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General Introduction
This work investigates the acoustic properties related to voice, aspiration and
quantity of stops and affricates. It is based on two production studies that were
carried out in East Bengali and German. The acoustic parameters under
investigation were those of duration (preceding vowel, closure and lag time
measurements) and the spectral parameter of fundamental frequency (F0), which
was measured on the initial part of the following vowel.
In their 1964 landmark study, Lisker and Abramson introduced a new
duration measurement for stops, termed voice onset time (VOT). They showed
that this single dimension was a powerful ‘tool’ to separate most of the stop
categories across the eleven languages under investigation. A problem, however,
arose in the two four-category languages Hindi and Marathi, where VOT failed to
distinguish the voiced aspirates from the voiced unaspirates. Moreover, since the
original notion of VOT is based on the observations made with word initial stops,
its application to medial stops is somehow problematic and word finally it is not
applicable at all.
In our production study on Bengali and German medial stops VOT was
found to be an inappropriate tool as well. The dilemma arises because VOT is
regarded to be a continuum from negative to positive - and it can only be the one
or the other, that is it may be assigned either as a lead time or as a lag time.
Especially when a negative VOT is assigned, there are no means left to capture
any ‘lag’-time.
The present research proposes a new type of lag time measurement that
will be termed ‘after closure time’ (ACT). This approach allows a comparison
between the corresponding intervals of the different stop types and it is adaptive
to initial, medial and final stops. Furthermore, as will be shown in chapter I, ACT
does away with the notion of breathy voice, which is usually regarded to be the
additional and necessary acoustic property to distinguish the voiced aspirates
from their unaspirated cognates.
The other durational measurements are related to the closure and the
preceding vowel. For the aspirated obstruents, an additional and new
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measurement is introduced, termed ‘superimposed aspiration’ (SA). It is applied
on the section following the ACT interval.
Chapter I of this dissertation introduces the new terms mentioned above
and investigates the relational manifestation of the durational parameters in the
stop and affricate inventory of East Bengali. Similar to Hindi, East Bengali
displays a four-way distribution of voiced versus voiceless and aspirated versus
unaspirated obstruents. An additional focus in this chapter is on the singletongeminate contrast, which appears word medially.
The second chapter deals with the perturbations of the fundamental
frequency (F0) that are found on the initial part of the following vowel. It has been
shown in previous researches that in various languages a high or low F0
trajectory corresponds to a voiceless or voiced stop respectively. Besides the
correlations of F0 to the voicing distinction, this study also addresses its functions
with respect to aspiration and quantity in East Bengali. A further objective is to
investigate the influence of a contrastive intonational environment upon the
trajectories of the curves.
The third chapter investigates how the parameters of duration of the
preceding vowel, closure duration, after closure time and fundamental frequency
are related to the voice and quantity distinction of German stops. Unlike Bengali,
where voicing is encoded by glottal buzz during closure, German distinguishes
voiced from voiceless stops primarily by the presence or absence of aspiration
after release. Moreover German does not have underlying long consonants
(geminates). They only surface by means of concatenation across word or
morpheme boundaries. Apart from the relation of the duration parameters
between the German singletons and geminates, a particular interest was on how
F0 would relate to voice and quantity in German as compared to Bengali. This
issue especially addresses the question whether the F0 trajectories are an
automatic concomitant of specific articulatory configurations, or if they have an
inherent freedom to align to given phonological contrasts.
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A further question deals with possible assimilatory processes that could
take place if the two adjacent stops (in geminates) differ in voice. Whether
assimilation is progressive or regressive will help to determine which of the two
stop categories is laryngeally specified in German. Finally, a new model is
provided which unifies those languages that employ different phonetic
implementations for the phonological specification [voice] in stops.

Chapter I was published in Language and Speech (Mikuteit & Reetz, 2007)
and chapter II was submitted (and accepted) for publication in Journal of
Phonetics. Some introductory topics are addressed in both versions of these
publications. In order to avoid thematic repetitions the relevant topics will only
appear in chapter I or II of this dissertation. The same holds true for chapter III,
which builds on the premises and factors of chapter I and II.

Chapter I
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Caught in the ACT
The Timing of Aspiration and Voicing in East Bengali

1.1 Overview
Chapter one of this thesis deals with the timing of aspiration and voicing in East
Bengali. This language displays a four-way contrast of voiced/voiceless and
aspirated/unaspirated oral stops and affricates in all word positions. Additionally,
in intervocalic position there is a quantity contrast between long and short
obstruents.
In a production study we investigate medial palato-alveolar affricates and
stops at the labial, dental, retroflex and velar places of articulation and address
the problems of VOT measurements. We introduce a different approach of
measuring lag times, henceforth called after closure time (ACT). The results show
that this approach can do away with the extra notion of breathy voice to
distinguish between the voiced aspirates and unaspirates.
The factors used for analysis were voice, aspiration, quantity and place of
articulation in correlation to closure duration, the length of the preceding vowel,
ACT and SA.
Moreover, as a result of analysing the aspirated stops and affricates, an
additional term (superimposed aspiration - SA) had to be introduced. The results
of combining the notions of ACT and SA show that aspiration, measured from the
point of release, is timed equally for voiced and voiceless stops. However, the
difference in voice emerges in a trade-off relationship between ACT and SA.

1.2 Introduction
The acoustic correlate of the feature voice for oral stop consonants is realized
differently across languages. While the general assumption is that the contrast is
one of presence versus absence of glottal pulsing during the oral closure, there
are languages, like German, which express this relation in terms of a contrasting
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length of (positive) voice onset time (VOT) in combination with aspiration. For
instance, in German and British English voiced stops in initial prevocalic and
prestressed position have a relatively short VOT and show no, or only little,
aspiration whereas voiceless stops have a relatively long VOT with considerably
strong aspiration (among others: Lisker, 1986; Docherty, 1992). The same
acoustic cue (aspiration), which marks the distinction of voice for stop consonants
in the above examples, has a different function in a four-category language like
Hindi or Bengali. Here it serves to distinguish aspirated from unaspirated stops,
while the voice contrast is primarily realized through the presence or absence of
glottal buzz during closure. In these languages stops are distributed contrastively
as voiceless unaspirated, voiceless aspirated, voiced unaspirated and voiced
aspirated. The voiced aspirated stops are generally characterized by a portion of
breathy voice after release. Alternatively they are also called murmured stops or
breathy-voiced stops (Ladefoged 2001a, 2001b). Lisker and Abramson (1964)
had investigated the role of VOT in distinguishing voiced form voiceless stop
consonants in initial position across 11 different languages. Abramson (1977)
defined voice onset time (VOT) as “the temporal relation between the onset of
glottal pulsing and the release of the initial stop consonant. Specifically, voicing
detected before the release, that is, during the stop occlusion, was called voicing
lead, while voicing starting after the release was called voicing lag.” (pg. 296; our
italics). For both cases the stop release marks the reference point from which the
measures are taken. That is, if the onset of voicing is detected before the release,
a negative value is assigned to the VOT, and if the voicing onset takes place after
the release, a positive value is attributed. Figure 1.1 displays three waveform
examples for voicing lead and voicing lag times of utterance initial stops. The first
two waveforms show the German minimal pair packen (to pack) and backen (to
bake) whose initial stops are distinguished by a long (43 ms) versus short (8 ms)
positive VOT respectively. In those two examples, the voicing onset takes place
after the release. The third waveform shows an example for an initial stop with
voicing lead (-104 ms) taken from Bengali.
Taking into account that the VOT-dimension can logically be divided into
three categories (negative, zero and positive) one could predict difficulties when
applying it to a four-category language. This is exactly what Lisker and Abramson
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(1964) faced when investigating Hindi and Marathi (both are four-category
languages). They found that VOT was not a sufficient indicator to clearly
distinguish between the four categories. Only the voiceless aspirated stops could
be distinguished from the voiceless unaspirated ones - the former having a
considerably longer voicing lag (positive VOT) than the latter. But the voicing
leads (negative VOT) of the voiced aspirated and unaspirated stops did not

