac/
and/e/. Therewasalsoonly onespealkr in the presentstudy whereashe numberof
speakrsin Flege’'s experimentasvasmuchgreater Dueto thesmallamountof datain this
experiment,the resultscannotbe calledrepresentate. A further perceptionexperiment
couldhave beencarriedout for this study letting native speakrsof Englishratethe data
of the Germanspealers of English. Only onenative Englishspeakr listenedto the data
beforethe statisticalanalysis.He madea generalstatementhatthe experiencedspealer
hada moremarked Englishaccenthantheinexperiencedspeakr.
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6. Conclusion

The experimentspresentechereshav someresultsthat might be of interestfor further
research.To make a more generalstatementboutaccentin the L2, a larger group of
natve Germanspeakrs shouldbe recordedthan just two people. Furthermore there
shouldbe at leasttwo listeningexperimentswvhich examinethe ability of the spealkersto
distinguishbetweerdifferentsoundsf theL2 andwhichalsohave thedataof theGerman
speakrsof Englishratedby native Englishspealers. But evenif Flege's studies(1987b)
shaw thatL2 learnergproduce’new” soundsn awaythatthey areratedasbeingauthentic
by native speakrs, it is extremely difficult to examine whetheror not a correct, nev
phoneticcategory hasbeenestablishedTsukadal999). Accordingto Tsukada(1999),
anotherquestionstill remainsunansweredis catgyory formation a prerequisitefor an
authentic,accent-fred.2 production?Consideringhe resultsfor the vowel /a:/ for both
Germanspealkrsin this experiment,the answerto this question— though cautiously
formulated— might be,“Na”. In the productionof this vowel, neitherspeakrsdiffered
significantlyfrom the native Englishspealkrs. But only theinexperiencedspeakr seems
to have establishedh new cateyory, whereaghe experiencedspeakr usesone catejory
for both languages.Thereseemto be speakrswho only needone catejory for certain
vowelsandwho neverthelesareableto producehesevowelswithoutanaccenin thel.2,
whereastherspeakrsusetwo catejoriesfor thesevowels. It couldbe of future interest
to examinethesefindings further andto find out the extentto which this phenomenon
really is speakr or perhapsowel-dependent.
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The potential role of physical correlates of articulatory variability in vowel
production was studied by means of EMMA and EPG. In accordance with Perkell &
Nelson (1985), the hypothesis to be tested is that the amount and shape of token-to-
token variability is influenced by the amount of palatal contact in such a way that
high vowels exhibit different variability patterns than the other vowels. 14 German
vowels of three speakers of German were recorded with and without bite-block and
in bilabial and velar consonantal contexts repeated 10 times. Statistical results
indicated that the amount of tongue variability, measured as the size of the
dispersion ellipses describing tongue sensor positions, was constrained by the
amount of palatal contact: variability was less when the amount of contacts was
large. However, the three subjects exhibited different patterns of variability and only
one of them showed a main orientation of the dispersion ellipses that was clearly
different for high vowels in a sense that is compatible with data collected on
speakers of American English by Perkell & Nelson. These results are discussed with
regards to differences in the density of each language specific vowel inventory and
the inter-individual variation among German subjects is furthermore attributed, at
least partly, to morphological differences in the palatal shape and compensatory
strategies.

1. Introduction

A classical and much debated approach in studying representations and motor control in
speech production consists in looking for acoustic and/or articulatory invariants of phonemes
(Stevens, 1972; Stevens & Blumstein, 1978; Blumstein & Stevens, 1979, 1980; Fujimura,
1986; Browman & Goldstein, 1985, 1986, 1990). However, the well-known noticeable
variability of physiological, articulatory and acoustic signals of speech associated with
coarticulation phenomena and variations in speaking style has led to an alternative approach
that aims to study the variability itself. This approach consists in measuring the ranges of
variation of the data (Wood, 1979; Perkell & Nelson, 1985; Folkins & Brown, 1987; Perkell,
1990; Beckman et al., 1995), in looking at the internal structure of the data distributions
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within the domain of variation (Kuhl, 1991, 1992), and in studying the possible relations
between the density of phonological systems and the amplitude of the variability (Lubker &
Gay, 1982).

Thus, physical correlates of phonemes are not considered to be strictly invariant but rather
as regions of the motor, articulatory, acoustic, and/or perceptual spaces. Allophones of the
same phoneme have to be located within these regions to allow communication between
speakers and listeners. Keating (1990) used this concept in her window model to explain
coarticulation in speech production. Guenther (1995), Guenther et al. (1998, 1999), Perkell et
al. (1997) and Perrier (2003) also adopted the concept of regions to elaborate models of
planning in speech production.

