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The effect of prosodic weakening on the production and
perception of trans-consonantal vowel coarticulation in German
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The present study considers whether coarticulation in production and its relationship to categoriza-
tion could provide a synchronic basis for the prevalence of sound change in unstressed syllables.
The size of V,-on-V; coarticulation in the production of /pVpV,l/ non-words (V;=/u,Y/ and
V, =/e, o/) produced by German speakers and with stress falling either on the first or second sylla-
ble was compared with forced-choice perceptual categorization of resynthesized versions of these
non-words. In speech production, /y/ but not /u/ was perturbed by anticipatory V,-on-V; coarticula-
tion. Stress had no influence on coarticulation but caused target undershoot in /u/. The same speak-
ers compensated for coarticulation in perception: however, in the unstressed context the speakers
compensated less and their diminished compensatory coarticulation was shown to be linked to /u/-
undershoot. Taken together, these results point to a mismatch between coarticulation and categori-
zation that is suggested as a possible source of sound change: whereas de-stressing did not affect
V,-on-V; coarticulation in production, it weakened V,’s influence on perceptual /u-Y/ categoriza-
tion. The evidence that this mismatch is indirectly caused by stress-dependent reduction in /u/ that
is unrelated to the V,-source of the coarticulation is also consistent with a model of sound change

as non-teleological. © 2013 Acoustical Society of America.

[http://dx.doi.org/10.1121/1.4808328]

PACS number(s): 43.70.Mn, 43.71.Es, 43.71.An [BRM]

. INTRODUCTION

The variation in speech production is infinite, but it has
nevertheless been shown to be lawful (Lindblom, 1963;
Lindblom and MacNeilage, 2011) and often subject to con-
straints in speech production and perception and in the rela-
tionship between the two. Although much of this lawful
variation is reflected in the types of sound changes that have
been documented in many languages of the world (Beddor,
2009), the mechanisms by which phonetic variability
becomes phonologized as a categorical change are still far
from understood (see Huffman, 2012, and Hualde et al., 2011,
for recent discussions). There have broadly been two main
approaches to resolving this issue using experimental meth-
ods. One of these is due to sociolinguistic (Labov, 1994,
2001) and sociophonetic (Jannedy and Hay, 2006) investiga-
tions that are concerned with how sound change spreads
across different speaker groups and generations. The other is
more closely concerned with the phonetic conditions that give
rise to sound change (Ohala, 1981, 1993; Solé, 2012) and the
extent to which these same conditions also shape the distribu-
tion of the patterns of sounds in the world’s languages. The
present investigation is rooted in the second of these traditions
and is more specifically concerned with the way in which
reduction and coarticulation facilitate diachronic change in
the vowels of prosodically weak constituents.

In Bybee’s (2002) model of lexical diffusion, sound
change arises through the articulatory processes of reduction
as a result of highly practiced neuromotor activity (see also
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Mowrey and Pagliuca, 1995) whereas in other models
(Beddor, 2009; Lindblom et al., 1995; Kleber et al., 2012;
Ohala, 1993), the perceptual evaluation of articulatory reduc-
tion and coarticulation is considered to play a much greater
role in bringing about sound change. For both Lindblom
et al. (1995) and Ohala (1993), it is the listener’s de-
contextualisation of phonetic variation that can be a catalyst
for diachronic change. In Lindblom et al. (1995), the de-
contextualization is brought about when listeners exception-
ally pay attention to phonetic variation in semantically pre-
dictable and hypoarticulated parts of the utterance that are
subject to extensive top-down processing. It is when top-down
processing at such semantically redundant points of the signal
is disengaged that new pronunciations can suggest themselves
as potential variants to be added to the listener’s lexicon.
This idea foreshadows exemplar theory (Johnson, 1997;
Pierrehumbert, 2003) according to which lexical representa-
tions are shaped and accrued from auditory traces accumu-
lated in memory. The model of Lindblom et al. (1995) is also
consistent with the prediction that prosodically weak constitu-
ents should be subject to sound change given that these are
often semantically redundant sites at which top-down process-
ing is likely to be heavily engaged (and potentially disengaged
leading to the potential for sound change). The de-
contextualization in Ohala (1993) on the other hand can come
about if listeners do not attribute enough coarticulatory varia-
tion to the contextual source from which it arises. Thus tono-
genesis in certain South East Asian languages may have arisen
because listeners incorrectly parsed the coarticulatory intrinsic
pitch variation with the vowel instead of with the source (the
voicing difference in the preceding stop that was subsequently
neutralized) that gave rise to it (Hombert et al., 1979).
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It has been shown that prosodically weak constituents are
both frequent sites of diachronic change (Beckman et al.,
1992) and subject to extensive synchronic variation (Kohler,
2001); but what has so far not been explored is whether proso-
dic weakening is accompanied by a change in how coarticula-
tion is processed in speech perception that could, in turn, set
the conditions for sound change to take place. Coarticulatory
influences in production have been shown to be greater in pro-
sodically weak than strong vowels at different levels of the
stress hierarchy, including both lexically unstressed vs
stressed (Mooshammer and Geng, 2008; van Bergem, 1994)
and deaccented vs nuclear accented positions (Cho, 2004;
Harrington et al., 2000). If listeners do not compensate for
this greater coarticulatory influence, then just such a mis-
match between the production and perception of coarticula-
tion would arise that could, according to Ohala’s (1993)
model, make weak constituents unstable and prone to change.
So far, this issue is unresolved if only because listener com-
pensation for coarticulation has been extensively studied in
relation to segmental (Mann and Repp, 1980; Fujisaki and
Kunisaki, 1976; Ohala and Feder, 1994) but not prosodic vari-
ation (although see Fowler, 1981, for an analysis of the per-
ception of coarticulation in unstressed vowels).