Voicing lag
Positive VOT

\pak´n\

\bak´n\

Voicing lead
Negative VOT
Prevoicing

\gOd1a\

Fig. 1.1. The grey coloured areas illustrate examples of voicing lag in the German
words packen (to pack) and backen (to bake) and voicing lead in the Bengali
word goda (club).
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manifest such a clear cut distinction. Lisker and Abramson (1964) suggested that
low amplitude buzz, combined with noise in the interval following the release,
would be the factor that leads to a distinction between the two voiced categories.1
Since then, the acoustic correlates of what is commonly known as the
breathy voiced portion are regarded to be the main cue to distinguish the voiced
aspirated stops from the corresponding unaspirated counterparts (Ladefoged and
Maddieson 1996, Stevens 1998, Ladefoged 2001a). Thus, the voice distinction is
realized through the presence or absence of prevoicing, while aspiration is
marked by a long versus a short (positive) VOT in the case of voiceless stops,
and by the presence or absence of breathy voice after release in the case of
voiced stops. While this description kind of patches the problem with VOT (being
only three-dimensional) on the acoustic-phonetic level, it creates an unwelcome
imbalance on the phonemic-phonological level. It leaves us with the very
unsatisfying circumstance of having to postulate two different acoustic correlates
for the phonological feature aspiration - depending on whether the sound is
voiced or voiceless.
Furthermore, especially in terms of taking measurements, the above cited
definition of VOT gives rise to problems when it is applied to medial stops (notice
that it was confined to initial stops only). It cannot hold for voiced intervocalic
stops, since there simply is no pre-release starting point of voice onset. It is rather
that glottal buzz continues from the preceding vowel into and throughout the oral
closure up to the point of oral release.2 Moreover, as we observed in the present
Lisker and Abramson (1964) stated: “Another anomaly that requires explanation
is the failure of dimension of voice onset time to separate the voiced aspirate
stops from the voiced inaspirates of Hindi and Marathi. Voicing lead of much the
same duration is found in both categories, and indeed it distinguishes the pair
from the other stop categories. Auditory impressions suggest that the voiced
aspirates are released with breathy voice or murmur. [...] These impressions are
supported by spectrograms in which, upon release of the stop, the voicing is seen
to take on a special character. There is a period of glottal periodicity, sometimes
intermittent, mingled with random noise in the formant regions, all at relatively low
amplitude.” (pg. 419).
2
This problem was already stated for voiced initial stops in a voiced context by
Lisker and Abramson (1967): “This variability of voicing behaviour is, in the case
of the /bdg/ category, chiefly a matter of whether or not the stop is immediately
preceded by a voiced interval, for in such a context there is usually no break in
pulsing and hence no VOT value to be associated with the stop.” (pg. 24).
1
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investigation, there are instances where this glottal pulsing does not spread
throughout the whole length of the closure but ceases sometime before oral
release, especially with geminate stops (c.f. Figure 1.3.c). A similar phenomenon
is found with German medial voiced stops, which in most of the cases are
produced with (passive) voicing during the closure, but there are also instances
where vocal fold vibration ends at some stage during the oral occlusion. Figure
1.2 displays an example of such a variation in the production of German voiced
medial stops. The Figure depicts the waveforms of two utterances of the German
noun Mieder (bodice) produced by the same German speaker. In the waveform
(b) vocal fold buzz ceases after oral closure and the vocal folds come to a
complete rest. Although not being totally coherent with Lisker’s and Abramson’s
original definition of VOT, a voice onset time of 15 ms could be measured for this
voiced stop - disregarding its word medial position, but at least there is a point in
the signal that can be identified as the onset of pulsing (after release). In example
(a) no such onset is present but at the same time it is clearly visible that the

\mi…d´r\
(a)

(b)

closure

closure

?

(VOT)

Fig. 1.2. Waveforms of the German word Mieder (bodice) with (a) and without (b)
closure voicing of the medial \d\ uttered by the same speaker.
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(a)

Onset Voicing (OVO)
formerly termed
Negative VOT
or Voicing lead

Connection Voicing (CVO)
(throughout whole length)

(b)

197ms

(c)

Part of closure
with glottal buzz
(CVO = 154ms)

Part of closure
without glottal buzz
(70ms)

Fig. 1.3.
(a) Waveform of the Bengali word \gOd1a\ (club). The arrows indicate the section of
prevoicing or negative VOT of the initial [g] and the section of the closure voicing
of the medial [d1].
(b) Waveform of \bid1…a\ (learning) with prevoiced initial [b], and a fully voiced
closure of the medial geminate [d1…].
(c) Waveform of \Sod1…o\ (just this moment) with a partially voiced medial geminate
[d…].
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following vowel does not start immediately after release. There is a small interval
between the release and the vowel onset, which obviously corresponds to the
VOT interval in example (b) but for the reasons explained above, this interval
cannot be labelled VOT.
The terms closure voicing or prevoicing have become common to denote
the corresponding part in the example of Figure 1.2 (a), but it is crucial to point
out that prevoicing occurring word initially and prevoicing of medial stops are not
comparable on a one to one base. We therefore suggest to introduce two new
terms in order to distinguish between the two manners of prevoicing. This might
be relevant and helpful for future investigations addressing comparative duration
measurements of the named segments. Thus, for initial prevoicing, the
measurements would start at the beginning of pre-release glottal pulsing and
generally end at the point of oral (or nasal) release. In these cases there is
always an onset of glottal buzz during closure with an interval of voicelessness
before this onset. We term any kind of prevoicing exhibiting these properties as
onset voicing (OVO). In contrast to that we term voicing that continues from a
previous sonorant segment into the closure of a following stop as connection
voicing (CVO). Measurements of CVO would start with the oral closure and end
(i) with the oral (or nasal) release or (ii) before the release in cases where the
glottal buzz is not persistent throughout the whole closure. CVO does not only
meet the condition of medial stops (in VCV environments) but any stops that
employ continuous vocal fold vibration from a preceding sonorant segment into
their closure. Some sample waveforms in Figure 1.3 illustrate the different
characteristics of OVO and CVO.3
Positive VOT or voicing lag, which is an instance of phonetically voiceless
stops, is measured from the point of oral release up to the appearance of the
regular glottal pulsing of the following vowel. The general observation is that a
long lag contains more or less strong noise excitation (aspiration) while with a
short lag aspiration is weak or not present at all. A problem does arise, however,
One reason for voicing to be incomplete in these stops might be due to
aerodynamic reasons when intraoral air pressure gets too close to subglottal air
pressure and thus the flow of air through the glottis ceases. Future research will
have to show if and how far the different types of closure voicing bear relevance
for speech production or perception.
3
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with voiced stops. In this investigation with intervocalic stops, we observed a
period between release burst and the beginning of the following vowel, which
shows (i) low amplitude periodicity or (ii) a breakdown or ‘distortion’ of this
periodicity (cf. Figure 1.4).4 Both instances have common traits: they are
generally accompanied by a small but clearly visible noise excitation, and the

50 ms

Final part of
preceding
vowel

Closure duration (CD)
Connection Voicing
(CVO) throughout
whole length of the
closure

19 ms

After closure
time (ACT) containing
low amplitude
buzz and light
noise
excitation

Initial part of
following vowel

Fig. 1.4.
Waveform of \tSad1or\ (shawl, sheet) with medial voiced unaspirated stop.

4

This is very similar to the previous example on German in Figure 1.2.a.

Chapter I

Caught in the ACT

12

amplitude of this ‘voiced lag’ is as low as, or even lower than, during closure. It is
only after this ‘low amplitude buzz lag’ that the regular pulsing (modal voicing) of
the following vowel becomes apparent. If one imagines this sequence without its
glottal buzz it would look very similar to what we call positive VOT. This suggests
that the described part is some kind of ‘voiced variant’ or ‘voiced counterpart’ of
the voicing lag of voiceless stops. It would be straightforward to analogically call it
positive VOT. This, however, is not possible because it does not meet the
conditions of the classical definition of VOT. To solve this dilemma we suggest a
redefinition of the relevant acoustic intervals in combination with a new
terminology. This new terminology contains the notion of onset voicing (OVO)
and connection voicing (CVO) as already explained and defined above. The
section between release burst and the onset of regular glottal pulsing of the
following vowel (in the case of unaspirated stops), or between the release burst
and the onset of superimposed aspiration (SA) (especially in the case of voiced
aspirated, but also of voiceless aspirated stops), is called after closure time
(ACT).5 The Figures 1.4 to 1.7 give a few samples of the particular sections
described above. They illustrate how the terminology set up in the current paper
relates to the several parts in the signal, and show which parts are not covered by
the classical or more commonly used descriptions. Regarding ACT we would like
to point out that it comprises different kinds of events. Stevens (1998: 347)
describes thee phases that occur after a stop release and before the regular
pulsing of a following vowel. (i) The transient, which is characterised by a rapid
increase in airflow due to the sudden opening movement of the articulators
involved. It occurs within the initial millisecond after release. (ii) Following this
event there is a rapid airflow through the constriction causing local friction noise.
(iii) At a later stage the oral constriction becomes larger and the airflow is
characterised by the stage of glottal opening (aspiration). Note that (i) and (ii) are
mechanically constrained and can be regarded as a constant while (iii) can be
controlled by manipulating the timing of glottal adduction. Apart from these

The term superimposed aspiration (SA) denotes some part of what is commonly
known as breathy voice. It will be dealt in detail in the corresponding section of
this chapter.
5
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different noise sources ACT may also contain low amplitude buzz like displayed
in Figure 1.4.

CD

ACT
Voicing lag
(positive) VOT

Fig. 1.5.
Waveform of \bOt1am\ (button) with medial voiceless unaspirated stop.

Within the category of unaspirated stops or the category of voiced stops, lag time
measurements have received little attention. It was assumed that their
contribution to the contrast of voice (in the case of unaspirated stops) or the
contrast of aspiration (in the case of voiced stops) is negligible since the crucial
intervals are very short and of similar duration. Davis (1994), however, conducted
an investigation into the contribution of lag time differences of all four velar Hindi
stops [k, kÓ, g, gÓ] in word initial position. Her ‘noise offset’ measurements were
taken from the release burst to the onset of the second formant of the following
vowel. She found that by means of these lag time measurements it is possible to
distinguish the voiced unaspirated stops from the voiced aspirated stops (without
having to postulate breathy voicing for the voiced aspirates), because the latter
had significantly longer lag time than the former.
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62 ms

25 ms

CD

ACT

14

75 ms

Superimposed Aspiration (SA)
Breathy part of the vowel

Fig. 1.6.
Waveform of \Od1Óom\ (inferior) with medial voiced aspirated stop.

