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Abstract
Cross-linguistic evidence suggests that syllables in predictable
contexts have shorter duration than in unpredictable contexts.
However, it is not clear if predictability uniformly affects pho-
netic cues of a phonological feature in a segment. The current
study explored the effect of syllable-based predictability on the
durational correlates of the phonological stop voicing contrast
in German, viz. voice onset time (VOT) and closure duration
(CD), using data in Ibrahim et al. [1]. The target stop conso-
nants /b, p, d, k/ occurred in stressed CV syllables in poly-
syllabic words embedded in a sentence, with either voiced or
voiceless preceding contexts. The syllable occurred in either
a low or a high predictable condition, which was based on a
syllable-level trigram language model. We measured VOT and
CD of the target consonants (voiced vs. voiceless). Our results
showed an interaction effect of predictability and the voicing
status of the target consonants on VOT, but a uniform effect
on closure duration. This interaction effect on a primary cue
like VOT indicates a selective effect of predictability on VOT,
but not on CD. This suggests that the effect of predictability is
sensitive to the phonological relevance of a language-specific
phonetic cue.
Index Terms: predictability, voicing, stress, word-medial posi-
tion, German

1. Introduction
Contextual predictability has pervasive effects on the acoustic
realisation of speech [2, 3, 4]. Its effect is quite common and
general as evident in a survey of 600 languages [5]. Several
studies have reported predictability effects at the level of the
word [6], syllable [7, 1], or phoneme [7, 8]. Generally speak-
ing, duration is shortened in more predictable contexts, and con-
versely lengthened in less predictable contexts. It has been sug-
gested that long duration results from explicit encoding to im-
prove intelligibility of hard-to-understand units [9, 10]. There
are several measures to quantify predictability or the amount
of information conveyed in a message [11]. One of them is
surprisal. Surprisal captures the intuition that linguistic expres-
sions that are highly predictable in a given context convey less
information than those that are unexpected. Surprisal is defined
as the contextual predictability of a unit and can be used as a
measure of the amount of information that is conveyed by that
unit in terms of bits, using Equation (1) where S stands for sur-
prisal and P for probability:

S(uniti) = −log2P (uniti|Context) (1)

A recent study by [1] examined the combined effects of
syllable-based surprisal and noise in German CV syllables and
found that syllable duration was shorter in predictable than un-
predictable contexts, in line with existing literature [7]. Such
surprisal effect at the syllable level could percolate directly
downstream to the sub-syllabic level. However, [1] did not anal-
yse the acoustic duration of sub-syllabic units, partly because

the target syllables were comprised of initial stop consonants
with different places of articulation and different vowels. De-
spite these constraints, half of the initial stops were voiced and
the other half voiceless. This allowed us to use the voicing con-
trasts in these word-initial stops and explore the question as to
how a syllable-based surprisal effect might change sub-syllabic
phonological feature, e.g. voicing. It is possible that phono-
logical voicing contrasts are simply lengthened because of the
cascaded effect of surprisal-related syllable lengthening. The
current study aims to address this issue.

Phonological voicing of stop consonants is distinguished
as [+voice] vs. [-voice] in German (e.g. [12, 13]). Jessen [14]
identified 8 acoustic correlates of [voice], viz. voice onset time
(VOT), closure duration (CD), closure voicing, fundamental
frequency onset, first formant onset, preceding vowel duration,
following vowel duration, and the difference between the am-
plitude values of the first and second harmonics. Among these
correlates, German relies primarily on VOT to signal the phono-
logical voicing contrasts for initial stop consonants, while clo-
sure duration has been reported as another though not system-
atic cue [15]. German stops are characterized by long VOT for
voiceless initial stops /ptk/ vs. short-lag VOT for their voiced
counterparts/bdg/. In terms of laryngeal realism [16], German
is an ’aspirating’ language which specifies the feature [spread
glottis] [17, 18]. Hence, voicing in German stop consonants
is claimed to be along the fortis–lenis dimension (e.g. [19, 20]),
with long-lag VOT for the former and short-lag VOT for the lat-
ter. Across languages, a range of factors has been identified to
moderate VOT as a correlate of stop voicing, including preced-
ing phoneme [21, 22, 23, 24], place of articulation [25, 21, 26],
word position [25], vowel context [27, 15], and speaking rate
[28], with some degree of variability between speakers [29].

Using data from a previously collected experiment [1], the
present study explores how the effect of syllable-based pre-
dictability, defined as surprisal, will influence the acoustic re-
alisation of the durational correlates for voicing contrasts of
syllable-initial stops, viz. voice onset time (VOT) and closure
duration (CD), in word-internal position. We hypothesize that
speakers will lengthen VOT and CD for both voiced and voice-
less initial stops in less predictable (high surprisal) syllable con-
texts, because syllable duration was lengthened in these con-
texts (see [1]).