In the present paper, the variation in production and per-
ception due to stress is explored with reference to trans-
consonantal (VCV) vowel coarticulation. Ohman (1966) was
one of the first to show that vowels influence each other across
an intervening consonant and subsequent perception experi-
ments (Alfonso and Baer, 1982; Fowler and Smith, 1986;
Martin and Bunnell, 1982) have shown that listeners are sensi-
tive to this variation. Languages differ in the extent of VCV
coarticulation (Manuel, 1999; Ohman, 1966) and such differ-
ences are related to the different degrees with which listeners
of different language backgrounds compensate perceptually
for this variation (Beddor et al., 2002). As far as stress is con-
cerned, a physiological study by Cho (2004) showed that vow-
els in prosodically strong positions were influenced less by
trans-consonantal vowel coarticulation than vowels in weaker
positions while Beddor et al. (2002) report that stressed vow-
els have a strong trans-consonantal coarticulatory influence on
weak vowels in English (see also Cole et al., 2010, for a recent
review on VCV coarticulation and how it is affected by stress).
For the present study, one of the main aims will be to deter-
mine whether unstressed vowels are perturbed more by the
coarticulatory influences of stressed vowels than vice versa in
production and also whether this greater coarticulatory pertur-
bation (if present) is accompanied by corresponding adjust-
ments to listeners’ compensation for these effects. To do so,
we measured the production and perception of anticipatory
trans-consonantal vowel coarticulation in /pVpVl1/ non-words
produced and perceived by the same 20 subjects.

Il. SPEECH PRODUCTION

A. Method

1. Materials, speakers, segmentation, and labeling
The materials included German non-words with a

/pV1pV,l/ structure where V| was lax /y/ or /u/, V, was tense
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/o/ or /e/, and the nuclear accent was either on the first or sec-
ond syllable (e.g., /'pypol/, /pu'pel/, etc). The phonetic qual-
ity of these Standard German monophthongs corresponds
approximately with those of the International Phonetic
Alphabet, i.e., /e, o/ are monophthongal and phonetically very
similar to cardinal vowels 2 and 7, respectively; and /y,u/ are
slightly centralized, mid-high, front, and back rounded vow-
els, respectively. /p/ was chosen as the intermediate consonant
because it interferes minimally with tongue articulation,
although acoustically it can induce a perceptual retracting
effect on vowels due its low labial F2-locus (Stevens and
House, 1963). The final lateral is clear in Standard German,
i.e., there is much less tongue-body raising than in syllable-
final /I/ in many English varieties (Pouplier, 2012). Changing
the stress pattern in the way that was done for the present
experiment has a minimal effect on vowel quality, i.e., there is
much less vowel centralization in non-pitch-accented com-
pared with pitch-accented rhythmically strong vowels in
German (Mooshammer and Geng, 2008) than in languages in
which full vowels may be reduced to /a/ such as English.

Twenty speakers (6 male, 14 female) with no known
speech and hearing difficulties produced ten repetitions of the
carrier phrase ‘“ich habe pVpV,l gesagt” (lit: “I have
pVipVal said”) with the nuclear accent falling on the target
word and with the pitch accent occurring either on the first or
the second syllable: The first of these in which V; is pitch-
accented will be referred to as the stressed condition; and the
second in which V, is pitch-accented as the unstressed condi-
tion. The age range of the speakers was 20—46 yr, and their
median age 26 yr, 2 months. All speakers were resident in
Munich at the time of the recording; half were students of
phonetics; the other half had no prior training in phonetics or
speech sciences. All subjects were speakers of Standard
German. Recordings were made using the SpeechRecorder
software (Draxler and Jansch, 2004) and a stereo headset
(Sennheiser pc 165 USB) in a sound attenuated booth at the
Institute of Phonetics and Speech Processing at the University
of Munich. Ten repetitions of the eight test sentences (2 target
vowels x 2 vocalic contexts x 2 stress conditions) and six fil-
ler sentences (of a similar structure but with different conso-
nants and vowels) were presented to the speaker in
randomized order on a computer screen. Each sentence was
introduced by an orthographically presented question of the
type “Hat Maria PUPpehl oder PUPpehl gesagt?” (lit. Did
Mary say /'pypel/ or /'pupel/) or “Hat Maria piipPEHL oder
plipPOHL gesagt?” (lit. Did Mary say /pyp'ol/ or /pyp'el/) in
order to elicit stress either on the first or second syllable.

The materials were automatically segmented and labeled
using the Munich automatic segmentation system (Schiel,
2004). All the boundaries around the target /u,y/ vowel of the
first syllable were manually checked and if need be adjusted
such that they marked the vowel’s periodic onset and offset.
The total number of analyzed tokens was 2 (V;=/u,Y/) X 2
(Vo =/e, of) x 2 (stress) x 20 (speakers) x 10 repetitions = 1600.

2. Acoustic parameters

Formant frequencies were calculated (LPC order of 10,
a pre-emphasis of 0.95, 25ms Blackman window with a
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frame shift of 5ms) for the target words. Roughly 70% of
the formants in the database required manual correction, of-
ten because in the back vowel /u/ F3 had been mis-tracked
as F2.

