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ABSTRACT

In this paper we present selected results from a study of the voicing
profiles of consonants in five languages, viz. Mandarin Chinese,
German, Hindi, Mexican Spanish, and Italian. We will focus here
on the voicing properties of stop closures in these languages. The
voicing profile is defined as the frame-by-frame voicing status
of a speech sound in continuous speech. We propose statistical
models that predict the probability of voicing from phone identity,
neighbouring phones, and positional and prosodic factors.

1. INTRODUCTION
This paper investigates the voicing properties of stops by means of
voicing profiles: the frame-by-frame voicing probability through-
out the duration of stop closures. The voicing profiles reveal the
dynamics of voicing status changes and thereby facilitate further
investigations of contextual effects on voicing.

The motivation of this study originally comes from appli-
cations in speech technologies, such as speech synthesis, speech
recognition, and automatic speech segmentation. Some applica-
tions in these domains are sensitive to the discrepancies between
the assumed (often phonological) specification of a speech sound
and its acoustic realization. The phonological specification of voic-
ing, represented as a binary distinction of [+voice] or [-voice] over
the domain of the entire speech sound [2] is a particularly trou-
blesome feature when it comes to feature-to-data matching, when
the state of vocal cord vibration is subject to the delicate balance
of many factors [16, 10, 1, 15, 11, 9]. Such discrepancies are of
course well-known, and have been a major motivation driving the
research of voice onset time (VOT) [8, 7] in search of a better cri-
terion than the distinctive feature to differentiate the stop series in
a given language. The VOT research has been successfully applied
cross-linguistically [4, 6, 14, 12, 3].

As more information becomes available in addition to
VOT, such as the voicing trajectory along the entire stop closure
duration, we expect a better understanding of the factors affecting
voicing contrasts, and improvement in speech related applications.
This is the starting point of the current paper. We will compare
the voicing profiles of the stop closures in five languages, viz.
Mandarin Chinese, German, Hindi, Mexican Spanish, and Italian,
and discuss the effects of aspiration, preceding phone context and
following phone context, and prosodic factors where available.
The study is part of a larger project that investigates the voicing
profiles of consonants in a cross-linguistic framework (see also

[13]).

2. SPEECH DATA
The speech databases of the five languages were each produced
by a single speaker. The Mandarin and Spanish sentences were

# sentences | # stops/afir.
Mandarin 424 5569
Hindi 566 1319
Spanish 634 7010
Italian 1203 3231
German 598 4303

Table 1. Number of sentences and phones analyzed.
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chosen from online text corpora by means of a greedy algorithm,
maximizing phone combinations and the interaction of phonemes,
prosodic factors, and positional factors. The Italian corpus and the
Hindi corpus contain target words embedded in sentence frames.
The words occur in sentence initial, medial and final positions. The
German database is a subset of the Kiel Corpus of Read Speech
[5]. We analyzed stops and affricates from these databases. The
number of sentences and the number of stops and affricates in each
corpus is listed in Table 1. As a rule, the affricates exhibit patterns
similar to those of the stops in each language.

The phone boundaries were labeled manually. One labeling
criterion particularly relevant to this study is that the boundary be-
tween a vowel and the following stop was placed where the vowel
formants, especially F, disappear, which is a good indicator that
the stop closure is being formed.

\oicing information was obtained automatically using the
ESPS/Waves speech analysis software of Entropic Inc. The
program reports a binary voicing decision for each analysis frame
with “1” representing voiced and “0” representing unvoiced.

3. ADDITIVE MODELS

We obtained 11 samples of voicing information from each stop clo-
sure duration at 10 equidistant time intervals, including the initial
and final frames, and trained additive models for each position sep-
arately. We used the observed voicing information by position as
the dependent variable and, minimally, the following factors as in-
dependent variables: phone identity; phone class of the preceding
sound; phone class of the following sound; closure duration.