A further acoustic parameter that can serve as an additional temporal cue
for the voice contrast of intervocalic stops is closure duration. In this case, the
common relationship is that the closure of voiceless stops is longer than that of
voiced stops. Another common correlation that has been observed to contribute
to the voice contrast is the length of the preceding vowel. In many languages it
has been found that the vowels are shorter before voiceless than before voiced
stops (e.g. Chen 1970, Kohler 1977, Port, Al-Ani and Maeda 1980, Maddieson
1997, Braunschweiler 1997).
The current research investigates the length differences of after closure
time (ACT), closure duration (CD) and the duration of superimposed aspiration
(SA) of intervocalic stops and affricates of a four-category language.6 The term
‘superimposed aspiration’ denotes the part of aspiration, which is superimposed
upon the glottal pulsing of the following vowel. Acoustically, ACT together with SA
In our duration measurements, the fricative part of the affricates will be treated
analogously to the ACT of stops and for reasons of simplification it will be called
the same.
6
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is similar to the portion known as breathy voice. From the waveforms of our data,
however, it is clearly visible that this part has two sections: (i) low amplitude buzz
or distorted low amplitude buzz (after release) in combination with noise

57 ms

CD

65 ms

ACT
Voicing lag
(positive) VOT

31 ms

SA

Fig. 1.7.
Waveform of \kOt1Óa\ (speech) with medial voiceless aspirated stop. As
demonstrated, SA is not an exclusive characteristic of voiced aspirated stops.
excitation, (ii) the sequence following that, which is characterised by periodic
voicing at ‘medium’ and mainly level amplitude in combination with noise
excitation (cf. Figure 1.7). We call the first part after closure time (ACT). The
second part is termed superimposed aspiration (SA) because the quality of the
following vowel is present (perceivable) at this stage but it ‘carries on top’ the
noise of aspiration as a superimposed characteristic. Note that this classification
and the resulting parts of the signal are crucially different from those of Davis
(1994). She measured lag time from the release burst to the beginning of the
second formant of the following vowel. We infer that her measurements
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correspond to what we call ACT plus some part of SA, but probably not the whole
length of SA.7
Our study addresses the following questions: (a) What is the role of after
closure time and closure duration in a language that realises the voice contrast
primarily by the presence or absence of glottal buzz during closure?
(b) How is the timing of aspiration (after closure time in relation to superimposed
aspiration) realized for voiced and voiceless obstruents?
The language we chose for our investigation is East Bengali, where stops
and affricates are distributed contrastively according to the previously mentioned
four categories (voiceless unaspirated, voiceless aspirated, voiced unaspirated
and voiced aspirated). Additionally, Bengali displays a quantity contrast for
consonants in intervocalic position. In other words, altogether there are eight
stops (and affricates) for each place of articulation, which can be labial, dental,
retroflex and velar for stops, while affricates occur only at the palato-alveolar
place. In the present study, the term quantity refers to the singleton-geminate
contrast (we call a long consonant a geminate, while a singleton denotes a short
consonant).

In

intervocalic

position,

geminates

are

considered

to

be

heterosyllabic and singletons tautosyllabic. For stops and affricates, the quantity
distinction is generally realized by a long versus short closure duration. Table 1.1
displays the distribution of the medial stops and affricates in East Bengali. With
respect to the voice distinction, there are a few cases where no pairing is possible
in this environment: the surface realisation of East Bengali \pÓ\ (short and long) is
[f]. Hence this sound was excluded from the present research. Moreover, there is
no voiceless correspondent for \∂Ó…\ and the voiced correspondents are missing
for \Ê\ and \kÓ…\ as well.

The visibility of the second formant in a spectrographic display depends on the
intensity of the speech sound as well as on the lightness and the contrast of the
display settings. We tested with our data the appearance of F2 in the
spectrographic display, which generally was located some milliseconds after SAonset. Therefore the results of Davis and those of the present study are related
but not directly comparable.
7
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TABLE 1.1.
Inventory of intervocalic East Bengali stops and affricates.
Stops

Affricates

[voiceless/voiced]
bilabial

dental

retroflex

velar

palatoalveolar

p/b

t1 \ d1

Ê\-

k\g

tS / dZ

p… / b…

t…1 \ d1…

Ê… \ ∂…

k… \ g…

tS… / dZ…

- / bÓ

tÓ1 \ d1Ó

ÊÓ \ ∂Ó

kÓ \ gÓ

tSÓ / dZÓ

- / bÓ…

tÓ1… \ d1Ó…

- \ ∂Ó…

kÓ… \ -

tSÓ… / dZÓ…

1.3 Experiment
1.3.1 Stimuli
Five different words were chosen for each of the 35 phonemes listed in Table 1.1.
However, for the voiced aspirated retroflex geminates only two words could be
found. See the appendix for a complete word list of the 172 words. The crucial
segments (plosives and affricates) all appeared in intervocalic environments
(VCV). The preceding vowels could be \i, u, o, O, e, œ, a\, and the following
vowels were \o, O, e, œ, a\.8 The material consisted of 145 disyllabic, 22 trisyllabic
and 5 four-syllabic Bengali words. In 166 of the cases, the crucial segments
marked the onset of the second syllable and in 6 of the cases they formed the
onset of the third syllable. Standard word stress in Bengali is on the initial syllable
(Hayes and Lahiri, 1991). Although Bengali has no significant acoustic difference
between

tautomorphemic

and

heteromorphemic

geminates

(Lahiri

and

Hankamer, 1988), we used only tautomorphemic geminates. All 172 words in
total were tested with three speakers, each repeating each word four times. Thus
the whole data set comprised of 2064 stimuli.

8

Bengali has no underlying contrastive vowel length difference.
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1.3.2 Subjects
Three paid native speakers of East Bengali (Dhaka dialect) – two male and one
female (henceforth M1, M2, F1) with no report of speech disorders – participated
in the experiment. They had university education and had learned English as a
second language. Their age ranged between 20 and 30 years.
1.3.3 Procedure
The stimuli were presented on four differently randomized lists on paper,
corresponding to the four repetitions. The bottom item on each sheet was an
additional filler-word. The subjects were asked to pronounce each word at normal
utterance speed with a preferably flat (monotone) intonation. To make sure that
the task was correctly understood, the instructions were given in both English and
East Bengali.
The recordings were conducted in a quiet room in Dhaka, Bangladesh.
The utterances were recorded with a Sony ECM-MS957 microphone, which was
placed on a table at a distance of 50 cm away from the lips of the subjects. The
horizontal angle towards the subjects was about 45º. The recorded signals were
imported from DAT tape to Multi Speech program (Kay Elemetrics, version 2.2) at
a sampling rate of 44100 Hz.
Tags were placed in the signal in order to measure closure duration (CD),
after closure time (ACT) and superimposed aspiration (SA). Additionally we
included measurements about the length of the preceding vowel (PV). The
criteria for the placement of the tags was as follows (cf. Figures 1.4 to 1.7):
CD: The beginning of the closure was taken at the point where a sudden
drop of the amplitude was observed together with a disappearance of the higher
formants of the preceding vowel. The end of the closure was identified as the
beginning of the release burst.
ACT: The beginning of the release was marked by the first burst at the end
of the closure. The end of the release was marked where the first regular glottal
pulses of the following vowel appeared in connection with a rising amplitude.
SA: The beginning of the SA was identical with the end of the after closure
time. The end of the SA was set at the point where a considerable decrease or
complete disappearance of the friction noise (aspiration) occurred, which lay
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upon the glottal pulses of the vowel. Very often the SA was associated with a
constantly lower amplitude as compared to that part of the vowel which followed
(cf. Figure 1.7). In problematic cases a spectrogram was also used to identify the
end of the high frequency noise (aspiration) in the vowel.9
PV: The marking for the beginning of the vowel depended upon its
preceding sound: in the case of a stop, the mark was placed after the release
burst at the onset of the first regular glottal pulsing of the vowel. If there was a
preceding fricative or affricate, the tag was placed at the end of the friction when
the first glottal pulses of the vowel became apparent. In the case of a preceding
sonorant, the mark was put when abrupt changes in the pattern of the waveform
occurred together with the appearance of the higher formants of the vowel. If
there was no preceding sound, the mark was put at the first occurrence of the
glottal pulsing of the vowel. The end of the vowel was identical with the beginning
of the closure.

1.4 Results and Discussion
An ANOVA was performed (using the statistical software suite JMP; SAS
institute, 2003; Mac version 5.0.1.2) with the following factors: voice (voiced,
voiceless), aspiration (aspirated, unaspirated), quantity (singleton, geminate),
place (labial, dental, retroflex, velar and palato-alveolar/affricate), subjects (M1,
M2, F1 - random factor), number of syllables in the word (2, 3, 4) and quality of
preceding vowel (u, o, O, a, i, e, œ, oI) in a Standard Least Square design using
the Restricted Maximum Likelihood (REML) estimation.10

11

The individual

dependent variables are addressed in the following paragraphs.