2. Methods
The current study analysed the acoustic realisation of voicing
contrasts in syllable initial stop consonants, using data collected
in Ibrahim et al. for a different purpose [1].

2.1. Participants

Twenty-six native German female speakers were recruited
(mean age = 27; age range 19–60 years). None of the speak-
ers reported any hearing and speaking impairments.
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Table 1: Number of tokens in each condition

Target [+voice] Target [-voice]

Preceded by [+voice] 487 487
Preceded by [-voice] 238 85

2.2. Stimuli

The syllable stimuli were taken from [1] which investigated the
effect of syllable-level surprisal and noise. In that study, 60
stimuli in a sentence context were selected from the DeWaC
corpus [30, 31] with estimated high vs. low surprisal bins (HS
vs. LS). Surprisal, the information-theoretic factor, was calcu-
lated as the negative probability of the syllable to occur in a spe-
cific context (two preceding syllables), and estimated by means
of a trigram syllable-level language model trained on part of
the DeWaC corpus using Equation 1. Each target CV syllable
was lexically stressed (i.e., in a prosodically strong position)
and occurred in a word-internal position of a polysyllabic word,
where C beginning with a /p, k, b, d/ stop was combined with 5
vowels (/a:, e:, i:, o:, u:/). The polysyllabic target word was em-
bedded in a sentence (Figure 1) in 3 noise conditions (baseline
= no noise, 0 dB and -10 dB SNR with white noise). The com-
bination of 5 vowels in 2 surprisal contexts in 3 noise conditions
with 2 repetitions resulted in a total of 60 stimuli. The current
study grouped those previously collected data into voiceless vs.
voiced initial target stop consonant in low or high surprisal syl-
lables, with a voiced or voiceless segment preceding the target
stop consonant. Since the effect of noise did not interact with
that of surprisal in Ibrahim et al [1], we collapsed the data across
3 noise conditions to increase statistical power. This resulted
in two homogeneous voice sequences and two heterogeneous
voice sequences in low or high surprisal syllables (Table 1).

2.3. Experimental Procedure

As described in [1], the data were recorded in a soundproof
booth. Speakers wore a DPA 4067-F Omni headset microphone
to record the speech signal and AKG K271 MKII over-ear head-
phones to hear the white noise signal during the recording ses-
sion. The stimuli were visually presented on screen as a slide
one at a time. A research assistant remotely controlled the ad-
vancement of the stimuli outside the recording booth. A prac-
tice session was provided for speakers before testing. During
practice, speakers were instructed to read a different set of Ger-
man sentences and the research assistant calibrated the equip-
ment. The test phase consisted of three blocks. Speakers were
informed about the presence of background noise in the first and
last blocks. They stood upright and read the stimuli using their
habitual reading pace. The order of the noise conditions (0 dB
vs. 10 dB) was counterbalanced, retaining the middle block for
the no-noise condition (baseline). Productions were recorded
and stored as a mono wav file with a sampling rate of 48 kHz
and 24 bits per sample.

2.4. Data annotation

The target words/syllables/segments were manually annotated
by two trained phoneticians using Praat [32], while the non-
target words/syllables/segments in each sentence were automat-
ically annotated using WebMAUS [33]. Apart from the anno-
tations reported in Ibrahim et al [1], additional manual anno-
tations of the following acoustic events were included for the

Figure 1: Example of manual annotation for the target conso-
nant /k/ in a context /ake:/

target stop consonants: onset of stop closure, stop burst release,
onset of the following vowel as defined by periodicity and clear
F2 (Figure 1). Positive VOT was defined as the interval from the
burst release to the beginning of the onset of voicing in the fol-
lowing vowel, while negative VOT was defined as the interval
from the burst release to the start of voicing during stop closure
[25]. Only fully realised stops were included, as defined by the
presence of closure and burst release visually detectable from
the waveform and spectrogram.