In view of these inherent difficulties in tracking for-
mants accurately, an additional acoustic analysis of /u,Y/
was carried out based on a two-dimensional space of the
spectral slope x curvature. In general, these vowels were
expected to be quite well distinguished in this space for two
reasons: First because /u/ has a more steeply falling spec-
trum up to 2kHz than /y/ (due to the greater F2-F1 proxim-
ity in back vs front vowels); and second because /y/ has a
more compact (and therefore more curved) spectrum than /u/
in the frequency range 1.5-2.5 kHz in which F2 and F3 of /y/
tend to be located. The spectrum was calculated from the
time signal using an FFT with a frame shift of S5ms and a
1024 point Blackman window giving a frequency resolution
of 21.5 Hz. The spectral slope and curvature were derived
from the first and second coefficients of the discrete cosine
transformation (Harrington et al., 2008; Nossair and
Zahorian, 1991; Watson and Harrington, 1999; see also
Milner and Shao, 2006, for the relationship to mel-frequency
cepstral coefficients) applied to these spectral data between
0.2 and 2.2 kHz after warping the frequency axis to the mel
scale (Fant, 1973). The motivation for the upper limit of
2.2kHz, which mostly excluded F3 of /u/ but was close to
the F3 center frequency of /y/ for most speakers, was
because it was found to be optimal for separating these vow-
els. For an N-point dB-spectrum, s(n), whose N points were
equally spaced on the mel axis over the frequency range
0.2-2.2kHz, the mth DCT coefficient, C,, (m=1, 2), was
calculated from

N—1
Cp = 1%; s(n)cos {W} . (D)

Thus each vowel was represented by a pair of points (Cy, C,)
that coded the spectral slope and curvature, respectively,
every 5 ms between the vowel’s acoustic onset and offset.
We then applied principal components analysis to this
two-dimensional DCT-space separately to the stressed and
unstressed vowels but pooled across speakers. The purpose
of doing so was to determine the extent of similarity between
this PCA-transformed DCT-space and that of the first two
formant frequencies in the same data. The left panel of
Fig. 1 shows that /u,y/ were effectively separated based on
F2 whereas F1 provided no additional information for their
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distinction. The middle panel of Fig. 1 shows how the spec-
tral slope (horizontal axis) and curvature (vertical axis) dis-
tinguish between these vowel types in the way that was
expected: thus, they are distinguished on linear spectral slope
because the spectrum falls off more steeply for /u/; and they
are distinguished on spectral curvature because of the greater
curvature in /y/ compared with /u/. The results of the PCA-
transformation of these DCT-data in the middle panel is
shown in the right panel of Fig. 1. These data show first that
the first PCA-transformed dimension, PCA, provides an
effective separation between the two vowel types. The same
data show the remarkably close correspondence to the form-
ant data in the left panel. Thus, apart from a rotation by
180°, PCA,; and F2 provide a very similar separation
between the two vowel types; while PCA, just like F1, pro-
vides no effective separation between these vowel types.
The very close match (r=0.90) between F2 and PCA;
derived independently from the DCT-coefficients is a further
confirmation of the accuracy of the subsequently manually
corrected formant frequencies.

In the following production experiments, results are
reported for F2 and PCA, extracted at the acoustic temporal
midpoint of V. Given the similar way in which F2 and
PCA, distinguished between /u,Y/ as well as the high degree
of correlation between these parameters, the expectation was
that the extent of coarticulation and influence of stress would
be similarly manifested on F2 and PCA, parameters.

3. Classification

In order to match more closely the production data to
the results of the perception experiment in which listeners
provided binary forced-choice /u,Y/ responses to stimuli
(Sec. III), Gaussian classifiers were applied to the acoustic
data in the two stress x V, contexts. This process included a
training stage in which normal distributions were fitted sepa-
rately to these four contexts from which the posterior proba-
bilities p(ulA) and p(vlA) were derived that any given
acoustic value, A, is a member of the category /u/ or /y/ [in
all cases (pulA) + p(vlA) =1]. For these data, A was either
F2 in mel or PCA, extracted at the temporal acoustic mid-
point of V;. The posterior probabilities were then used to
derive four /u-Y/ decision boundaries separately for the V,
data in the two stress X V, contexts. In order to do so, linear
regression was used to estimate the slope, m, and intercept, k
separately in these four contexts from (2):

log[p(v|A)/p(uv|A)] = mA +k, 2)

PCA-transformed DCT-coefficients

FIG. 1. Shown are the 95% confi-
dence ellipses for data extracted at the
Al temporal midpoint of /u,Y/ pooled
across all speakers and both prosodic
° contexts in the plane of (left) the first
two formant frequencies in mel, (mid-
dle) DCT-derived, mel-scaled spectral
slope (C) and spectral curvature (C5),
and (right) the first two principal com-
ponents applied to the data in the mid-
dle panel.
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from which the sigmoid function was derived in (3):
p(¥|A) = "4 /[1 4 el AHh], (3)

using the relationship p(ulA)=1 — p(vlA). The decision
boundary was given by —k/m which is the value of A in (3)
for which p(vlA) =p(UlA)=0.5. The main purpose of (3)
was to obtain a probabilistic representation of the production
data that could be matched more closely to the (sigmoid-
based) psychometric functions derived from the perception
experiments (Sec. III). The slope in (3), m, provides informa-
tion about the probabilistic separation between the two
vowel categories: as m tends to 0, the sigmoid function tends
towards a straight line, and the degree of separation between
the two categories is reduced.

B. Results

The data in Fig. 2 show F2 and PCA; trajectories for
both V; and V, separately for the two stress conditions in
which each vowel token was linearly time-normalized
between its acoustic onset and offset. The data were then
ensemble-averaged across the speakers. For both parameters,
Fig. 2 suggests that V, exerted a coarticulatory influence on
/Y/ as shown by the separation of /y/ in the two V,-contexts.
The data in Fig. 2 also show that the size of this anticipatory
/Y/-on-V; influence was very similar in stressed and
unstressed contexts. Finally, Fig. 2 also suggests that the /u/
was perturbed only minimally by V, (given the similarity of
the /u/-trajectories in both V,-contexts).