More generally, in order to study the interaction between perception and production in
speech the characterization of the physical correlates of a phoneme in terms of range and
nature of variation, rather than in terms of invariance, has been shown to be very fruitful. For
instance, Lindblom (1990) within the context of the H & H and adaptive perception theories,
suggested for vowels that formant patterns would be allowed to dramatically vary with
speaking style (Hyper- versus Hypoarticulation), without endangering the perception, as long
as the relative location of vowels in the overall vowel system are preserved. The underlying
hypothesis is that the listener would adapt the size of her/his vowel space in the acoustic
domain depending on the speaking style. Thus, different regions of the formants space would
be associated with a same phoneme. This allows some freedom in the physical specification
of the speech task, and, according to Lindblom (1990), this freedom would be used in the
planning of speech sequences to minimize the articulatory effort while ensuring the
perception of the articulated sound. The so-called perceptual magnet effect, introduced by
Kuhl (1991, 1992) is also relevant for understanding how the negotiation between speaker-
oriented criteria and listener-oriented requirements can operate. Studying the perception of
phonetic categories, Kuhl provided evidence for an uneven structure of the perceptual region
associated with each category: the closer a sound is to the perceptual prototype of a category
the less it can be perceptually discriminated from this prototype. The proposed decrease of the
perceptual discrimination ability away from the perceptual prototypes is very useful for
explaining some aspects of the compensation strategies observed in speech production
(Perkell et al., 2000).

Thus, from the speech motor control perspective, Lindblom's and Kuhl's theories, both
purely based on analyses of acoustic variability in relation to perception, help to understand
the objectives of a speaker: they propose a number of constraints that speakers have to deal
with, in order to ensure the perception of their speech, and they shed light on the freedom that
speakers can use in order elaborate the planning of speech sequences. Consequently, an
analysis of both, articulatory and acoustic variability allows us to find out more about the
gestural accuracy required in order to match the perceptual constraints. From this perspective,
Perkell & Nelson (1985) (see also Perkell, 1990) proposed a study that has formed the basis
of many subsequent investigations.

Perkell & Nelson (1985) analyzed X-ray microbeam data in multiple repetitions of the
vowels [i] and [a] in a variety of phonetic environments produced by three speakers of
American English. For both vowels they found that the major axis of the dispersion ellipses
characterizing the distributions of the pellets located in or close to the constriction region was
parallel to the outline of the vocal tract walls. They explained these observations with the
existence of passive "saturation effects" for these vowels, which would introduce strong non-
linearities in the relations between muscle commands and articulatory position. In the case of
[1], Perkell & Nelson (1985) suggested that the fact that the sides of the tongue blade are
being pushed against the hard palate would strongly restrain tongue position variability in the
direction perpendicular to the palate. According to these authors, in the case of [a], the
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limitation of the variability perpendicularly to the pharyngeal walls would be due to a
saturation in the length-tension characteristics of the active muscles. Perkell & Nelson (1985)
interpreted their results in support of the Quantal Theory of speech production (Stevens,
1972), which suggests that the most frequent vowels in the world’s languages inventory (and
among them vowels [i] and [a]), would be articulated in regions of the vocal tract where
articulatory changes would generate no or little auditory changes. In the case of [i] and [a],
the "saturation effects" would limit the change in constriction area and then contribute to the
perceptual stability of the articulated sound.

A similar experiment was carried out by Perkell & Cohen (1989) with a midsagittal
electromagnetometer for vowels /i/, /a/ and /u/ in [bV}' V,ba] and [bV;’CV,ba] sequences,
where C was one of the consonants [b, ?, h] and in which the influence of syllable stress was
also considered. Only one point located on the dorsal tongue surface near the place of
maximum constriction for /u/ was recorded and analyzed. The measured variability of this
point did not exactly replicate Perkell and Nelson's (1985) findings, especially for [i].
However, given the fact that the points measured in Perkell & Nelson (1985) were more
accurately located in the respective constriction location of each vowel, it can be considered
that both experiments are consistent with each other and support the hypothesis of saturation
effects limiting the variability in the direction perpendicular to the vocal tract midline.
However, Perkell & Cohen's (1989) data show also that the phonetic context seems to
influence the orientation of the dispersion ellipses, which tends to be "rotated somewhat in the
direction of the context vowel target location" (Perkell, 1990, p.283), and to consistently vary
with the intervocalic consonant.

Perkell & Nelson's (1985) experimental findings were replicated with different data sets
and with a more systematic statistical approach by Beckman et al. (1995), and not only for /i/,
/a/ and /u/, but for all vowels of English, including vowels that are not considered as quantal
in the Quantal Theory.

In order to assess more precisely the respective contributions of contextual and token-to-
token effects in the measured vowel variability, Hoole and Kiihnert (1995) compared both
effects for stressed vowels in German. They found that (a) consonantal context affects the
target position of lax vowels to a greater degree than the one of tense vowels, (b) for lax
vowels the amount of token-to-token variability was not influenced by vowel height or
frontness and (c) tense front high vowels tended to vary to a lesser degree than tense back and
low vowels. Considering Beckman et al.'s (1995) and Hoole and Kiihnert's (1995) results, it
can be argued that the patterns of articulatory variability measured for vowels could be largely
determined by general mechanisms valid for every tongue and jaw gesture rather than by
vowel specific saturation effects that would be used to satisfy specific perceptual constraints.