The time lag between the oscillographic and spectrographic displays in the
program was taken into account.
10
The factor quality of preceding vowel, which should allow for possible
influences of this kind, was only used in the analysis of PV, CD and PV+CD. The
factor number of syllables was included in order to allow for possible effects of
word length. Neither factor will be dealt with in the following report of results. The
factor word was omitted because otherwise the model would have become too
complex.
9
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1.4.1 Closure Duration
The results are displayed in Figure 1.8. There was a significant main effect for
voice, F(1,2)=274.39; p≤0.0036, aspiration, F(1,2)=25.14; p≤0.0376, quantity,
F(1,2)=170.86; p≤0.0058, and place, F(4,8)=28.6; p≤0.0001.
In the case of quantity, the closure for geminates was more than twice as
long as for singletons. This result is in line with the results obtained for the West
Bengali singleton-geminate contrast investigated by Lahiri and Hankamer (1988).
They established that the primary acoustic cue of the quantity difference of
voiceless West Bengali stop consonants is closure duration. In their study, the
mean ratio between geminates and singletons was 1.94 as compared to 2.44 in
our study.
In the case of voice, closure duration for voiceless consonants was longer
than for voiced ones. The same relation has been observed in various other
languages (e.g. Lisker, 1957, 1986; Kohler, 1977; Ladefoged & Maddieson, 1996;
Braunschweiler, 1997; Kent and Read, 2002).
The correlation between closure duration and place of articulation is often
described as a universal (Maddieson 1997, 1999). The general tendency across
languages is that the stop closure is longest for labials, shorter for dentals and
the shortest closure is found with velars, but in contrast to the universal pattern,
the closure of the labials was not the longest. A post hoc test showed that the
labial, dental and retroflex stops behave as a group against the velars, with the
latter exhibiting the shortest closure. In our investigation, among the stops, the
velars had indeed a significantly shorter CD than any one of the comparison
group (lab-vel: p=0.0503; dent-vel: p=0.0093; ret-vel: p=0.0058). Within the group
(labial, dental, retroflex) none of the pairings was significant. Comparing the stop
closures to that of the affricates, there was a clear pattern: all stop closures were
significantly longer than that of the affricates. Benguerel and Bhatia (1980), who
measured the closure duration of intervocalic Hindi stops and affricates, reported
comparable results. They found that “the shortest oral closure duration was
consistently that of the palatal affricates (d=103 msec), next was that of the velar
The REML estimation does not substitute missing values with estimated means
and does not need synthetic denominators; rather the individual factors are tested
against the whole model. This method is always more conservative than the
traditional expected mean squares estimation.
11
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stops (d=133 msec) and the longest was that for the other three places (bilabial,
dental and retroflex) (d=145 msec).” (pg. 140).

Closure Duration
Quantity

Voice

Aspiration

Place

Fig. 1.8.
Least Square Means (in ms) for the factors that showed a significant effect for the
measurement of closure duration.
Aspiration was also significant. On average, closure was 15 ms longer for
the unaspirated obstruents (cf. Figure 1.8). Benguerel and Bhatia (1980), too,
reported a longer closure duration for unaspirated obstruents than for the
corresponding counterparts. In terms of the four categories, they found the
following descending ranking for CD: voiceless unaspirated, voiceless aspirated,
voiced unaspirated, voiced aspirated. Exactly the same ranking was found with
our data if we analyse CD for voice and aspiration. Table 1.2 gives the values of
Benguerel and Bhatia’s (1980) investigation compared against those of the
present study.
1.4.2 Duration of the Preceding Vowel
There is evidence from many languages that closure duration interacts with the
length of the preceding vowel in respect to voice. The general observation is that
vowels tend to be longer before voiced plosives than before voiceless ones
(Chen, 1970; Kohler, 1977; Port, Al-Ani and Maeda, 1980; Braunschweiler, 1997;
Maddieson, 1997). Moreover, it has been claimed for some languages that there
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is a trade-off between the durations, such that the duration of V+CD is highly
similar for voiced and voiceless consonants. In the present investigation the
vowels preceding the voiced and voiceless consonants had been distributed fairly
equally in each category, however they did not have an exact match.
Nevertheless, we decided to analyse this parameter, keeping in mind that for the
time being the results reflect only tendencies that have to be substantiated in later
studies.
TABLE 1.2.
Closure durations of the four categories in Hindi and East Bengali.
Benguerel and Bhatia (1980)
Hindi average CD in ms
Voiceless unaspirated
Voiceless aspirated
Voiced unaspirated
Voiced aspirated

154
140
130
112

Present investigation
Bengali CD (LSM) in ms
135
116
106
96

The ANOVA design was the same as the one conducted for the analysis of
CD. The results are displayed in Figure 1.9. A significant effect was found for
voice, F(1,2)=39.33; p≤0.0245, and quantity, F(1,2)=76.69; p≤0.0128. When the
sound was voiced or when the sound was a singleton, the preceding vowel was
longer than its corresponding counterpart (Figure 1.9.a). These results are in line
with previous findings on other languages that suggest a trade-off between
closure duration and length of preceding vowel.
When closure duration is longer, like in the case of voiceless sounds or in the
case of geminates, the corresponding vowel is shorter – and vice versa. In terms
of a temporal compensation between preceding vowel and closure duration, the
testing of such an assumption with our Bengali data showed that the V+CD
duration of the voiced consonants did not completely level out with that of the
voiceless ones. After adding the length of the preceding vowel to the following
closure duration, there was still a significant effect for voice (F(1,2)=68.01,
p≤0.0144; ∆ = 12 ms; cf. Figure 1.9.b).
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a) Preceding Vowel
Voice

Quantity

(b) Preceding Vowel + Closure Duration

200

188

Fig. 1.9.
(a) Least Square Means (in ms) for the factors that showed a significant effect for
the measurement of the preceding vowel.
(b) Sum of preceding vowel and closure duration for the factor voice.
In the case of vowel duration interacting with consonant quantity,
Maddieson (1985) reported that in many languages, vowels are shorter before a
geminate consonant than before a corresponding singleton. This phenomenon is
explained by the different syllabification of a singleton versus a geminate
consonant. In a VCV sequence, the intervocalic consonant is syllabified as the
onset of the second syllable (V.CV), thus leaving the preceding vowel in an open
syllable position. In a VCαCαV sequence, the intervocalic geminate is assumed to
be heterosyllabic, whereby it contributes to the coda of the first syllable as well as

Chapter I

Caught in the ACT

24

to the onset of the second syllable (VCα.CαV). The filled or empty coda position
influences the length of the preceding vowel: the vowel is shorter in a closed
syllable and longer in an open syllable. Lahiri and Hankamer (1988) have found
the same relation of different vowel duration before singleton and geminate
consonants in West Bengali. Their analysis showed, like our study, that the
overall difference in vowel duration was significant. In their investigation,
however, this difference was not significant for every speaker. In our experiment,
all three speakers produced a significant difference.
1.4.3 After Closure Time
In order to accommodate the different status of the ACT of the stops and the
frication part of the affricates (which for reasons of convenience are both labelled
ACT), a slightly altered statistical model was used. Instead of place appearing as
a single factor, voice and aspiration are now nested under place.12 Moreover the
factor quality of preceding vowel was not used for the ACT calculations (the
remaining factors were the same as previously reported for CD and PV).
A significant effect was found for aspiration, F(1,2)=2315.45; p≤0.0001,
whereas voice, F(1,2)=11.78; p≤0.0754, and quantity, F(1,2)=3.08; p≤0.2214, did
not produce a significant overall effect. However, the interactions of voice and
quantity (displayed in Figure 1.10) F(1,1967)=31.6; p≤0.0001, as well as of place,
voice and aspiration F(15,1967)=201.21; p≤0.0001, were significant. A post hoc
test showed that in the first case, ACT was significantly longer for geminates than
for singletons but only within the set of the voiced obstruents (p=0.0055). Within
the voiceless set, quantity showed no effect (p=0.503).
On average, ACT of the aspirated consonants is more than twice as long
as the unaspirated ones. This holds for the voiceless as well as for the voiced
cases (LSM voiceless aspirates = 71 ms; LSM voiceless unaspirates = 27 ms;
LSM voiced aspirates = 44 ms; LSM voiced unaspirates = 19 ms). This shows
that ACT does not only distinguish between the voiceless aspirated and
unaspirated stops (and affricates), but also between the voiced aspirated and
unaspirated ones. As the research of Lisker and Abramson (1964) had shown,

12

In the set of the aspirates there are no labial voiceless stops (cf. Table 1.1).
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After Closure Time
Aspiration