2.5. Data analysis

Two durational measures were extracted from the target conso-
nants (the focus of this study) using in-house Python and Praat
scripts: voice onset time (VOT) and closure duration (CD). Lin-
ear mixed-effects modelling was used to evaluate the hypothe-
sised effect(s) of surprisal and its possible interaction with the
voicing status of the target stop consonants and their preceding
segmental context using R lmer package [34]. The fixed fac-
tors were 3 two-level factors; (1) Voicing status of target stops
(voiced or voiceless), (2) Surprisal group (LS or HS) and (3)
Preceding context (voiced or voiceless). All factors were coded
as simple contrasts. Backwards model selection procedure was
applied to arrive at a final model as reported below. Accord-
ing to this procedure, a maximal random structure was first for-
mulated to identify the model that best fit our data [35]. We
included random intercepts and random slopes for all fixed ef-
fects. The random effects were speaker, syllable, and conso-
nant. In case of convergence errors we reduced the maximal
random structure step-wise. First, we removed random slopes,
and then, if necessary, random intercepts. Significance of fixed
effects was evaluated by performing maximum likelihood t-tests
using Satterthwaite approximations to degrees of freedom. Af-
ter model comparisons, the final model for VOT and CD was a
model with interaction terms among fixed factors:

Feature ˜ Surprisal * Preceding context voicing * Target
consonant voicing + (1 | Speaker) + (1 | Syllable ) + (1 | Con-
sonant)
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Table 2: Fixed effect results of the linear mixed-effects model for voice onset time (VOT) and closure duration (CD)

Comparison Coeff. SE t-value p-value

VOT (interaction model)

Surprisal Group -3.98 1.42 -2.80 .005**
Voicing of Preceding Context -3.6 1.47 -2.46 .014*
Voicing of Target consonant -51.3 8.31 -6.17 .023*
Surprisal*V. Preceding -1.64 2.85 -0.57 .566
Surprisal*V. Target 5.63 2.85 1.98 .048*
V. Preceding*V. Target -20.1 2.95 -6.81 <.0001***
Surprisal*V. Preceding*V. Target -4.9 5.7 -0.86 0.38

CD (interaction model)

Surprisal Group -5.56 1.57 -3.53 <.0001***
Voicing of Preceding Context -3.43 1.64 -2.09 .037*
Voicing of Target consonant 0.77 11.7 0.06 .953
Surprisal*V. Preceding -2.35 3.16 -0.74 .456
Surprisal*V. Target 1.26 3.15 0.40 .687
V. Preceding*V. Target -22.1 3.28 -6.73 <.0001***
Surprisal*V. Preceding*V. Target -7.47 6.3 1.2 0.23

3. Results
3.1. Effect of syllable-based surprisal on voice onset time

Figure 2 shows VOT values (in milliseconds) of our target con-
sonants: voiced /b, d/ and voiceless /p, k/in low/high surprisal
syllables with either a preceding voiced or voiceless context.
As expected, VOT is higher for voiceless than voiced stops. The
statistical model revealed a significant main effect of the voicing
status of the target stops, confirming the expected pattern. Sig-
nificant main effects of Surprisal, and Preceding context (voiced
/ voiceless) were also observed. Moreover, there were two sig-
nificant interactions: (1) Surprisal by Voicing status of target
stops, and (2) Voicing status of target stops by Preceding con-
text (Table 2). The interaction between Surprisal and Voicing
status of target stops is mostly attributable to higher VOT val-
ues for voiceless target stops in high surprisal syllables, but not
for voiced target stops. The interaction between Voicing status
of target stops and Preceding context arises, because VOT val-
ues increase for voiced target stops when they are preceded by a
voiceless segmental context (i.e., in a heterogeneous sequence).
But such pattern was not observed for voiceless target stops.

3.2. Effect of syllable-based surprisal on closure duration

Figure 3 shows closure duration values (in milliseconds) of the
target consonants: voiced /b, d/and voiceless /p, k/ in low/high
surprisal syllables. CD is longer in high than in low surprisal
syllables, irrespective of the voicing status of the target stops
or the preceding contexts. The statistical model revealed sig-
nificant main effects of Surprisal and Preceding context, with a
significant interaction of Voicing status of target stops and Pre-
ceding context (Table 2). This interaction arises because CD
increases for voiced target stops when they are preceded by a
voiceless segmental context, and CD increases for voiceless tar-
get stops when they are preceded by a voiced segmental context.
This pattern suggests higher CD values for initial stops in het-
erogeneous than in homogeneous sequences. Unlike VOT, CD
did not exhibit any interaction between Surprisal and Voicing
status of target stops.

Taking the results of VOT and CD together, it seems that
the effect of syllable-based surprisal on VOT is conditional on
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Figure 2: VOT of target stop consonants (voiced/voiceless) with
preceding voiced/voiceless contexts. The blue points are the
mean values.

the voicing status of the target initial stops, but its effect on
CD is not. This suggests that the lengthening effect of syllable-
based surprisal does not uniformly extend to durational cues
associated with voicing contrasts in syllable-initial stops.