Possible biomechanical contributions to articulatory variability have been investigated by
Shiller et al. (2002) who analyzed jaw positioning in vowel production. In a first experiment
they measured token-to-token jaw variability in CVC sequences using an Optotrack system.
The vowels /i/, /a/, /e/ and /&/ in /k/, /t/, /s/ environment were recorded. In a second
experiment, a computer-controlled robotic device coupled with the jaw was used to deliver
mechanical perturbations to this articulator and estimate its stiffness in the mid-sagittal plane.
They showed that the patterns of variability observed for the 4 vowels were consistent with
the stiffness patterns. Indeed for each vowel, the variability was low in directions where
stiffness was high and vice versa. This finding suggests that the contribution of mechanical
properties of the articulators to the orientation of articulatory variability could be the main
determining factor.

In this framework, the amount of token-to-token variability at target position could be seen
as a consequence of the corruption of motor control signals by neural noise, from one
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repetition of the task to the next. Harris and colleagues (Harris, 1998; Harris & Wolpert,
1998) have recently demonstrated the potential impact of such a noise on the end-position of
target directed movements. They have proposed that motor control strategies underlying the
production of such movements would even be organized in the aim to ensure the
minimization of the thus induced variability at end position.

The study' presented in this paper is part of a larger project inspired by the objective to
evaluate the possible influence of biomechanical factors on speech variability as compared to
perception oriented factors. The token-to-token variability in the production of German
vowels is measured in the articulatory and the acoustical domains. Based on Perkell &
Nelson's (1985) conclusions, the following results were expected:

Articulatory variability should decrease when the amount of palatal contacts increases.
For high vowels, which have a high amount of palatal contacts, the major axis of the
dispersion ellipses should be oriented along the vocal-tract midline.
The articulation of quantal vowels should vary in constriction location (along the direction
parallel to the vocal tract mid-line), but should be more constrained in constriction degree
(along the direction perpendicular to the vocal tract mid-line).
Discrepancies between these predictions and our experimental results will be pointed out and
they will be interpreted in terms of speech production control and/or of palatal influence on
tongue positioning.

2. Method

2.1.  Data Acquisition

Tongue, jaw and lower lip movements of three male speakers of Standard German were
recorded by means of Electromagnetic Midsagittal Articulography (EMMA, AG100,
Carstens). Tongue-palate contacts were recorded simultaneously with the Reading EPG
system. Four sensors were attached to the tongue, one as far back as possible (TBACK), one
close to the posterior border of the artificial EPG palate (TDORS), one approximately 1 cm
behind the tongue tip (TTIP) and one equidistant between TDORS and TTIP (TBLADE).
Two sensors on the nasion and on the upper incisors served as references for compensation of
head movements relative to the helmet and definition of an intermediate coordinate system.
Additional sensors were glued on the lower incisors, one on the vermillion border of the lower
lip and another on the tongue tip, but they will not be considered here. The final coordinate
system was defined by recordings of two sensors on a T-bar, manufactured individually for
each subject in order to determine his bite plane. Original sample frequencies were 100 Hz
for EPG data, 400 Hz for EMMA data and 48 kHz for the acoustical signal. For the analysis,
the EMMA signals were low-pass filtered and downsampled to 200 Hz while the acoustical
signal was resampled at 16kHz.

All subjects were recorded twice, once with a 5 mm thick bite block maintained between
the second molars (hereafter BB condition) and once without bite block (henceforth, the
normal condition). The BB condition was recorded in order to remove the contribution of the
jaw to the token-to-token variability and to focus more specifically on the tongue control
itself.

The material consisted of CVCa nonsense words with either velar or bilabial stops as
consonantal context and one of the 14 German vowels /it 1, yi, v, €, €, @i, ce, a, a, O,
9o, ui, u/. The initial stop was voiced and the medial voiceless. Examples of the target words

' The present paper is an extension of the paper presented in the 4th International Speech Motor Conference hold
in June 2001 in Nijmegen, The Netherlands (Mooshammer et al., 2001)
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are gieke, gucke, biipe. All nonsense words were embedded in the carrier sentence “Sage ....
bitte” ("Say .... please") and repeated 10 to 11 times.

2.2.  Measurements

Vowel specific tongue positioning was determined visually using the following criteria: (a)
the selected time-point had to be within the voiced part of the vowel and close to the acoustic
vowel midpoint; (b) most of the tongue trajectories showed a turning point, which was then
selected; (c) in the absence of a turning point, the time location of the minimum amount of
EPG contacts was chosen. For the recordings without bite-block, the highest amount of jaw
opening was also taken into account. Tongue sensor positions, EPG contact patterns and
frequencies of the first and second formant were measured at this time instant.

To assess the token-to-token variability, two-sigma dispersion ellipses were computed for
the 10-11 repetitions of each item. This gives four ellipses per vowel and speaker, i.e. 2 bite-
block conditions and two consonant contexts. The ellipses were displayed in the sagittal
plane for the three most posterior tongue sensors. Tongue tip sensor positions were not taken
into account here because this articulator is not assumed to have a major influence on the
production of vowels. The ellipses describe Gaussian estimations of the sensor positions
distributions at the vowel target. Variability was measured on the basis of the area of these
ellipses and of the angle of their major axes.