Voice * Quantity

Fig. 1.10.
Least Square Means (in ms) for the significant overall effect of aspiration and the
significant interaction between voice and quantity (across aspiration). In the latter
case only the difference in the voiced category meets significance.
the latter stops were not distinguishable by means of VOT (length of prevoicing).
Therefore they had suggested that the presence of breathy voice would
distinguish the aspirated from the unaspirated stops in the voiced category. Davis
(1994) pointed out that such an adoption of an additional feature, which is
relevant only for the voiced category, is not necessary. She was able to
distinguish the voiced aspirate from the voiced unaspirate by length of noise
offset time.13 We achieve similar results with our ACT measurements. As
previously mentioned, we assume that Davis’ noise offset time (henceforth NOT)
measurements encompass what we call ACT plus some initial portions of SA. In
Davis (1994) additionally reports that there was a considerable number of
instances where the voiced aspirated stops were realised without breathy voice.
She counts this as further evidence that breathy voice is not a prerequisite for
voiced aspirated stops, but instead it rather serves to enhance the perception of
aspiration in the voiced category. Our East Bengali speakers also produced some
instances without glottal pulsing during ACT of the voiced aspirates. In these
cases, aspiration was clearly present but the breathy voiced part only occurred
with SA. However, in our data the phenomenon was less frequent and it was only
observed with geminates. Moreover, one of our male speakers produced \∂Ó…\
without aspiration at all (and hence without breathy voice). However, he did
produce it with all other relevant stops. These few instances without aspiration
were therefore considered as a speaker specific peculiarity and were omitted
from the analysis.
13
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order to best compare her measurements with our results (remember that Davis
investigated only the four velar Hindi stops in word initial position), a separate
analysis on the velar singletons from our data was conducted. As can be seen in
Table 1.3, the absolute values for the four categories are different but the
proportions are analogical. ACT and NOT are shortest for the voiced unaspirated
Table 1.3.
Comparison of the arithmetic means of Davis’ (1994) measurements of noise
offset time for velar Hindi stops to the measurements of after closure time of the
velar East Bengali stops in the present study.
Davis (1994)
SD
10.64
17.58
11.06
21.30

Arithmetic means of
NOT in ms
25.85
74.24
11.58
34.26

Present Study
Phoneme
[k]
[kÓ]
[g]
[gÓ]

Arithmetic means of ACT
in ms
36.06
72.83
22.42
43.82

SD
6.95
13.42
9.18
23.57

stops. Second are the voiceless unaspirated ones, followed by the voiced
aspirated stops. By far the longest ACT and NOT were found with the voiceless
aspirated stops. Thus both in Davis’s analysis and in ours, the voiced aspirated
velars do not pattern with either the voiced unaspirated nor with the voiceless
aspirated ones. We come to the same conclusion as Davis that the adoption of
breathy voice as an additional feature is not necessary to distinguish the voiced
aspirated from the voiced unaspirated stops. Moreover, Davis found that the NOT
of all six phoneme pairs was significantly different. An ANOVA on the subset of
the velar singletons of our data led to comparable results.14 A post hoc test on the
significant interaction of voice and aspiration showed that, except for [k] versus
[gÓ] which were significant at p=0.0017, all other pairings were significant at
p=0.0001. However, further analysis of our data will show that it would be wrong
to translate the validity of these results to the other places of articulation. As will

The ANOVA was conducted with the factors voice (voiced, voiceless),
aspiration (aspirated, unaspirated) and subjects (F1, M1, M2 - set as a random
factor). The factor number of syllables was omitted since all words of the subset
were disyllabic.
14
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be seen in the subsequent paragraph, ACT of the velar stops (in respect to voice)
is patterning differently from the stops with other places of articulation.
The full set of East Bengali stops and affricates shall now be addressed
again. In terms of the three-way interaction between voice, aspiration and place,
ACT was generally found to be longer for voiceless than for voiced obstruents (cf.
Figure 1.11). This contrast, however, was not significant for the labial (p=0.2607),
dental (p=0.7021) and retroflex (p=0.4262) stops of the unaspirated set. The
difference of the unaspirated velar stops was on the border of significance
(p=0.0486). The ACT differences of the aspirated stops, on the other hand,
showed significance throughout (dental: p=0.0001; retroflex: p=0.0323; velar:
p=0.0001). The general pattern that emerges from these results is that if the
stops are aspirated, ACT contributes to the distinction of voice with the voiceless
stops having always a significantly longer ACT than the voiced ones. If the stops
are unaspirated, the labial, dental and retroflex stops form a group where no
significant difference for voiced and voiceless stops is observed. The velar stops
behave differently insofar as their ACT difference just hits the significance level.
The picture for the affricates is different. Here it did not matter whether the
affricates were aspirated or unaspirated. In both cases, the ACT (the fricative
part) was significantly longer for voiceless affricates than for voiced ones
(unaspirated affricates: p=0.0014; aspirated affricates: p=0.0001). As for the
stops, the difference was greater in the aspirated group (Δ = 31 ms) than in the
unaspirated group (Δ = 17 ms). An explanation why ACT is contrastive in the
aspirated set but not in the unaspirated one is that in the latter case ACT only
consists of the mechanical or automatic events after release while in the former
group ACT also includes the controllable timing of laryngeal opening and closing
(cf. the comments on ACT on page 18). ACT of the affricates, containing the
frication part, is similarly controllable across both categories (unaspirated and
aspirated). The only set which falls out of this pattern is the velar unaspirated
stops. It is unlikely that the results we got for the velars are an artefact of some
kind, because as mentioned earlier, Davis (1994) got comparable results for her
investigation on Hindi velar stops. We assume that there is another underlying
but controlled mechanism which is causing the described ACT difference of the
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velars. Further research in this field will have to be carried out in order to shed
more light on this issue.
These results show that the four stop categories cannot be distinguished
by ACT differences alone (especially with the labial, dental and retroflex stops).
However, it is possible to distinguish the voiced aspirated from the voiced
unaspirated ones (both stops and affricates) on the basis of ACT. A post hoc test
showed that in all five cases the difference was significant at a level of p=0.0001.
The same results were obtained for the aspirated and unaspirated obstruents of
the voiceless category - all four pairings reaching a level of significance at
p=0.0001. This clearly shows that both the voiced and the voiceless
aspirated/unaspirated contrast can be distinguished by ACT. In both the voiceless
and the voiced category the aspirated stops have a long lag time (ACT) in
combination with noise excitation, while the unaspirated ones are characterised
by a short lag time. Hence, there is no need to assume the additional feature of
breathy voice to distinguish the voiced aspirates from the unaspirated cognates.
It is almost considered universal that VOT increases as place of
articulation moves from labial to dental to velar (Lisker and Abramson 1964;
Ohde 1984; Maddieson 1997; Stevens 1998; Cho and Ladefoged, 1999). Figure
1.11 shows the same overall tendencies within each category, however the
differences between the labial, dental and retroflex stops are much less
pronounced than between each of them and the velar stops. Moreover the
retroflex stops do not fit into this gradient pattern. Their ACT is generally shorter
than of the dental stops. The general observation is that, similar to CD, the labial,
dental and retroflex stops again form a group distinct from the velar stops. A post
hoc test revealed that the former had significantly shorter ACT’s than the velar
ones (p=0). As for the affricates, their ACT was significantly longer than that of
the stops (p=0), which is not surprising since the length of the release includes
the friction part of the affricate.
As already mentioned, an interaction was found between voice and
quantity. A post hoc test showed that the ACT was significantly shorter for the
singletons than for the geminates (p=0.0055), but only within the voiced category
(see Figure 1.10). In the voiceless category, ACT of the singletons and geminates
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was about the same (p=0.5035). There is no straightforward explanation why we
obtain this effect. It has been shown by Muller (2003) that VOT serves as a
secondary acoustic parameter and cue to distinguish singletons from geminates
(especially in initial position) in Cypriot Greek. In this language, a singleton has a
short VOT while a geminate has a long VOT. This is the same relation as we
found for ACT in the voiced set of East Bengali. However, in our study it is
ACT unaspirates

*
*

ACT aspirates

*
*

*
*

Fig. 1.11.
Display of the Least Square Means (in ms) of the significant interaction of place,
voice and aspiration. The asterisks indicate the significant differences.
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doubtful that these ACT differences play a significant role for the quantity contrast
because (i) they are unevenly distributed (i.e. they occur only in the voiced
category) and (ii) the differences are small and they appear within a value range
that makes their contribution as a cue to the quantity distinction unlikely. We
assume that the occurrence of these ACT differences is a consequence of a
specific laryngeal timing in relation to the oral articulators that appears with the
voiced stops but not with the voiceless ones.