The data in Fig. 3 of F2 and PCA, extracted at the vow-
els’” acoustic temporal midpoints show similar trends to those
in Fig. 2. First, V, influenced /y/ as shown by the different
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location of the distributions for /y/ in the two contexts.
Second, Figs. 2 and 3 suggests that the magnitude of this V,-
on-/y/ coarticulatory influence was about the same in
stressed and unstressed contexts (since, as shown by Fig. 3,
the difference in the distributions of /y/ in the two V, con-
texts was similar between stressed and unstressed condi-
tions). Third, V, had a negligible influence on /u/, given the
similar location of the distributions for /u/ in these two con-
texts. Fourthly, there is some evidence from Fig. 3 of a
greater variability in the unstressed compared with the
stressed context especially for /u/ in the V, = /o/ context).
The observations from Fig. 3 were confirmed by
the results of a repeated measures analysis of variance
(ANOVA) with either F2 or PCA; (both extracted at the
temporal midpoint of V;) as the dependent variable and in-
dependent factors V; (two levels: /v, u/), stress (two levels:
stressed, unstressed), and V, (two levels: /e, o/). Apart from
the predictably large significant influence of V; on the
acoustic parameters (because /u, Y/ occupy different parts of
the acoustic space), there was a significant influence of V,
[for F2: F(1,19) =20.0, p < 0.001; for PCA;: F(1,19)=10.2,
p < 0.01], no effect of stress, and a significant V| x V, inter-
action [for F2: F(1,19)=19.5, p<0.001; for PCA;:
F(1,19) =31.5, p<0.001]. The interaction evidently comes
about because, as Fig. 3 shows, there was a coarticulatory
influence of V, on /y/ but not on /u/. The results of post hoc
Bonferroni-adjusted #-tests confirmed this trend from Fig. 3:
there was a significant influence of V, on /y/ (F2: t;9=7.2,
Padj < 0.001; PCA: tj9 = 5.8, pagj < 0.001) but not on /u/.
Although this study is concerned with the V, coarticula-
tory influences on Vi, the results of a repeated measures
ANOVA on V, with the same factors as for V; and with the
dependent variable F2 extracted at the temporal midpoint of
V, are as follows. There was a significantly [F(1,19) = 144.1,
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p <0.001] predictable influence of V, on F2 (since /e,o/
occupy different regions of the vowel space) but no influence
of V| nor any overall influence of stress on F2 at the midpoint
of V,. However, there was a V2 x stress interaction
[F(1,19)=7.2, p<0.001] which comes about because, as
Fig. 2 shows, stress expanded the V2 vowel space such that
F2 of /e/ and F2 of /o/ were further apart in a stressed than in
an unstressed context (compare the top and bottom right pan-
els of Fig. 2): thus the post hoc tests showed a significant
influence of stress on the temporal midpoint of F2 in both /e/
(t19=28.0, Pagj<0.001) and in /o/ (tj9=06.4, pagj<0.001).
However, this stress-dependent shift of F2 in /e, o/ evidently
had no influence on V,-on-V; coarticulation given that, as the
results of the previous paragraph show, there was no influ-
ence of stress on V.

As far as the decision boundaries between /u/ and /y/
derived from (3) are concerned (and shown by the horizontal
dashed lines in Fig. 3 and the vertical dashed lines in Fig. 4),
these were influenced by V,-context: That is, the decision
boundaries in a V, = /o/ context were shifted towards lower
F2 or PCA, values than those in a V,=/e/ context. They
were also influenced by stress: The first obvious effect is that
they were shifted for both V,-contexts into the /y/-space.
This stress-induced shift is likely to come about because of
the greater variability particularly of /u/ in the unstressed
context: As a result /u/ encroaches to a greater extent on /y/
in the unstressed context causing a corresponding shift in the
decision boundaries towards /y/. The greater variability of
the data in the unstressed context particularly for /u/ was
confirmed by a Levene test for the homogeneity of variance
with F2 or PCA, of the vowel tokens as the dependent
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variable and stress as the independent factor applied sepa-
rately to the /u/ and /y/ data. These results show that the var-
iance was significantly greater in the unstressed context for
/u/ [F2: F(1,785)=11.1, p<0.001; PCA: F(1,785) =53.4,
p <0.001]. For /y/, the variance was significantly greater in
the unstressed than in the stressed context for PCA;
[F(1,790)="7.8, p<0.01] but not for F2. Thus in general,
the results are consistent with the evidence in Fig. 3 that the
variability was greater in the unstressed than in the stressed
context, and especially so for V| =/u/.

Figure 4 also shows that the sigmoid functions derived
from (3) were closer together in the unstressed than the
stressed contexts: Thus the area between the sigmoids was
smaller in the unstressed than in the stressed context for
greater probabilistic classifications of the data as /y/ as
opposed to /u/, especially so for F2. The reason for their
greater proximity in the unstressed context is because of the
increase in the variability of /u/, especially for V,=/o/.
Consequently, there was greater uncertainty in the probabil-
istic /u-Y/ categorizations that is manifested as a flattening of
the sigmoid function in the unstressed context especially for
V, =/o/ (compare the gray-colored sigmoids in the stressed
and unstressed contexts in Fig. 4): It is this flattening that
caused a greater approximation between the two sigmoids,
with the result that they were closer together in just the part
of the vowel space in which V, exerted its greatest coarticu-
latory influence on /y/.