A number of conventional EPG measures was calculated, e.g. the centre of gravity, the
percentage of contacts in the posterior region, and the centrality index (see e.g. Gibbon &
Nicolaidis 1999). Since none of these measures account for either the non-uniform spatial
distribution of electrodes on the artificial palate, or for individual differences in the size of the
palate, the spacing between electrodes is not considered in the above mentioned measures.
Hence a new approach was adopted by measuring the EPG 3D coordinates by a calipher on
the individual artificial palates (for a detailed description see Fitzpatrick and Ni Chasaide
2002) and then computing the area around the contacts by triangulation. The new EPG index
APPOPC (Area of Posterior Palatal Contact in Percent) was calculated as the percentage of
areas around the activated contacts in the posterior region divided by the whole posterior area.

3. Reaults

3.1.  Relationship between tongue positions and palatal contact

The two methods used here for recording lingual articulation can be seen as complementary
for consonants. Indeed, the EPG electrodes detect whether there is a contact between tongue
and palate and they describe the 3D distribution of these contacts, but they do not give any
information about the tongue shape outside of the contact region. EMMA, on the other hand,
provides accurate data about the position of the anterior part of the tongue in the mid-sagittal
plane, but does not inform about the position of the sides of the tongue.

One of the aims of the current study is to investigate the influence of the amount of palatal
contacts on the patterns of token-to-token variability in vowel production. Therefore as a first
step, the relationship between the horizontal and vertical position of the tongue sensors and
the EPG measure APPOPC was analysed by calculating correlation coefficients. This is
important especially since both EPG and EMMA are limited spatially to the hard palate and to
the anterior part of the tongue. Table I shows the correlation coefficients between horizontal
and vertical sensor positions and the EPG area index APPOPC averaged over the 10-11
repetitions of each item split by condition. Figure 1 shows the corresponding scatterplots for
the tongue dorsum position.
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Figure 1. Scatterplots of the averaged horizontal (left column) and the vertical tongue dorsum positions
(right column) and the EPG measure area of palatal contact in the posterior region in percent (APPOPC),
shown by row separately for the three speakers. Upper case letters: lax vowels (O=/ce/), lower case: tense
vowels (6=/@/), italics: bite-block condition.

For all subjects significant negative correlations were found between APPOPC and the
horizontal positions of the three tongue sensors, i.e. the further forward the vowel was
produced the more EPG contacts were found. The relationship between the amount of EPG
contact and vertical tongue sensor positions was also highly significant: higher tongue
positions yielded an increase in the amount of EPG contact. For all speakers, the correlations
were weaker for the tongue back sensor as compared to the two more anterior sensors. This
could be due to the fact that the tongue back sensor was placed behind the posterior border of
the artificial palate and therefore only indirectly contributed to the amount of measured palatal
contact. As can be seen in Figure 1, when all conditions were considered together, speakers
CG and JD showed correlations that were considerably lower for the horizontal dimension
than for the vertical one. However, for these speakers the lower correlation coefficients with
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horizontal positions were due to quite different tongue sensors locations for the recordings
with and without bite-block as Table I shows: here the significance of correlation coefficients
did not differ for horizontal and vertical positions when computed for the two bite-block
conditions. Nevertheless, as mentioned above, the constriction location for high back vowels
is very likely to be located behind the posterior border of the artificial EPG palate. Hence,
since the real amount of contacts for these vowels was probably quite inaccurately measured
with the EPG System the magnitude of the correlation along the horizontal axis should be
considered with some caution.

TABLE I: Correlation coefficients between tongue positions of TBACK, TDORS and TBLADE and
APPOPC, averaged over the 10-11 repetitions and split by condition: B=bite-block, N=normal. All
correlations are significant, values in italics are significant at p<0.01, all others at p<0.001

Speaker BB N BACKX BACKY DORSX DORSY BLADEX BLADEY

CG B 28 -0.853 0.645 -0.924 0.923 -0.968 0.965
N 28 -0.514 0.861 -0.707 0.928 -0.798 0.827
DF B 28 -0.866 0.839 -0.891 0.954 -0.928 0.820
N 28 -0.762 0.853 -0.849 0.972 -0.886 0.843
D B 28 -0.689 0.677 -0.740 0.906 -0.791 0.887
N 28 -0.598 0.817 -0.609 0.947 -0.780 0.870
All B 84 -0.423 0.602 -0.459 0.833 -0.723 0.704
N 84 -0.475 0.560 -0.603 0.840 -0.767 0.763

In summary, our data have confirmed what was expected: the amount of palatal contact
area increased for higher and more fronted tongue positions.