1.4.4 Superimposed Aspiration
The ANOVA for the SA was conducted with the factors voice (voiced, voiceless),
quantity (singleton, geminate), syllables (2, 3, 4) and voice and quantity (nested
under place).15 Subjects (M1, M2, F1) were included as a random factor. There
was a significant effect for voice, F(1,2)=19.81; p≤0.047, and a significant
interaction between voice and quantity, F(1,861)=31.72; p≤0.0001, as well as
between place, voice and quantity, F(12,861)=8.76; p≤0.0001.
Superimposed Aspiration

Fig. 1.12. Overall (i.e. across quantity and all places) Least Square Means (in
ms) for measurements of SA.
If the consonant was voiced, the SA was rather long and went far into the
vowel. On the other hand, if the consonant was voiceless, the SA was relatively
In this analysis voice had to be nested under place since with the aspirated
obstruents the voiced and voiceless categories do not appear with all places.
15

Chapter I

Caught in the ACT

31

short (cf. Figure 1.12). The measurements suggest that the values of SA for
voiceless consonants mainly range from 0 to 40 ms whereas for voiced
consonants they chiefly lie between 40 and 60 ms. However, a post hoc test on
the significant interaction between place, voice and quantity showed that the SA
differences of the geminate affricates did not meet significance (p=0.1016),
although they showed the same long-short relation in respect to voice as the
other obstruents (cf. the values of the SA-bars in Figure 1.14). It is not clear why
this effect happened only with the geminate affricates, but not with the
corresponding singletons.
To our knowledge, the occurrence of SA with voiceless aspirates had not
been observed or mentioned in previous research. The reason might be that for
the voiceless aspirates, the part of SA is considered to be negligibly small or is
not present at all, and therefore had not been given attention. We too had some
cases where SA was very short or zero but there were too many other cases of
clearly present SA with considerable length (30% of the cases had a SA between
40 ms and 70 ms, 53% ranged between 20 ms and 40 ms, 11% had a SA up to
20 ms, and 6% were without SA). A sample of the occurrence of SA with
voiceless aspirates had previously been given in Figure 1.7. This observation in
East Bengali raises the question about the realisation and timing of aspiration
across different languages in general. We may hypothesise that the acoustic
realisation of the feature aspiration of voiceless stops is not identical across
languages, the reason being that aspiration is the manifestation of different
underlying phonological functions. Further cross-language studies will be
necessary to test this assumption.
Quantity produced an effect, but only within the group of voiced
obstruents. A post hoc test revealed that here the SA of the singletons was
significantly longer than that of the geminates (p=0; LSM singletons = 55 ms,
LSM geminates = 40 ms). This was not the case for the voiceless obstruents
where the SA of both singletons and geminates had about the same length
(p=0.1336; LSM singletons = 26 ms, LSM geminates = 22 ms). As stated in the
previous section, a similar but reciprocal effect was found for ACT: within the
voiced group, ACT was significantly shorter for singletons than for geminates,
whereas in the voiceless group, no such difference was found. As can be seen in
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Figure 1.13 these length differences level out if ACT and SA of the voiced
obstruents are added together. A post hoc test on the combined ACT plus SA
durations revealed no further significant effect between the voiced singletons and
voiced geminates of the aspirated category (p=0.2779).

89 ms
92 ms

Fig. 1.13. Least Square Means (in ms) of the combined ACT plus SA of the
voiced aspirated singletons and geminates in ms.

In terms of the SA differences in respect to voice, notice that the part of
aspiration, which marks the phase of ACT, also displayed the opposite
distribution to SA: within the aspirated group the voiceless stops or affricates had
a significantly longer ACT than their voiced counterparts. A further analysis was
carried out in order to reveal whether the whole length of aspiration (the one
which is present during the after closure time plus the following superimposed
aspiration) would lead to compensation between voiced and voiceless
consonants. Figure 1.14 displays the combined parts. The ANOVA showed that
after adding the two parts of aspiration, the significant overall effect for voice
disappeared, F(1,2)=1.06; p≤0.411. A post hoc test of the significant interaction
between place, voice and quantity showed that this was the case for all instances
except for the geminate affricates (cf. Figure 1.14). The missing compensation in
this set is a consequence of the previously stated missing SA difference between
the voiced and voiceless category. Apart from this singular incident, the general
assumption that can be drawn from these results is that aspiration as a whole is
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Singletons
85 ms
p=0.3096
92 ms
80 ms
p=0.8028
78 ms
91 ms
p=0.5829
87 ms

122 ms
p=0.8174
120 ms

Geminates
76 ms
p=0.3733
82 ms

132 ms
p=0.0146
114 ms

Fig. 1.14.
Least Square Means (in ms) of the combined durations of ACT and SA of voiced
and voiceless aspirated obstruents broken down by place of articulation and
quantity. Except for the geminate affricates, all combined durations compensate.
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assigned as a single fixed length, irrespective of the consonant’s state of voice.
But depending on the voice of the consonant, the border between aspiration that
is present during ACT and during SA is moved forward (to make ‘ACT-aspiration’
longer and SA shorter, as it was found for voiceless consonants) or backward (to
make ‘ACT-aspiration’ shorter and SA longer, as in the case of voiced
consonants).
A physiological explanation of this event is provided by the data of
Benguerel and Bhatia (1980) and Dixit (1989). They measured the glottal events
for the four categories of Hindi stop consonants. In order for aspiration to occur,
the glottis needs to be (at least partially) open by abducting the vocal folds. Their

Fig. 1.15.
Stylised curves of the glottal area comparing the time course of the opening and
closing gestures of the glottis for voiceless and voiced aspirated Hindi stops in
intervocalic environment. AC marks the beginning of articulatory closure. AR
(line-up point) marks the articulatory release. The double arrow indicates the
closure of the glottis, which occurs at the same point in time after articulatory
release for both voiceless aspirated and voiced aspirated Hindi stops. The
three-bar pattern on the horizontal axis corresponds to the relative timing of ACT,
the solid bar to that of SA. (Adapted from Dixit 1989).
studies gave evidence that voiced and voiceless aspirated plosives were
produced with a moderately or wide open glottis, respectively. Although the
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beginning of glottal opening occurred much later for the voiced aspirated plosives
than for the voiceless ones (in relation to the articulatory closure), the ending of
the movement towards glottal closure occurred at the same point in time after
release for both types. Figure 1.15 is adapted from Dixit (1989) and displays the
glottal area curves of intervocalic labial voiced and voiceless aspirated Hindi
stops. The graph shows that at the point of release the glottis of the voiced and
voiceless aspirated sounds is already open, though to different degrees. Thus
aspiration can start immediately after articulatory release. But the crucial point is
that the instant of completed glottal closing takes place at the same point in time
for both types of stops thus yielding an identical length of overall aspiration. As for
the specific ACT-SA relations in the voiced and voiceless categories we have to
take into account that the glottal configuration of the voiced and voiceless
aspirates is different. While the voiceless aspirates are produced with a (widely)
spread glottis, the voiced aspirates show adducted vocal folds at the anterior
portion of the glottis. Thus the vocal folds of the latter are in a position for more or
less immediate voicing after release while with the former some time has to
elapse until a position is reached where phonation can take place.
In addition to the overall results that are shown in this and the previous
sections, graphics of the arithmetic means of CD, ACT, and SA, as a function of
voice, quantity, place and aspiration are given in the appendix.

1.5 Summary and Conclusion
The picture that we gained from waveform and spectrographic inspections of the
East Bengali data presented in this study lead to a redefinition and extension of
the established terminology of length measurements. The new terminology
distinguishes between lead times that occur word initially or after a voiceless
interval (onset voicing - OVO) and lead times that occur word medially or before a
sonorant segment (connection voicing - CVO). Moreover, lag time measurements
(termed after closure time - ACT) are not only applied to voiceless stops and
affricates but similarly to voiced ones. A further point is that ACT measurements
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can be applied to initial, medial and final stops. In utterance final stops ACT is
defined as the section after the release burst that still shows speech relevant data
(like for instance aspiration or friction noise) in the spectrogram. These new
measurement criteria allow a more direct comparison between the specific lead
times and between the specific lag times. In this way the results show that the
extra notion of ‘breathy voice’ as a parameter to distinguish the voiced aspirated
from the voiced unaspirated stops can be avoided. Another acoustic parameter
that was introduced with aspirated stops and affricates was labelled
superimposed aspiration (SA). It denotes that period of high frequency noise
(aspiration) that occurs simultaneously with the following vowel’s initial pulsing.
SA has been observed to be a characteristic of both voiced and voiceless
obstruents.
The measurements of the preceding vowel, (PV), closure duration (CD),
after closure time (ACT) and superimposed aspiration (SA) that are presented
and discussed in this production study give rise to a number of conclusions for
East Bengali stops and affricates:
The supplementary measurements of the PV showed an effect for voice
and quantity. The preceding vowel was longer before voiced and short
consonants as compared to their corresponding counterparts. In respect to the
voice distinction, we therefore assume a compensatory relation with CD that has
an opposite distribution of values. The addition of vowel length and CD, however,
did not lead to full temporal compensation in respect to voice. The lack of full
compensation might as well be attributed to a not entirely even distribution of
vowel qualites within the stimuli that belong to the specific categories. Therefore
the results for PV should be seen as overall tendencies that need to be examined
more closely in future studies. The shorter PV for geminates, as compared to
singletons, was explained as an effect of different syllabification.
The major effect of CD was its contribution to the distinction of quantity,
with the duration of geminates being more than twice as long as that of
singletons. This reflects a basic pattern, which is found in many other languages
that exhibit a stop quantity contrast (among others: Abramson, 1987; Lahiri &
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Hankamer, 1988; Kraehenmann, 2003; Muller, 2003). In terms of voice, CD was
slightly longer in voiceless obstruents than in voiced ones, the average
voiceless/voiced ratio being 1.25. Moreover, the presence of aspiration had a
shortening effect on CD. Thus CD values of the four categories gradually
descend from relatively long to relatively short in the following order: voiceless
unaspirated, voiceless aspirated, voiced unaspirated and last, voiced aspirated.
Comparing the stops with the affricates, CD of the affricates was considerably
shorter than of all the stops. Another distinction was found within the stop
category. The labials, dentals and retroflexes form a group distinct from the
velars, with the velars having a shorter CD than the other stops. Within this group
the CD differences were not significant.
A similar but reciprocal distribution of the values was found for ACT. The
general pattern is that the labial, dental and retroflex stops again form a group
with ACTs that are shorter than those of the velars. The ACT (frication part) of the
affricates was by far the longest of all.
With the introduction of ACT as a lag time measure in all four categories
we were able to distinguish the aspirated from the unaspirated set. This is
particularly important for the voiced stops: the notion of ‘breathy voice’, that had
been considered necessary to distinguish the voiced aspirates from the voiced
unaspirates, becomes redundant. Moreover in terms of phonological features we
can do away with the need to postulate an additional and rather outstanding
feature that exclusively describes the voiced aspirates. Davis (1994) who also
conducted lag time measurements in Hindi on all four categories of velar plosives
(but with a different method) obtained similar results. She pointed out that “If
murmur (or breathy voice) were the true distinctive feature in the voiced aspirate,
a phonetically descriptive theory of phonology would have to include an additional
feature in the stops to account for variations in type of non-vocalic, post-release
voicing vibration” (pg. 188). Like Davis, we propose that the features [voice] and
[spread glottis] (denoting aspiration) are sufficient to handle this four-way
distinction. However, unlike Davis, we adopt a monovalent underspecified feature
model, as proposed by Lahiri and Reetz (2002). We assume that the voiced
aspirates are specified for [voice] and [spread glottis], the voiced unaspirates only