For Mandarin, German, and Spanish, where the databases
consist of natural sentences, we also trained models using addi-
tional factors, including prosodic factors such as stress and accent,
and positional factors such as whether a sound is in the initial, me-
dial, or final position of the syllable, the word, the phrase, and the
utterance. In addition, tonal information is used for Mandarin, and
syllable onset and coda labels are used for Spanish and German.

In all following figures, coefficients of the factor levels are
plotted on the y-axis as a function of normalized time, expressed
as percentage of the closure duration. Coefficients of the relevant
factor levels are summed up for each position on the normalized
time axis to obtain the predicted voicing of a given phone in a
given context. The voiced/voiceless threshold was set at 0.5.

Table 2 works through one example by calculating the voicing
probability of the /p/ closure at six positions, in the segmental con-
text of /aps/ in Spanish. Factor “phone identity” has seven levels
representing 6 stops and 1 affricate; the /p/ closure is coded as “p”
in Spanish (see Figure 1). Factor “preceding phone” has six levels;
in our example, the preceding phone is /a/, coded as “V” (see Fig-
ure 2). Analogously, factor “following phone” also has six levels,

Position 0% | 20% | 40% | 60% [ 80% | 100%
PhoneID (p) | 0.67 | 0.54 | 0.38 | 0.23 | 0.13 0.11
Prec Ph (V) 0.26 | 0.23 | 0.21 | 0.12 | 0.03 0.01
Foll Ph (s) 0.05 | 0.10 | 0.12 | 0.09 | 0.06 | -0.04
Sum 098 | 0.87 | 0.71 | 0.44 | 0.22 0.08
Pred. voicing 1 1 1 0 0 0

Table 2. Voicing prediction of /p/ closure in Spanish /aps/.
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Figure 1. Spanish voicing profile: effects of phone identity. “C”
represents the voiceless dental affricate.
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Figure 2. Effects of the preceding phone in Spanish. “V” = vowel,
‘G” = glide, “S” = sonorant, “‘s” = voiceless fricative, “p” = voice-
less stop, “b” = voiced stop.

with “s” representing voiceless fricatives. For this combination of
factors, the prediction is that, for instance, the probability is 87%
for /p/ to be voiced at 20% into the closure duration, and only 22%
at 80% into the closure.

In the languages under investigation, we see a clear separa-
tion of the stop series into a more voiced population and a less
voiced population. In Spanish, Italian and Hindi, the separation
tends to agree with the phonological specification of voicing. In
Mandarin, the population is divided by the aspiration feature,
even though phonologically speaking, both Mandarin stop series
are voiceless. German voiced stops often do not have sustained
voicing throughout the stop closure.

3.1. Spanish

Phone identity, preceding phone and, to a lesser extent, following
phone are the three most important factors affecting stop closure
voicing in Spanish. Figure 1 shows the coefficients for the fac-
tor phone identity. The voiced stops /b,d,g/ are clearly separated
from the voiceless stops /p,t,k/ and the voiceless dental affricate
/C/. The two classes of sounds are most clearly differentiated near
the end of the closure duration, and most confusable in the begin-
ning where the effect of the preceding phone is strong. Also note
that the voiceless stops may have sustained voicing that extends far
into the closure duration.

Figure 2 shows the effect of the preceding phone on the voic-
ing of stops. The clearest effect is that if the preceding phone is
a voiceless obstruent, there is a devoicing effect that extends up to
80% into the closure duration. The impact is strongest in the early
part of the stops, as expected.

There is also a noticeable, albeit rather weak, effect of the
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Figure 3. Italian voicing profile: effects of phone identity.
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Figure 4. Effects of the preceding phone in Italian. Plotting sym-
bols as in Figure 2.

following phone on the voicing of stops. We find very little impact
from positional factors, and closure duration has no effect either,
except in the latest position, where shorter duration increases
voicing probability and durations of more than 100 ms decrease
voicing probability.

3.2. ltalian

The models for Italian single and geminate stops were trained sep-
arately. We noted that 100% of Italian geminates in our data agree
with the phonological specification of voicing in the center 30—
70% of the closure duration. The geminate plots are not shown.