3.2.  Ellipse areas and palatal contacts

Following the predictions of Perkell & Nelson (1984), we measured the relationship between
amount of palatal contact and patterns of variability. More specifically, our hypothesis is that
the higher the amount of contacts, the smaller the ellipse area. Examples of ellipses for
selected vowels are given in Figure 2.

As can be seen in Table II, there was a close relationship between the ellipse area and the
amount of palatal contact, i.e. the more the tongue was constrained by the palate the smaller
the ellipse area. This relationship was strongest for the tongue dorsum sensor, which was
located in the constriction region of the front vowels. It was clearly weaker for the TBACK
sensor, here again probably because it was placed behind the posterior border of the EPG
palate. Thus, this preliminary result tends to support our first hypothesis that articulatory
variability should decrease when the amount of palatal contacts increases.

TABLE II: Correlation coefficients between EPG-measure
APPOPC and ellipse areas (italics: p<0.05, bold: p<0.01).

Speaker N AreaBack AreaDors AreaBlade

CG 56 -0.115 -0.386 -0.275
DF 56 -0.192 -0.345 -0.252
D 56 -0.299 -0.419 -0.317
All 168 -0.209 -0.379 -0.296
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Figure 2. 2 ellipses for selected vowels in bilabial context without bite-block for the three
speakers. Panels on the left show ellipses for high front vowels and panels on the right for mid front
vowels of the three sensors tongue back, tongue dorsum and tongue blade.

However, for each speaker, the number of articulatory tokens measured for each vowel and
for each of the four conditions (2 consonantal contexts, and 2 bite-block conditions) varied
between 8 and 11. For such a small amount of data, the reliability of the ellipse areas is
questionable. And, as a matter of fact, we have stated experimentally that under such
conditions the orientation of the ellipse was very sensitive to the presence of one or two
possible outliers. Hence, in order to provide a reliable analysis of the relations between
amount of palatal contacts and data dispersion, we built up larger data sets that pooled
separately for each speaker and for each of the 4 conditions, data from different vowel
categories. The obvious method to this is to group vowels together according to their
phonological features such as vowel height and frontness. We rejected this method for two
reasons: first of all, speakers varied in their relative target position of specific vowels, e.g.
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speaker DF produced the vowel /y/ lower and more retracted than the other speakers (see
Figure 2). Secondly, the articulatory positions of vowels varied with the consonantal context
and the bite-block condition. Therefore pooling vowels together based on phonological
features would be rather subjective and a priori. An alternative and more objective method is
to transform a continuous variable into a categorical. Since we are looking for a possible
influence of the amount of palatal contacts on the orientation of the dispersion, the new data
subsets were built for each speaker and for each of the four conditions on the basis of the EPG
parameter APPOPC. For further analysis, the function “categorize variable” of the statistics
software SPSS™ was used. According to percentiles of the continuous variable APPOPC, this
function computes a predefined number of levels that define the different data subsets. For
example, if the new categorical variable consists of three levels, the SPSS procedure assigns 1
to all data of the original variable which are smaller than the 33™ percentile. These levels
define a new, discrete, variable, called NAPPOPC that specifies each of the new data subsets.
It should be noted that back vowels /u, u, 0, o/ were excluded from this automatic
categorization and that we arbitrarily grouped them in a subset called “back”. We did this
because the constriction location of these vowels is just at or even behind the posterior border
of the EPG palate, so that the amount of contact at the soft palate cannot be reliably measured.
Therefore, the relationship between EPG contact patterns and lingual articulation differs
considerably from that of the front vowels, and no relevant conclusion about the effect of
palatal contact on lingual variability can be made for these 4 vowels. This is why they were
grouped together in a separate data subset. For the other vowels, we decided to construct 3
categories.

100 +
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Figure 3. Distribution of the different vowel categories among the three new
data subsets derived from the three-level quantization of the continuous variable
APPOPC (all back vowels are excluded). Y-axis : Percentage of vowels
distributed in the low (black), mid (gray), high (white) categories

Figure 3 shows how the different repetitions of each vowel were distributed among the 3
categories pooled for all speakers and conditions. This chart was generated by counting the
occurrences of categories 1, 2 and 3 per vowel type and calculating the percentage. The
maximum number for each vowel type was 12 (3 speakers, 2 consonants and 2 conditions)
and for each vowel the APPOPC value was averaged over the 8-11 repetitions. It can be seen
that the high front vowels /i, y, e/ were generally grouped together, henceforth called "high"
(white bars), and that the majority of the low vowels /a:, a/ were in the same category,
henceforth called "low" (black bars). All 12 instances of the tense front vowel /o/ received a
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medium value, henceforth called "mid" (gray bars). The other vowels were distributed less
consistently depending on speaker, consonantal context and bite-block condition.

Then, for each of the new data subsets, back, low, mid and high, the ellipse areas were
computed for the three tongue sensors and they were averaged across all speakers. Figure 4
shows the results. They were consistent with the findings made for each vowel category
separately (see Table II). Indeed, vowels with a high amount of palatal contact generally
exhibited less token-to-token variability than back or low vowels. Ellipse areas of vowels
with an intermediate level of palatal contact were between high and low or back vowels. Low
and back vowels did not differ in their amount of variability, but it should be recalled that
measurements for back vowels have to be interpreted with caution.