Chapter I

Caught in the ACT

38

for [voice], the voiceless aspirates only for [spread glottis] and the voiceless
unaspirates remain underspecified. In this system the laryngeal correlate or
command for [voice] is (active) glottal buzz during closure, and for [spread glottis]
the correlate is open or spread glottis at the point of release or immediately after,
thus giving way to aspiration. Notice that this definition does not make any
assumptions about the occurrence of voicing (low amplitude buzz) after release
or the timing and degree of the glottal aperture movement before release. The
‘minimum requirement’ to fulfil the condition of the feature [voice] is glottal buzz
during closure.16 For the feature [spread glottis] this ‘minimum requirement’ is an
open glottis at release (with a subsequent movement towards a position that
allows the proper production of the next segment). This definition predicts that
voiced stops could be produced with or without low amplitude buzz after release.
Indeed, Davis (1994) observed that not all of her voiced aspirates were produced
with breathy voice (i.e. those stops were produced with aspiration but without low
amplitude buzz during that phase). A comparable observation has been made in
the present study. However, here the phenomenon occurred sporadically and
only with geminates. Similar to Davis, we assume that the presence of murmur is
a secondary (optional) feature in order to enhance the perception of these
particular sounds, but it is not compulsory.
The laryngeal underspecification of the voiceless unaspirates is supported
by the results of Kagaya and Hirose’s (1975) fiberoptic analysis of Hindi stops. In
their study only the voiced unaspirates were produced with a closed glottis while
with the other three types, different degrees of separation of the glottis were
observed. The voiceless unaspirated stops, on average, showed a smaller
opening than the other two, and in some instances the opening-closing
movement was completed at the point of oral release. Nevertheless, most of the
cases showed a small overlap of glottal opening and release phase. Moreover,
while Kagaya and Hirose report an open glottis for the voiceless unaspirated
stops in initial and medial position, Dixit and MacNeilage (1980) state that “during
A more detailed account about the interaction between the phonological
specifications and their phonetic correlations is to be found in chapter III (section
3.5) of this dissertation.
16
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these stops, the glottis was closed in word-final and word-medial positions, but in
word initial position it was open either less than or as much as during voiced
aspirated stops” (pg. 402). If we assume that phonological features are correlated
with specific articulatory gestures a bivalent featural model with a [-spread glottis,
-voice] assignment for the voiceless unaspirates does not convincingly describe
all the conditions and variations mentioned above. The assumption of
underspecification, however, could solve this problem: the voiceless unaspirates
remain unspecified and therefore they can enjoy a certain degree of ‘articulatory
variability’.
We showed that the primary function of ACT is to distinguish between
aspirated and unaspirated stops and affricates. Its role for the distinction of voice
is much less articulated. While there is no difference in the unaspirated category
for labial, dental and retroflex stops, the velar stops are just on the border of
significance. Within the aspirated category, on the other hand, ACT contributes to
the distinction of voice in all four cases, with higher values for the voiceless stops
than for the voiced cognates. The same is true for both unaspirated and aspirated
affricates.
The part of aspiration labelled SA was observed with voiced as well as
with voiceless aspirated consonants, though it was not necessarily present with
all voiceless ones. On average, SA of the voiced consonants lies between 40 and
60 ms whereas SA of the voiceless ones ranges from 0 to 40 ms. Except for the
geminate affricates, all voiced-voiceless differences of the SA were significant.
After adding ACT (which showed an inverse relation) to the SA, these differences
for voice levelled out in all cases except for the geminate affricates. These
findings reflect the glottal opening-closing gestures in relation to oral release as
they were stated by Dixit (1989). It was argued that the special timing of glottal
gestures lays the groundwork for the identical lengths that are assigned to the
overall aspiration (ACT plus SA). That is, the whole length of aspiration is the
same for voiced and voiceless consonants. The voice contrast only emerges in
the different lengths that are assigned to the two parts of aspiration - present
during ACT and SA. For voiceless consonants the ACT-part is long and the SApart short, while the reverse is the case for the voiced obstruents.
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Our study has shown that the medial stops and affricates of the four-way
category language of East Bengali can be distinguished by the presence or
absence of CVO in combination with ACT. The presence of glottal buzz then
correlates with the phonological feature [voice]. Aspiration can be coded by ACT,
with a (relatively) long ACT denoting the feature [spread glottis]. These two
features and their phonetic realisations are sufficient to reliably distinguish all four
classes of stops. The interaction of ACT (in combination with glottal buzz) and SA
is seen as a mechanism of supplementary ‘fine-tuning’ that will enhance the
perception within the relevant categories.
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Multiple Functions of F0

Specifying the Voicing, Aspiration and Quantity
of East Bengali Stops and Affricates

2.1 Overview
This chapter investigates the correlation of F0 perturbations with respect to the
voice,

aspiration

and

singleton-geminate

contrast

in

different

prosodic

environments for East Bengali stops and affricates. The production study used
level and yes/no question intonation as contrastive prosodic environments. The
results provide evidence for a four-way distribution of F0 onsets that are fanned
out from high to low as follows: voiceless geminates, voiceless singletons, voiced
geminates, voiced singletons. As for aspiration we found a general tendency of F0
lowering when the stops were aspirated. This effect was particularly strong when
the words were pronounced with yes/no question intonation. Additionally, under
this yes/no condition the aspirated obstruents showed a strong effect for place of
articulation with the velar stops and post-alveolar affricates exhibiting a high F0
and the labial and dental stops a low F0. There is support that the F0 perturbations
are partially governed by active laryngeal adjustments. It is argued that these
adjustments are driven amongst other things by the phonology of the individual
language.