C. Discussion

The results have shown anticipatory V,-on-V; coarticu-
lation in the front /y/ but not in the back /u/ vowel.
However, there was no evidence that the magnitude of
coarticulation was greater in unstressed than in stressed syl-
lables. There were, however, three influences of stress on
the probabilistic categorization of the production data. First,
the /u-y/ decision boundaries in the two V, = /e, o/ contexts
were shifted into the /y/ space in the unstressed context,
i.e., a greater part of the vowel space was given over to cat-
egorizations as /u/. Second, the derived sigmoid functions
in the two vowel contexts were flatter for the unstressed
compared with stressed contexts, especially for V,=/o/.
Third, the sigmoid functions were separated to a lesser
degree for increasing proportional classifications as /y/ in
the unstressed context. All of these three changes in the cat-
egorizations can be related both to the shift in the produc-
tion data of /u/ towards /y/ and to the greater variability of
the data in the unstressed compared with the stressed con-
text, especially for /u/.

The main issue in the next section was to consider the
extent to which the influence of stress on the perception of
coarticulation was matched by these findings from speech
production. If listeners’ perceptual categorizations matched
those from production, then their /u-y/ cross-over bounda-
ries in the unstressed compared with the stressed condition
should be shifted into the /y/ space; they should also be
flatter, and somewhat closer together for increasing /y/-
categorizations, just as they were found to be in speech
production.
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lll. SPEECH PERCEPTION
A. Method

A male speaker of Standard German with slight South
German regional characteristics (the third author of this pa-
per) produced utterances containing /'pypel/, i.e., a front V;
in a stressed syllable in the context of a front V,, and
/'pupol/, i.e., a back V| in a stressed syllable in the context
of a back V,, embedded in the carrier phrase “ich habe ___
gesagt” (literally: “I have ___ said”) with nuclear accent on
the target word. An 11-step continuum was created between
/pup/ (taken from /'pupol/) and /pyp/ (taken from /'pypel/)
by using the spectral morphing method of STRAIGHT
(Kawahara et al., 2009); to ensure a continuous variation of
F2 in equal Hz steps in the continuum, so-called frequency
anchors were placed in the spectra of the vowels’ temporal
midpoints of the two original /pup/ and /pyp/ tokens at 826
and 1441 Hz, respectively. Continuously varying transitions
toward this midpoint values were introduced by setting fre-
quency anchors at equally distributed temporal anchors
throughout the syllables. The segmental durations were set
to the arithmetic mean of the originally produced phonetic
segments by means of STRAIGHT’s temporal morphing in
order to ensure that segment durations remained identical
throughout all stimuli (which was important for the pitch
manipulation described below).

The initial syllable of /'pupol/ and /'pypel/, respectively,
was replaced with this 11-step continuum and the words
were spliced in the same “ich habe ___ gesagt” utterance,
thereby creating an /u-y/ continuum in V,-fronting (’ich habe
/'pVpel/ gesagt’) and V,-backing (’ich habe /'pVpol/
gesagt’) contexts. For both of these stressed continua,
/'pV1pV,l/ was nuclear-accented with a trochaic stress pat-
tern, i.e., with a pitch-accent on the first syllable. The
unstressed continua were derived from these by shifting the
pitch-accent to the second syllable (Fig. 5) with Praat’s
(Boersma and Weenink, 2011) implementation of the Pitch-
Synchronous-Overlap-and-Add-algorithm (Moulines and
Charpentier, 1990) such that /pV,'pV,l/ was also nuclear-
accented but with an iambic stress pattern. Other than these
pitch differences, the target words were acoustically identi-
cal across the stressed and unstressed conditions. In all cases,
V, and V, were full vowels, and there was no vowel central-
ization in the unstressed continua. The 44 sentences [11
(steps) x 2 (V,-context) x 2 (stress)] were repeated 10 times,
and presented in a randomized order in a two-alternative
forced choice identification test in which subjects classified

each stimulus depending on V, either as /pupel/ or /pypel/
and /pupol/ or /pypol/, respectively, by clicking on the
corresponding  orthographical representation, namely,
“puppehl,” “pippehl,” “puppohl,” and “ptippohl.” The lis-
teners were the same subjects who had participated in the
speech production experiment. The stimuli were presented to
listeners over headphones in a quiet room. There was no
time-pressure to complete the response.

Psychometric (sigmoid) functions of the form in (4)
were fitted separately to the perceptual classifications in
each of the four contexts for the V,=/e, o/ X stressed/
unstressed contexts:

Py = e(mx+k)/[1 + e(mx+k)] (4)

in which p, was the proportion of /y/ responses (py + pu
=1), x an acoustic parameter on the 11-step continuum, and
m and k the slope and intercept, respectively, of the sigmoid
that were estimated using logistic regression, as described
below. In order to provide as close a match as possible to the
acoustic data, x was calculated using the same DCT and
PCA transformations that had been applied to the production
data in Sec. IIA2. More specifically, a spectral slice was
extracted separately at the temporal midpoint of each of the
11 Vy stimuli in the continuum and from these the DCT
coefficients were calculated over the mel-scaled spectrum in
the frequency range 0.2-2.2 kHz using (1). As a result, each
of the 11 stimuli was represented by a pair of points that
coded the spectral slope and curvature to which principal
component analysis was applied: The 11 values of x in (4)
were those of the PCA|, i.e., the first rotated dimension that
was obtained after applying principal component analysis to
the slope and curvature parameters (exactly analogous to the
procedure used in speech production).