Area back Area dorsum Area blade
0.25 0.25
0.2r 10.2
__ 015} H N H N 10.15
5 m B ] | g
0.1 B ] 10.1
0.057 10.05
48 39 42 39 48 39 42 39 48 39 42 39

back low mid high back low mid high back low mid high
Figure 4. Means and standard deviations of ellipse areas in cm? for the tongue back sensor (left), the
tongue dorsum sensor (mid) and the tongue blade sensor (right) split by the four categories back,

low, mid and high according to the amount of palatal contact. Data are averaged over all speakers.
The numbers below indicate the number of ellipses per category.

To test whether these differences are significant, ANOVAs were computed with ellipse
areas of the three sensors as dependent variable and the discrete variable NAPPOPC as the
independent variable with the four levels “back”, “low”, “mid” and “high”. The upper part of
Table III shows significant differences pooled over all speakers while the lower parts give
significant differences for individual speakers.

Across all speakers, the areas of the tongue dorsum sensor measured for high vowels were
systematically significantly different from the areas measured for the other subsets. However,
this didn’t apply to mid vowels, which did not significantly differ from back or low vowels.
Therefore it could be assumed that the effect of palatal contact on the amount of token-to-
token variability was restricted to high front vowels. For single speaker analyses, significant
differences were found less often, they were generally weaker, and they did not always
confirm the significant differences found for the whole set of speakers. Indeed, the general
tendency of smaller ellipses for high vowels was only valid for CG. For speaker DF no
significant differences were found. However, this can be explained probably by the fact that
speaker DF in general exhibited very little token-to-token variability for all vowel categories.
For speaker JD, the only significant difference was between high and back vowels, and as
already mentioned results for the "back" category should be considered with caution. Hence,
individual data only weakly support the hypothesis of a major reduction of variability
associated with a large amount of contact. Our results suggest that such a relationship could
be speaker dependent. When there is a tendency for a speaker to display a large token-to-
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token variability, this variability is reduced when there is a large amount of contact between
tongue and palate. Otherwise, the role of the palate is barely noticeable.

TABLE III. Results of ANOVAs with the dependent variable ellipse area for the three sensors and
the independent variable NAPPOPC for all speakers pooled (ALL) and for the three speakers CG,
DF, JD separately. Results of Post hoc Scheffé tests for the 4 levels of NAPPOPC are also given,
e.g. an asterisk in row back > high means that ellipse areas for back vowels were significantly
larger than for high vowels.

Speaker Back Dorsum Blade
ALL Effects df F p F p F p
GLM NAPPOPC 3,167 3.063 0.030 12.040 0.000 6.721 0.000
Speaker 2,167 52.951 0.000 34.928 0.000 29.348 0.000
Interaction 6, 167 0.798 0.573 0.700 0.650 2.093 0.057
Post hoc back > low
mid
low > mid
mid > high *
CG Effects  df F p F p F p
GLM NAPPOPC3, 55 1.003 0.399 4.674 0.006 1.946 0.134
Post hoc back >low
mid
high *
low >mid
high *
mid >high
DF Effects  df F p F p F p
GLM NAPPOPC 3, 55 2.308 0.087 3.163 0.032 1.700 0.178
Post hoc back >low
mid
high
low >mid
high
mid > high
JD Effects  df F p F p F p
GLM 3,55 2.397 0.079 7.267 0.000 12.478 0.000
Post hoc back >low **
low >mid
high
mid >high

One of the major aims of this study is to investigate not only the amount of token-to-token
variability but also its orientation. Our hypothesis is that "for high vowels, which have a high
amount of palatal contacts, the major axis of the dispersion ellipses should be oriented along
the vocal-tract midline", i.e. along the outline of the palate.

Figure 5 shows the ellipses of /by:pa/ and /gy:ko/ for tongue blade, tongue dorsum and
tongue back sensors for speaker CG without bite-block. As discussed earlier, both the shape
and the orientation of the ellipses were highly sensitive to single outliers. For instance,
without the lower outlier of the tongue blade measurements for the bilabial context the front
ellipse (bold) would be oriented along the palate and it would be flatter instead of being
nearly circular and inclined almost parallel to the x-axis. We therefore once again decided to
consider larger data subsets by grouping vowels categories together on the basis of the
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amount of palatal contacts by using the three-level categorization of APPOPC (which
specifies the discrete variable NAPPOPC, see Figure 3).

CG ly:/

[cm]

front back

I
1 1.5 2 2.5 3 3.5 4 4.5 5 5.5
[cm]

Figure 5. 2c ellipses of 10 repetitions of /by:pa/ (bold lines, items
marked with p) and /gy:ko/ (thin lines, items marked with k) of sensor
positions of tongue blade, tongue dorsum and tongue back for speaker
CG without bite-block, measure approximately at the mid-vowel.