The voicing patterns of Italian single stops in Figure 3 are
quite similar to the patterns seen in Spanish. One difference is
that in the latest position Italian voiced stops are more prone to
devoicing.

Figures 4 and 5 show the coefficients of the preceding and
following phones, respectively. Preceding voiceless phones have a
devoicing effect on the early part of the closure, which is expected
(Figure 4). However, preceding voiced stops, represented by the
plotting symbol “b”, pattern with preceding voiceless obstruents,
suggesting that at least some samples of these canonically voiced
context phones are in fact unvoiced. Also note that in Figure 5,
following voiced stops have a voicing effect on the current phone
from the 20% point on, and following voiceless stops (“p”) have
a devoicing effect from the 40% point on. Other sound categories
have very little impact. The observed pattern suggests that there
is a tendency for the voicing of an Italian stop to assimilate to
the voicing specification of a following stop, a process that is
reminiscent of the well-known consonant gemination process of
Ita:ian. Non-geminate stop-stop combinations are quite rare in
Italian.
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Figure 5. Effects of the following phone in Italian. Plotting sym-
bols as in Figure 2.
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Figure 6. Hindi voicing profile: effects of phone identity. The
phonetic voicing property of the stop closure corresponds well with
the phonological specification: voiced (top) and voiceless stops.

3.3. Hindi

Hindi has a large paradigm of stops contrasting in voicing, aspi-
ration and four places of articulation. Figure 6 shows the coef-
ficients of the phone identity factor. First of all, the stop popu-
lations are divided by voicing. Phonologically voiced stops are
indeed fully voiced, especially in the center, while phonologically
voiceless stops turn voiceless by the 40% point. Thus, the phonetic
voicing property of Hindi stop closures corresponds well with the
phonological specification of the stops.

Aspiration has an interesting effect on voicing. Voiced aspi-
rated stops /B, D, G, Q/ are more solidly voiced than their unaspi-
rated counterparts /b, d, g, 9/ (/Q, g/ represent voiced retroflex
flaps) in the center, but the last frame right before the burst tends to
be unvoiced. The same contrast in the last frame can be observed
in, e.g., the waveform display in [14, p. 146] and the spectrograms
in [6, p. 59].

Moreover, aspiration has a weak devoicing effect on voiceless
stops. For most of the aspirated/unaspirated pairs, the aspirated one
has a lower probability of voicing at a given position. This effect is
most noticeable in the 20-40% region before all voiceless stops be-
come completely unvoiced. Another way to describe this situation
is that an aspirated voiceless stop becomes voiceless earlier than
the corresponding unaspirated one, everything else being equal.

As for the impact of context phones on the voicing probability
of Hindi stop closures, we observe only the expected assimilation
effects, with preceding phones having a stronger influence than
following phones.
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Figure 7. Mandarin Chinese voicing profile: effects of phone iden-
tity. Aspirated stops /P, T, K/ and unaspirated stops /p, t, k/ are
separated along the voicing dimension.
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Figure 8. Effects of stop closure duration in Mandarin. “1”-
”9” = closure durations of 10-90 ms, “a” = longer than 90 ms.

34. Mandarin

All Mandarin stops are phonologically voiceless. However, Fig-
ure 7 shows a complete separation of the aspirated and unaspirated
population of stops along the voicing dimension. Uppercase plot-
ting symbols indicate aspiration, as in Hindi.

In Mandarin Chinese, stops occur only in syllable initial po-
sition. Compounded with the fact that there are no consonant clus-
ters and no syllable final voiceless consonants, it follows that Man-
darin stops are always surrounded by voiced sounds, except in ut-
terance initial position where the preceding sound is silence. These
phonotactic constraints account for rather small variations in the
effects of preceding phones, except for a strong devoicing effect
of preceding silence. There is practically no influence from the
following phone.