The intercept, k, and slope, m, in (4) were estimated
using logistic regression and a generalized linear mixed
model with the listener entered into the model in such a way
to calculate a listener-specific intercept, kg, and a listener
specific slope m (i.e., one intercept and one slope for each
listener).1 These parameters k, m, kg, mg were calculated sep-
arately for the four V,Xx stressed/unstressed contexts. The
data displayed for all listeners together in Fig. 6 below were
based on k and m calculated across all listeners; the statistics
were applied in all cases to the listener-specific kg, mg val-
ues. Given that the results from the production data in Sec. II
had shown an exceptionally close match between PCA| and
F2, the results for speech perception and their relationship to

160

~ — U
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FIG. 6. Psychometric functions fitted to
listeners” /u-Y/ categorizations in the
context of V,=/o/ (gray) and V,=/e/
(black) shown separately for (left)
stressed and (right) unstressed V; as a
function of PCA, calculated at each of
the 11 stimulus steps. The 50% category
boundaries in the two V, contexts are
shown as vertical dashed lines. The
gray shaded region is the area extending
vertically between the sigmoids and
horizontally between the two decision

PCA

the production data below were obtained for x in (4) based
on PCA-transformed data only.

A calculation was made of the magnitude of the V,-on-
V coarticulatory influence in speech production and its rela-
tionship to the size of the V,-on-V; effect in speech percep-
tion. This calculation was carried out separately for each
subject, S, and separately for each of the two prosodic con-
texts, P = {stressed, unstressed}. There were three steps in
this calculation. First, the magnitude of the V,-on-V; coarti-
culatory influence in speech production, prods p was calcu-
lated from

prodsp = ligpe — Uspo + Yspe— Ysp.os 5

in which ig p, is the mean of PCA; (extracted at the vowel’s
acoustic temporal midpoint) across all of subject S’s repeti-
tions of V;=/u/ in prosodic context P and in the context
V,=/e/; and in which igp, is the mean PCA; calculated
across repetitions by the same subject in the same prosodic
context but in the context V, =/o/ (5, and yg p , are analo-
gous quantities but for V; =/y/). If V, has no influence on
V, then prodgp is zero; larger positive shifts of V; in a
V, =/e/ context and larger negative shifts of V; in a V, =/o/
context (see Fig. 3) result in larger values on prodsp.
Second, the size of the V,-on-V; effect in speech perception
was calculated from percg p:

bspe  oMspoX+kspo

bsps 1 4 e™sroXtksro

dx, (6)

J*bS.P,y eMspeXtksp.

Mg poX+kspe
bspo I+ emsretthsre

in which bgp ., mgsp., and ks p . are, respectively, the deci-
sion boundary, slope, and intercept for subject S and proso-
dic context P in the V, =/e/ context and in which x has the
same definition as in (4) (bsp.,, Msp.,, and kg p, are analo-
gous variables in the V, = /o/ context). The calculation in (6)
is of the shaded areas shown in Fig. 6 for the stressed and
unstressed contexts, but carried out separately for each sub-
ject. Finally, the ratio between these quantities in production
and perception was calculated from

R p = percs.p/prods p @)
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boundaries in the V, contexts.

PCA

If a subject normalizes minimally for the contextual
effects of V, in perception in relation to the coarticulatory
V,-on-V; influence in the same subject’s speech production
(and same prosodic context), then Rg p has a low value. The
hypothesis to be tested was that a subject’s perceptual nor-
malization for context in relation to the same subject’s mag-
nitude of coarticulation in production was less in the
unstressed than in the stressed context, i.e., that Rg ynsiressed

< RSAStressed'

B. Results

The data from 2/20 listeners who responded with /y/ to
almost all stimuli were discarded; the results reported below
are based on those of the remaining 18 subjects.

The psychometric functions in Fig. 6 show that listeners’
categorizations were affected by V,-context: that is, there
were more /y/ responses in a V,=/o/ than in a V,=/e/
context. This result is consistent with the finding of a V,-
dependent difference in the decision boundaries in speech
production (Figs. 3 and 4). The category boundaries in per-
ception were also shifted to the right in the unstressed vs
stressed context, i.e., towards stimuli associated with a higher
F2: Thus, even though the acoustic stimuli presented to the
listeners were identical across the two stress conditions, lis-
teners nevertheless labeled a greater proportion of these
unstressed stimuli as /u/ commensurate with the shift of the
decision boundaries in speech production into the /y/-space
(Figs. 3 and 4). The results of a repeated measures ANOVA
with the categorical /u-Y/ boundaries (the vertical lines of
Fig. 6) as the dependent variable, and with Stress (2 levels)
and V,-context (2 levels) as independent factors showed a
significant effect of V, context [F(1,17)=50.1, p <0.001]
and a significant shift of the category boundaries towards the
/Y/-end of the continuum in the unstressed compared with the
stressed context [F(1,17)=28.6, p<0.001]. There was no
significant interaction between these factors which shows that
the perceptual category boundaries in the two V,-contexts
were separated roughly to the same extent in the unstressed
and stressed conditions.

Figure 6 shows that the psychometric function in the
V,=/o/ context was flatter in the unstressed than in the
stressed condition just as the fitted sigmoids had been in
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speech production (Fig. 4). A repeated measures ANOVA
with the slope of the psychometric function as the dependent
variable and with stress (2 levels) and V,-context (2 levels)
as independent factors showed a significant effect on slope
of stress [F(1,17)=60.4, p<0.001], but no overall main
effect of V, and a significant interaction between these fac-
tors [F(1,17)=17.7, p<0.001]. The post hoc, Bonferroni
corrected r-tests showed steeper slopes in the stressed than in
the unstressed context in both the V2=/e/ (t;7=3.6,
Padj < 0.05) and in the V2 =/0/ (t;7 ="7.4, paqj < 0.001) con-
texts. The interaction comes about because, whereas the
slope was significantly steeper in the stressed /o/ vs stressed
/e/ context (t;7=3.2, p,gj <0.05), it was significantly shal-
lower in the unstressed /o/ vs unstressed /e/ context
(t17=3.3, Pagj < 0.05). As far as the effects on slope of stress
are concerned, these results from speech perception were
quite well matched with speech production which, for the
PCA data (lower panel Fig. 4) shows shallower slopes for
unstressed vs stressed in both V, contexts.