TABLE IV: Correlation coefficients between the x and y positions within the subsets Back, Low, Mid,
High and for all measures. Gray cells correspond to significant correlations (p<0.05) and bold font is
used if p<0.001

Speaker Back Low Mid High All

CG N 156 133 127 130 546
Tback -0.474 -0.218 -0.228 0.016 -0.252
Tdors -0.409 -0.324 -0.282 0.230 -0.232
Tblade -0.3%4 -0.373 -0.104 0.114 -0.226

DF N 163 131 140 130 564
Tback -0.552 -0.182 -0.384 -0.444 -0.392
Tdors -0.218 -0.040 -0.091 -0.422 -0.172
Tblade 0.403 -0.003 0.345 0.237 0.250

D N 160 131 136 130 557
Tback -0.260 -0.352 -0.300 0.083 -0.239
Tdors 0.018 -0.222 -0.154 0.052 -0.082
Tblade 0.111 -0.050 -0.098 0.126 0.038

Before calculating ellipse orientations and sizes for the larger data subsets, the data were
centered. To do so, for each sensor, the X and Y mean values were calculated for each
individual vowel category, each consonantal context and each bite-block condition separately,
and they were subtracted from the original corresponding data. The centered data were then
grouped according to the discrete variable NAPPOPC. Table IV gives the correlation
coefficients between the x and y positions within the subsets Back, Low, Mid, High and
pooled (All). A significant negative correlation means that the higher the tongue the more
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fronted it is. It also means that for the sensors located in the palato-alveolar region (i.e. for the
tongue blade sensor and in some cases for the tongue dorsum sensors, see Figure 2), which is
where the palate outline goes down when it goes forward, the variation is mainly
perpendicular to the palate outline. A positive correlation means that the higher the tongue the
more retracted it is. In such a case, it can be concluded that the main orientation of the
variation of the tongue sensors located in the palato-alveolar region is parallel to the palate
outline. Significant positive and negative correlations imply flat ellipses. When there is no
significant correlation between x- and y-positions then the ellipses will be more or less
circular.

0.5+

BACK LOW MID HIGH ALL

0.5

0.5 1

0.5+ -

-0.5 -

BACK LOW MID HIGH ALL

Figure 6. Scatter plots with superimposed 26 ellipses with the major axis marked for the tongue
dorsum sensor grouped according to the amount of palatal contact (BACK, LOW, MID and
HIGH) and overall vowels (ALL) in cm. For graphical reasons tick marks are not shown for the x-
axis but the scaling of x and y-axes are set equal. All data are centralized to group means.

As can be seen in Table IV and in Figure 6, there was no consistent pattern across
speakers. Speaker CG shows significant negative correlations for all sensors for the vowel
subsets Back, Low and Mid (except for Tblade). For High vowels, correlations were either
non significant (Tback, Tblade) or positive. This is in general agreement with our
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hypotheses: the main orientation of the articulatory variability was different when a large
amount of contact between the tongue and the palate existed, and in this case the variability
was mainly limited in the direction orthogonal to the palate. Speaker DF presented a less clear
picture: the main orientation of the variability varied with the position of the sensor on the
tongue, and it did not seem to depend on the vowel subset: for this speaker the large majority
of the correlations were significant, and systematic negative correlations were observed for
the Tback and Tdors sensors, while correlations were positive for the Tblade sensor, when
they were significant. A third pattern was observed for speaker JD: the majority of the
correlation were not significant, and when they were significant, the correlations were always
negative, which was not in agreement with our hypotheses.

4. Discussion and Conclusions

For high vowels, our results do not confirm Perkell & Nelson's (1985) or Beckman et al.'s
(1995) observations for American English speakers: while these two studies found for all
subjects flat dispersion ellipses oriented along the palate outline for high front vowels, only
one of our speakers, speaker CG, showed the same trend. Based on our findings, Perkell &
Nelson's (1985) hypothesis that the variability for high vowels is constrained by tongue-palate
contacts to be orthogonally inclined to the palate, does not generally apply for German
subjects. However, this conclusion should be tempered because the data in Figure 6 also show
that for speaker JD the high vowels’ articulatory variability is less important than for DF and
clearly less important than for CG. This suggests that for some reason the production of high
vowels could be much more constrained for JD than for DF and CG. Two factors could
explain this tighter constraint.

First of all, the vowel inventory in German is much more crowded than in English. For
example, if we only consider the high front vowels, German has three phonemes that are in
very close proximity to each other, namely /i, y, ¢/ (German /e/ is a phonetically closer vowel
than the cardinal vowel 2). Consequently the articulation of these sounds has to be very
accurate and different strategies could be used by the different speakers. As can be seen in
Figure 2, a high amount of overlap was found for speaker CG between /e/ and /y/. The
speaker achieved a very clear perceptual differentation between these vowels using lip-
rounding with a mean difference in horizontal lip position between /e/ and /y/ of 1.27 cm in
the velar context and 0.83 cm in the bilabial context. In contrast, since speaker DF exhibited
almost no lip protrusion differences (bilabial: 0.11 c¢m, velar: 0.24 cm), he had to adopt a
retracted tongue position for /y/ in all four conditions to maintain the perceptual
distinctiveness. As far as /i/ and /e/ are concerned, their distinctiveness can obviously not be
enhanced by these types of compensatory lip-tongue strategies (since they are both unrounded
vowels), and because the German vowel inventory is more crowded than in English, the
tongue position variability for these sounds is likely to be much smaller in German than in
their English counterparts. If the variability is constrained to be less, then the size of the major
axis will be correspondingly less important and the ellipse will be closer to a circle, which
makes the detection of its main orientation more difficult and then more variable.