4. Discussion and Conclusions
The current paper has extended previous analysis in Ibrahim
et al [1] by exploring the effect of syllable-based surprisal on
sub-syllabic feature: phonological voicing contrasts in German
syllable-initial stop consonants. We hypothesized that the sur-
prisal effect will percolate downstream to the acoustic reali-
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Figure 3: Closure duration of target stop consonants
(voiced/voiceless) with preceding voiced/voiceless contexts.
The blue points are the mean values.

sation of durational cues for phonological voicing contrasts.
Based on 1297 syllable-initial German stops, our results yielded
surprisal effects on both voice onset time (VOT) and closure du-
ration (CD). However, the surprisal effect is uniform on CD, but
interacts with Voicing status of target stops on VOT. CD is over-
all longer in high than low surprisal syllables, irrespective of
the voicing status of the target stops or the voicing status of the
preceding segmental context. For VOT we found interactions
of the voicing status of the target stops with surprisal as well
as with the preceding context. Voiceless target stops increase
VOT in high surprisal syllables, but voiced target stops do not.
This suggests that the syllable-based surprisal effect is sensitive
to the phonological feature of a segment. At the same time,
voiced target stops increase VOT as well as CD when they are
preceded by a voiceless segmental context. This suggests that
the voicing contrast between two adjacent segments is exagger-
ated in the heterogeneous voice sequence, even when there is an
intervening syllable boundary.

Despite the constraint of mixed places of articulation in our
target stops, we attempted to group our data into 2 sets, one
with bilabial stops, and the other with non-bilabial stops and
then examined the mean and standard deviation of VOT and CD
for these 2 sets with voiced or voiceless target initial stops, pre-
ceded by a voiced or voiceless segmental context in high or low
surprisal syllables. No data was available for the homogeneous
voiceless sequence in low surprisal syllables. On the basis of the
available descriptive statistics, different places of articulation
do not seem to deviate from the general durational patterns of
VOT and CD reported above. If the syllable-based surprisal ef-
fect on phonological voicing contrasts is a cascaded effect from
the surprisal-induced syllable lengthening, one would have ex-
pected the same lengthening pattern in CD and VOT for voiced
and voiceless target stop consonants, irrespective of whether
they are preceded by a voiced or voiceless segmental context.
But our results did not support such a simple interpretation.

Instead, our results suggest that syllable-based surprisal might
directly affect sub-syllabic phonological voicing contrasts, not
mediated through lengthening the target syllable, at least for
VOT. At the same time, the pattern from CD seems to suggest
otherwise, with a cascaded effect from syllable-based surprisal.
In other words, the surprisal effect on VOT might not be medi-
ated through surprisal-induced lengthening, but its effect on CD
might be.

Taking the results of VOT and CD together, it seems that
the way syllable-based surprisal affects phonological voicing
contrasts might depend on the acoustic-phonetic cues. A pos-
sible explanation might be the phonological relevance of the
respective cue. Although both VOT and CD are durational cues
to voicing contrasts, they differ in their primacy and percep-
tual distinctness. VOT has been shown to be a primary cue to
phonological voicing contrasts in German, and CD to be a sec-
ondary cue. If the syllable-based surprisal effect is to emphasize
a linguistic unit’s informativity, such function or need might be
better met by using a primary phonetic cue rather than a sec-
ondary cue. When a cue is primary and phonologically relevant,
the syllable-based surprisal effect is sensitive to the phonolog-
ical status of the target initial stops; however, when a cue is
secondary, the surprisal effect is mediated through surprisal-
induced lengthening.

Admittedly, the current study is limited by using data that
were collected for a different research question. Potential con-
founds such as accentuation of the target syllable, word length,
sentence length and places of articulation for initial stops should
be considered in further investigations of the effect of syllable-
based vs. phone-based surprisal on voicing contrasts in German.
Despite these potential confounds, it is quite unexpected to ob-
serve a selective syllable-based surprisal effect on VOT and CD
for sub-syllabic features, suggesting that the flow of the sur-
prisal effect between linguistic levels might be selective.

To conclude, syllable-based surprisal both directly and indi-
rectly affects the phonological feature [voice], as it affects pho-
netic cues differentially, depending on how relevant and distinct
each cue is to the phonological contrast.
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[34] D. Bates, M. Mächler, B. Bolker, and S. Walker, “Fitting linear
mixed-effects models using lme4,” Journal of Statistical Software,
vol. 67, no. 1, pp. 1–48, 2015.

[35] D. Barr, “Random effects structure for testing interactions in lin-
ear mixed-effects models,” Frontiers in Psychology, vol. 4, p. 328,
2013.

673