The flatter slope in the V, =/o/ contexts was one of the
main factors that contributed to the increase in the overlap
between the psychometric functions in the unstressed context:
this finding also matches the results from speech production
in which the derived sigmoid functions were closer together
in the /y/-vowel space in the unstressed context (Fig. 3). The
overlap between the psychometric functions was quantified
by calculating the shaded areas shown in Fig. 6 but separately
for each subject using (6). The results in Fig. 7 show that this
area was greater for stressed than unstressed contexts. The
results of a paired-sample Wilcoxon signed rank test with the
area as the dependent variable and with stress (2 levels) as
the independent factor showed that the area between the psy-
chometric curves in the two V, = /e, o/ contexts between the
decision boundaries was smaller in the unstressed than in the
stressed context (V =168, p < 0.001).

Finally, the areas derived from (6) in perception were
compared with coarticulatory influence of V,-on-V, influ-
ence in speech production. The hypothesis to be tested was
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FIG. 7. Distribution of the area between the psychometric functions in the
two V, contexts calculated between the two decision boundaries [cf. the for-
mula in (6) and the shaded area in Fig. 6] shown separately for stressed and
unstressed contexts (each boxplot includes one data point per subject).
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that Rg p, the ratio of the V,-on-V, influence in perception to
the coarticulatory V,-on-V; in production, was less in the
unstressed than in the stressed context. The results in Fig. 8
of the calculation of Rgp from (7) shows that this was the
case. Compatibly, a paired sample Wilcoxon signed rank test
showed that this ratio was significantly smaller in the
unstressed than the stressed context (V =145, p<0.01).
This result shows, therefore, that the size of the V,-on-V,
influence in perception in relation to the magnitude of the
V,-on-V; in production was less in unstressed than in
stressed syllables.

IV. GENERAL DISCUSSION

The present study has been concerned with the influence
of prosodic weakening on the size of anticipatory V,-on-V;
coarticulation from two different, but related perspectives:
The coarticulatory V, influences that cause a shift in the
position of the tongue resulting in acoustic differences in Vy;
and phonological categorization. As far as the first of these
is concerned, the V,=/o/ context exerted a coarticulatory
backing influence on /y/; but there was no such V,-dependent
coarticulatory shift in /u/ and the magnitude of V,-on-/y/
coarticulation was found to be unaffected by stress.
Phonological categorization was measured in this study both
by fitting Gaussian models to the production data and from
forced-choice perception experiments carried out on the
same listeners who had participated as speakers in the pro-
duction study. These categorizations whether obtained from
Gaussian models fitted to the production data or from lis-
tener classifications were shown to be context-dependent: in
both cases, the probability of classifying V, as /y/ as opposed
to /u/ was greater in the context of V, =/o/ than it was for
V, =/e/. For perception, this finding demonstrates compen-
sation for coarticulation: Listeners factor out the coarticula-
tory variation from the signal and attribute it to the source
from which it originates, in this case V.

In the prosodically weak context, /u/ was closer in pro-
duction to the acoustically defined /y/-target and was more
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FIG. 8. Distribution of Ry p, the ratio of the V,-on-V; influence in percep-
tual categorization to coarticulation in production [cf. formula (7)] shown
separately for stressed and unstressed contexts (each boxplot includes one
data point per subject).
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variable. These stress-dependent differences had three effects
on phonological /u-y/ categorization derived by fitting
Gaussian models to the production data: The decision boun-
daries were shifted into the /y/ space in the unstressed con-
text; the /u-y/ decisions were probabilistically more
ambiguous, as shown by the flatter sigmoid functions (Fig. 4)
compared with those from the stressed context; and finally
the influence of V,-context on the categorization in produc-
tion was weaker as shown by the smaller areas between the
sigmoid functions, than it was for stressed syllables in the /y/
space, i.e., in just the region in which V,-on-V; coarticulation
was most marked in the production data. Listeners were evi-
dently sensitive to these prosodic influences because these
categorization differences derived from fitting Gaussians to
their production data were also in evidence in their perceptual
responses: thus, in the unstressed context in which V; had no
pitch-accent, listeners’ category boundaries were shifted
towards /y/ (i.e., there were more /U/ responses), their psycho-
metric curves were flatter, and the influence of V, on their
categorizations towards the /y/-end of the continuum was sig-
nificantly diminished compared with their responses in the
stressed context. In general, these results provide further evi-
dence for the considerable amount of phonetic variation to
which listeners are sensitive (Local, 2003): Listeners evi-
dently have knowledge not only of segmental context effects,
as numerous studies on the compensation for coarticulation
have shown (Lindblom and Studdert-Kennedy, 1967, Mann
and Repp, 1980; Ohala and Feder, 1994), but in addition and
as the results of the present study show, listeners’ responses
are also biased by the expected influences of prosodic weak-
ening on vowels in speech production. These results demon-
strate furthermore the very close connection between speech
production and perception (Fowler et al., 2003; Fowler,
2005) as far as contextual influences, both segmental and pro-
sodic, are concerned.

At the same time, the results point to a different associa-
tion between coarticulation and categorization across the
two prosodic contexts: Although the coarticulatory influence
of V,-on-/y/ was unchanged from stressed to unstressed syl-
lables, the influence of V,-context on /u-Y/ categorization
was reduced in the unstressed context. The smaller differ-
ence in the /u-y/ perceptual categorizations between the two
V, contexts in the unstressed condition suggests, in turn, that
listeners compensated less, or were more uncertain about
compensating for, V,-dependent coarticulation in an
unstressed context, even though the magnitude of V,-on-V,
coarticulation in production was unaffected by stress. This
weakening in listeners’ compensation for coarticulation is
suggested as a potential source of sound change: If compen-
sation for coarticulation is weakened in an unstressed con-
text but the magnitude of actual coarticulation is unchanged,
then some of the coarticulatory variation could be parsed
with V| and not with the V, coarticulatory source from
which it originates thereby leading to sound change (Beddor,
2009; Ohala, 1993), potentially resulting in umlaut.