Hence, differences in the density of the vowel systems seem to explain, at least in part, the
differences between the extent of variability observed for our German subjects and that
measured by Perkell & Cohen (1989) for native speakers of English. However, even among
the German subjects, the measured patterns are quite different and the following question
remains unresolved: why are these gesture accuracy requirements stronger for JD than for DF
and for CG? This speaker neither uses lip protrusion (the difference between /y/ and /e/ is
about 3 mm and comparable to speaker DF’s) nor tongue retraction for /y/ but positions his
tongue with an extremely high precision. An explanation can be found by observing the
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coronal shape of the palate of each speaker in the region of the vocal tract where the cross-
sectional area reaches its minimum (constriction location of the vowel). Speaker JD (gray
line) has a palate that is much flatter and wider in its upper part than the palate of speakers
CG and DF. Consequently, for high vowels a given vertical displacement of the tongue is
likely to induce for this speaker an increase of the cross-sectional area at the constriction,
which is clearly larger than for speakers DF and CG, and this will in turn induce larger
acoustic changes (see Majid et al., 1987 or Gay et al., 1991). This hypothesis is in agreement
with Perkell et al. (1997) who provided evidence of a relation between the amount of token-
to-token articulatory variability for /u/ and the coronal shape of the palate. These authors
show that one of the subjects, who has a broad and flat palatal shape, exhibits a small
variability with dispersion ellipses nearly circular. The second subject with a much narrower
palatal shape shows a rather large variability with dispersion ellipses having their main
orientation parallel to the palatal outline. In our data, the palates of subjects CG and DF have
similarities with the palate of the second subject of Perkell et al.'s (1997) data, while speaker
JD presents similarities with their first speaker. Hence, the nearly circular shape of the
dispersion ellipses and the smallest articulatory variability observed for speaker JD could be
due, at least for high vowels, to his palatal shape.

palatal coronal shapes
20 [ T T T ]

—_—
W

height in mm
9 S

CG = black line

Or DF = dark gray line
JD = gray line
-15 -10 -5 0 5 10 15

width in mm

Figure 7. Coronal shapes of the EPG palates of the speakers (at the 2"
last most posterior row = Constriction region).

Two conclusions can be drawn from these results: First, not only contextual variability as was
found by Manuel (1990), but also the amount and pattern of token-to-token variability is
likely to be constrained by the density of the vowel inventory. More precisely, the high front
vowels in German are produced with tongue positions that are very close to each other. In
contrast, American English which was studied in Perkell and Nelson and in Beckman et al.
has only a single vowel in this region. We can therefore conclude that even if there might be
an influence of the amount of palatal contact by limiting the variability in the direction of the
palate outline, the variability in the direction of constriction location is further constrained by
language-specific characteristics such as the vowel inventory.

A second conclusion is that speakers differ with respect to the strategies they use to
maintain the perceptual distinction between categories (e.g. lip rounding for speaker CG vs.
tongue retraction for speaker DF). The reasons for developing different strategies could lie in
individual morphology as was found in our data for palate shape (Speakers CG, DF vs. JD).
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However, we are still without an explanation for why the orientation in DF's high vowel
ellipse does not conform to the predictions about the role of the tongue-palate interaction.

We intend to assess the discrepancy between our results and the original hypotheses (see the
end of section 1) by making use of 2D and 3D biomechanical models of the tongue (Perrier et
al., 2003; Gerard et al., 2003). The motor commands will be corrupted by different kinds of
noise and the corresponding articulatory variability will be analyzed for different conditions.
First, different palatal shapes will be considered in the midsagittal plane (steep versus flat in
the alveolar region, simulations made) and in the coronal plane (wide versus narrow in its
upper part). This will allow us to assess the role of the palatal geometry in the articulatory
variability patterns. Second, different muscle activities will be considered for each of the
vowels; indeed it is well-known that due to synergies and antagonisms between muscles, very
similar tongue shapes can be produced with different muscle recruitments, and, as a result,
various levels of force. This should enable us to test the possible consequences for
articulatory variability of the different strategies elaborated by speakers in maintaining the
perceptual distinctiveness according to their vocal tract geometry or the density of their vowel
system. Finally, different noise amplitudes will be considered in order to observe how
variability patterns vary, when the amount of noise in the muscle-activity level changes.
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thank Jorg Dreyer from the ZAS for technical support during the EMMA and EPG recordings and Jonathan
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