Stop closure duration has a clear effect in the second half
of the closure (Figure 8): the shorter the duration, the higher the
voicing probability. The strength of this effect increases toward
the end of the closure.

3.5. German
German stop consonants are usually classified according to the
voicing feature: /p, t, k/ are voiceless, /b, d, g/ are voiced. Aspira-
tion is an optional feature of the voiceless stops. The phonological
specification is mirrored in the voicing profiles in Figure 9, which
shows the effect of the factor phone identity. The voiced stops pop-
ulation is neatly separated from the voiceless stops, with the glottal
stop in a somewhat ambiguous position.

By far the strongest factor influencing the voicing profiles
of stop closures in German is the preceding context phone. The
effect is displayed in Figure 10, where the context phones are
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Figure 9. German voicing profile: effects of phone identity. Phono-
logically voiced and voiceless stops are also separated along the
acoustic voicing dimension. “G” = glottal stop.

< s
= v s—
= —_ s
% V\V\§\
= o~ ¥
r=4 P=3
2 \e
=
s <o J
g 2
=
s | B/B
g p_——P P e
% - s—
© < s/
.
: ;
o 20 40 60 80 100

Normalized Time [26]

Figure 10. Effects of the preceding phone in German. Preceding
voiceless obstruents have a strong devoicing effect, sonorant and
vocalic left contexts cause the closure to be voiced. “V” = vowel,
“S” = sonorant, “p” = voiceless stop, “s” = voiceless fricative.

categorized into vowels, sonorants, voiceless stops, and voiceless
fricatives. As one would predict, preceding voiceless obstruents
have a strong devoicing effect on the stop closure, whereas a
voiced preceding context phone causes the closure to be voiced
almost throughout.

4. DISCUSSION

We were interested in discrepancies between the phonological
voicing status of a speech sound and its actual phonetic realiza-
tion in connected speech. For instance, stop consonants in the
five languages under investigation can be described using differ-
ent combinations of the features of voicing and aspiration. Yet,
we observe that, despite the difference in phonological specifica-
tion, Mandarin voiceless unaspirated stop closures show voicing
profiles similar to the voiced unaspirated stop closures in German.
Similarly, the voiceless aspirated stops of Mandarin pattern with
the voiceless (aspirated or unaspirated) stops in German, Spanish,
and Italian. Hindi presents the most complex stop consonant sys-
tem among the five languages in that it has a two-way phonologi-
cal distinction between voiced/voiceless and aspirated/unaspirated
stops. In our data, Hindi stops can be ranked along this scale of
decreasing probability of voicing, e.g., /g, gh/ > /k/"  /kh/.

Our research shows that the phonological specification of
voicing, represented as a binary distinction of [+voice] or [-voice]
over the domain of the entire speech sound, is often insufficient to
differentiate the stop series in a given language. It also obscures
similarities or parallel patterns across languages. VOT measure-
ments might provide a better classification of stops.
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However, note that in both Mandarin and German the two
populations of stops are differentiated by the patterns of sustained
voicing in the stop closure duration. Voicing profiles, as suggested
in our study, allow us to describe the dynamic changes of the
voicing status of speech sounds, here stops, as a function of
(normalized) time. In the conventional usage of VOT, being
voiced is expressed as a negative VOT value counting backward
from the time of the stop release. Since voicing typically ceases
before the burst in all stops of Mandarin and German, the more
voiced and the less voiced populations in these languages cannot
be differenciated by a negative VOT value alone.

5. CONCLUSION

We presented results from a study of the voicing profiles of conso-
nants in five languages, Mandarin Chinese, German, Hindi, Mexi-
can Spanish, and Italian. We examined the factors that cause varia-
tions In voicing and trained statistical models that predict the prob-
ability of voicing of each analysis frame of a speech sound from
a variety of factors, in particular phone identity, context phones,
positional and prosodic factors.

This paper has focussed on the voicing properties of stop
closures in these languages. Details on other speech sounds,
especially voicing probability models for all consonant types in
German and Mandarin, have been presented elsewhere [13].
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