The cause of the weakening of V,-context on phonolog-
ical categorization in /u-Y/ categorizations was /u/-under-
shoot: More specifically, the greater variability of /u/ in
unstressed syllables caused a flattening of the psychometric
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functions in the two V, contexts which in turn diminished
their separation in just the part of the /y/ vowel space in
which coarticulation was shown to occur in production. This
result establishes a relationship between models in which
sound change is driven by reduction (Bybee, 2002; Mowrey
and Pagliuca, 1995) and those such as Ohala’s (1993) in
which the conditions for sound change to take place are
explained in terms of the perceptual (mis)parsing of coarti-
culation. This result also shows that phonetic reduction in
one part of the vowel system (i.e., /u/ undershoot) can have
consequences for how much coarticulation is attributed to
the source in a different part of the vowel space (i.e., how
much V,-dependent coarticulation is parsed from /y/): That
is, sound change in one part of the vowel space may develop
indirectly as an emergent property of phonetically driven
undershoot in another. This conclusion is consistent with one
of the tenets of Ohala’s (1993) model that much of sound
change is non-teleological: It seems unlikely that /u/-under-
shoot would be planned in order to set the conditions for a
V,-dependent sound change to take place in /y/. At the same
time, these results suggest a further generalization beyond
Ohala’s (1993) model and the apparent-time studies in
Harrington et al. (2008) and Kleber et al. (2012) that are
based on it. In those models, the conditions for sound change
are given when coarticulation in production is mis-parsed in
perception. The more general interpretation suggested by the
present results is that the origin of sound change is due to a
mismatch between coarticulation in speech production and
context-dependent phonological categorization. In a stable
system, coarticulation in production and categorization are
related in that the effect of context on category boundaries
(e.g., on different cut-off points between /sV — [V/ depend-
ing on rounding of the following vowel—Mann and Repp,
1980) and the size of the coarticulatory influence in produc-
tion are closely linked. However, it is when other phonetic
processes such as vowel undershoot leave coarticulatory
relationships in production unchanged but nevertheless bring
about a change in the category boundaries that the system
can become unstable and prone to change.

The final issue to be considered is why V,-on-V, coarti-
culation should affect V| =/y/ but not V,; =/u/ and whether
this finding can be related to the so-called secondary umlaut
by which V| back vowels fronted diachronically in the con-
text of a front V, in West Germanic (e.g., Old High German
turi, wurfil, oli > Middle High German tiir, wiirfel, ol —see,
e.g., Howell and Salmons, 1997; Iverson et al., 1994;
Schulze, 2010). As far as the first of these is concerned, there
is evidence (see, e.g., Cole et al., 2010) that trans-
consonantal vowel coarticulation can be masked by the place
of articulation of the intervening consonant: thus the low F2
labial locus and the low F2 /u/-target might in combination
be sufficient to oppose the potential fronting effect induced
by the high F2 target in /e/. But on the other hand the /y/’s
high F2 might be more easily shifted due to the combined
F2-lowering effects of the labial consonant and of /o/’s low
F2. These synchronic differences in which /y/ is affected by
V, to a greater extent than /u/ across an intervening labial
consonant can be related diachronically to the greater resist-
ance to umlaut when V; and the intervening consonant share
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several features: that is, there may be an association between
the synchronically marginal V, = /e, o/ influences on V| = /u/
and the evidence discussed in Howell and Salmons (1997)
that secondary umlaut in /u, i/ contexts is often blocked
across intervening labial geminates (e.g., Standard German
hiipfen, “to jump,” with umlaut, but Alemannic hupfe
without).

In conclusion, prosodic weakening can bring about
vowel undershoot in one part of the vowel system that can
indirectly diminish the influence of V,-context on vowel cat-
egorization in another part of the vowel space. If, as for the
present results, the influence of context on categorization is
reduced in relation to its influence on coarticulation in
speech production, then the conditions for sound change to
take place may be met. The present results therefore shift an
explanation for the origin of sound change away from a mis-
match between coarticulation in production and perception
to one in which coarticulation in production may become
misaligned with phonological categorization. Finally, the
present results may also explain why phonetic reduction
(due in this case to stress) may precipitate sound change,
even though the outcome of the sound change itself is not
necessarily reductive (in the sense that V,-on-V, coarticula-
tion does not entail vowel centralization).

At the same time, caution is warranted in generalizing
from these results given that the speech material is limited
and because the disyllabic words containing a sequence of a
lax followed by a tense vowel are undoubtedly quite rare in
German. Further studies of how different types of coarticula-
tion vary in production and perception in different languages
are needed to strengthen these conclusions about the rela-
tionship between prosodic weakening and sound change.

ACKNOWLEDGMENTS

The authors thank Carolin Sabath and Jessica Siddins
for recruiting and recording the subjects, for segmentation
and labeling of the audio data and for the preparation of the
stimuli used in the perception experiment. This research was
supported by German Research Council Grant No. HA3512/
9-1 “The relationship between coarticulation, prosodic
weakening, and sound change.”

'The model in R that was used for this purpose was model = Imer(response
~ x + (1 + x | L), family =binomial) of the Ime4 package in which
response was the listener’s forced choice response (/u/ or /Y/), x one of the
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and listener-specific slope, myg, are given by coef(model).
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