2.2 Introduction
It has been observed in a variety of production studies that fundamental
frequency (F0) contributes to the distinction between voiced and voiceless oral
stop consonants (Lehiste & Peterson, 1961; Mohr 1971; Lea, 1973; Löfqvist,
1975; Hombert, 1978; Haggard, Summerfield & Roberts, 1981; Umeda, 1981;
Kohler, 1982; Ohde, 1984; Kingston & Diehl, 1994). These F0 contours - also
called F0 perturbations – are located at the voicing onset of a vowel, which follows
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a stop consonant. It has been found that F0 for voiceless stops starts relatively
high in relation to voiced stops and exhibits a rapid steep fall. F0 of voiced stops,
on the other hand, can be rising (Lehiste & Peterson, 1961; Mohr, 1971; Lea,
1973; Hombert, 1978) or it can be level or even slightly falling (Haggard,
Summerfield & Roberts, 1981; Ohde, 1984; Kohler, 1982). These results lead to a
discussion about the ‘rise-fall’ versus the ‘no rise’ account (Haggard, Ambler &
Callow, 1970; Lea, 1973; Silverman, 1986; Whalen, Abramson, Lisker & Mody,
1990; Diehl & Molis, 1995). In a variety of perception studies with synthetic
speech stimuli, researchers tested whether the F0 rise for voiced stops, which had
been observed in some of the production studies, is crucial for perception or
whether its occurrence was merely an artefact of the (uncontrolled) overall
intonation contour. Silverman (1986) concluded that the microprosodic F0
perturbations at vowel onset are calculated relative to the overall macroprosodic
structure and therefore a rising F0 perturbation after a voiced stop is due to an
overall rising intonation. However, when testing the interaction of various patterns
of intonation and F0 perturbations, the results of Whalen, Abramson, Lisker and
Mody (1990) and Diehl and Molis (1995) gave less support to this ‘no rise’ theory.
The production studies mentioned above all focussed on Germanic
languages (American English, British English, German and Swedish). The crucial
segments were tested in prestressed and poststressed positions, in mono- and
disyllabic real words and nonsense words, in isolated utterances, embedded
within a carrier phrase or in fluent reading. Kohler (1982) also tested the voice
contrast (he calls it a contrast of lenis versus fortis) of alveolar German stops in
monotone, falling and rising macropatterns of F0.
A systematic correlation of the diverging curves (especially for voiced
obstruents) with acoustic or phonological factors could not be unambiguously
deduced from the experimental settings of those production studies. However,
despite the varying curves of F0 perturbations, the predominant and constant
factor that could be detected across all production studies was a relative high
onset frequency for voiceless stops and relative low onset frequency for their
voiced counterparts.
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Ohala (1973, 1974), Hombert (1978), and Hombert, Ohala and Ewan
(1979) address the correlation of tonogenesis and F0 height at the beginning of a
vowel following an obstruent. In most cases, it is the high versus low F0
perturbations of voiceless and voiced obstruents respectively that trigger
tonongenesis: When the voicing distinction of the obstruents is lost, a previously
voiced obstruent can trigger a low tone on the following vowel and a previously
voiceless obstruent can initiate a high tone.
Aspiration has also been attested to influence F0 height. While in some
Germanic languages the presence or absence of aspiration contributes to the
voice contrast, there are other languages which use this acoustic cue as a
separate, distinctive phonological feature. Hindi and Bengali are languages that
display a contrast of voice and additionally a contrast of aspiration. In the
phonetic inventory of these languages, voiceless unaspirated, voiceless
aspirated, voiced unaspirated, and voiced aspirated (breathy voiced) sounds are
distributed contrastively. It has been found across languages that aspiration itself
also exerts some influence on the F0 perturbations. However, here the results are
not as clear as for the distinction of voice. In the case of tonogenesis, aspiration
sometimes gives rise to a high tone as it has been reported for most Tai dialects
and sometimes to a low tone as observed in Wu Chiang and Punjabi (see
Hombert, 1978 for references). Ohde (1984) measured the F0 perturbations of
voiceless aspirated [ph, th, kh], voiceless unaspirated [(s)p, (s)t, (s)k] and voiced
stops [b, d, g] in English and found that at the very beginning of the trajectories
“F0 was higher for voiceless unaspirated stops than for voiceless aspirated stops.
However this difference essentially disappeared in the following glottal periods”
(p. 227). Similar to Ohde (1984), Kingston and Diehl (1994) conducted a
production experiment that included voiceless aspirated stops [ph, th, kh] as well
as voiceless unaspirated stops [(s)p, (s)t, (s)k]. However, their speakers of
American English produced a slightly higher F0 for voiceless aspirated stops as
compared to voiceless unaspirated ones. Different observations are also made in
Danish. While Fischer-Jørgensen (1968) reports no F0 difference between
aspirated and unaspirated stops, Jeel (1975) states a higher F0 for aspirated
stops.
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Besides the effects that voice and aspiration have on F0, there is a third
distinction, quantity or consonant length that has been observed to influence the
F0 trajectories. Abramson (1998, 1999, 2003) stated that F0 in combination with
amplitude provides powerful cues to the length distinction in initial voiceless stops
in Pattani Malay. In this language, high F0 values and high amplitudes are
associated with long voiceless stops (geminates) whereas low F0 values and low
amplitudes are associated with short voiceless stops (singletons).
In terms of a correlation of F0 with place of articulation, the earlier
production studies do not draw a uniform picture. Haggard, Summerfield and
Roberts (1981) found in their English production study that the F0 perturbations
did not manifest special and consistent patterns in respect to place (labial,
alveolar and velar). Comparable results were obtained by Lehiste and Peterson
(1961). On the other hand, House and Fairbanks (1953) as well as Mohr (1971)
reported an effect for place. In their studies, F0 onset of the following vowel was
higher for an English [g] than for [d] and [b]. Ohala (1973) states that this effect is
due to a high position of the tongue as we find it with palatal and velar
consonants but not with dentals and labials. This higher tongue position induces a
pull upon the larynx, which increases vocal fold tension and consequently F0 will
rise. But it still remains unclear why this effect appears to be inconsistent and why
it occurred only with voiced but not with voiceless plosives.
Dixit (1979) and Dixit and MacNeilage (1980) report on a glottographic
study of stops and affricates from one speaker of Hindi. They showed that for
intervocalic voiced stops the glottis was closed if unaspirated and narrowly open if
aspirated. In the case of voiceless stops, the glottis was reported to be wide open
if aspirated and closed if unaspirated. Thus, both voiced and voiceless
unaspirated stops in intervocalic position are produced with a closed glottis
(however, see Kagaya & Hirose, 1975). In order to prevent the vocal folds of the
voiceless unaspirated stops from vibrating during the closure, a higher
longitudinal tension in the vocal folds is produced – reflected by cricothyriod
activity. These findings explain two observations that are commonly made
between voiced and voiceless unaspirated stops: (i) Prevocalically, the duration
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between the onset of the burst and the appearance of periodic vocal fold vibration
of the vowel (after closure time – ACT) basically plays no role for the distinction of
voice. This is because in both cases the glottis is closed or almost closed at the
point of release and thus is in the position for immediate or a very early start of
voicing. (ii) The higher longitudinal tension, which is applied in order to prevent
vocal fold buzz holds as an explanation for at least one of the reasons why we
generally find a higher F0 onset with voiceless stops. For their Hindi speaker, Dixit
and MacNeilage (1980) reported throughout a higher F0 onset of the following
vowel for voiceless stops and affricates as compared to their voiced cognates.
Considering the points reported so far, the issue of this study addresses
the following questions: To what extent is F0 a fundamental acoustic property for
native speakers of East Bengali, which displays a three way distinction of (i)
voice, (ii) aspiration and (iii) quantity in a VCV environment? Can we find any
dependence of F0 on place of articulation? Since speakers generally make ample
use of intonation we wanted to test the behaviour of the microprosodic F0
contours of the above parameters under contrastive macroprosodic intonation
patterns.
2.3 Experiment
2.3.1. Stimuli
The stimuli were the same as described in the experiment from chapter I of this
work (cf. pg. 16) The following vowels on which we performed the F0
measurements were \o, O, e, œ, a\, but not \i\ or \u\ to avoid confounding with the
intrinsic higher F0, which is generally attributed to high vowels. The two
contrastive prosodic environments were (i) neutral intonation (level intonation),
which was tested in four repetitions and (ii) yes/no question intonation, which was
tested in three repetitions. Thus the whole data comprised 3612 stimuli (see
appendix for a complete word list).
In standard colloquial Bengali a yes/no question is realised as L* HILI
(Hayes & Lahiri, 1991). L* marks the pitch accent which links to the main stress of
the focussed word and HILI are the boundary tones of the intonational phrase
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which attach at the rightmost edge of the utterance. In the present study, the
intonational phrase consists of one word. Since the standard word stress in
Bengali is initial, the first syllable always attracts the low tone (L*). The following
intonation rises through the rest of the word until it reaches the high tone (HI),
which is immediately followed by a rapid fall to meet the low tone (LI) at the end
(Figure 2.1.b).

2.3.2 Subjects
The subjects (M1, M2, F1) were the same as described in chapter I of this work.

2.3.3 Procedure
The stimuli were presented on four differently randomized lists on paper,
corresponding to four repetitions. The bottom item on each sheet was an
additional filler-word. During the first four repetitions the subjects were instructed
to read each word at normal utterance speed in a flat (monotone) intonation.
However, in a few cases a slight effect of list reading was not avoidable, which
resulted in a minor upward movement of pitch on the last syllable of each word. A
pitch analysis of those items showed that the upward movement commonly
occurred towards the end of the word and not at the beginning of the last syllable
(cf. Figure 2.1.a). The repetitions from list one to three were presented again but
this time subjects had to pronounce each word with a yes/no question intonation.
They were instructed to imagine a situation where someone said a word that they
did not understand. Therefore, they would repeat the word they thought they
heard, to find out if they did hear it correctly. For example A says: “She loves
poetry.” B asks (for confirmation): “Poetry?” With this imaginary situation in mind,
the subjects performed the required intonation pattern for each word. An example
of how the two intonation contours were realized is given in Figure 2.1
In order to measure F0, pulse marks for each glottal pulse were added
(manually set with a semi-automatic assistance of the Multi-Speech program) at
the relevant points of the signal - starting at the onset of regular glottal pulsing
after ACT and going into the vowel. The duration of each pulse was converted
into frequency. By connecting the frequency values, a curve is obtained which
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shows the changes of fundamental frequency from one glottal pulse to the next
(Figure 2.2). The recording conditions are described in chapter I on page 18.

(a) neutral/level intonation
a

a

d

Frequency

k

HP

L*

(b) yes/no question intonation
k

a

d

a

Frequency

HI

L*

LI

Fig. 2.1.
Two representative samples of how the intonation patterns level/monotone (a)
and question intonation (b) were realized. The curves below the correspondent
waveforms illustrate the tonal progression in Hz of the word \kad1a\ (mud) spoken
by M1. The vertical lines mark the phoneme boundaries.

frequency in Hz
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Fig. 2.2.
F0 pulse marks (dashed vertical lines) of the vowel \o\ following the geminated
dental plosive in the word \pOddo\ (lotus) in neutral intonation spoken by subject
F1. Below the corresponding frequency curve is displayed.

2.4 Results and Discussion
2.4.1 General Analysis
The F0 perturbations were analysed for the first six glottal pulses after ACT. In
order to ensure the L-H intonational contour of the yes/no question across the
crucial segments, the six words that did not show the appropriate prosodic pattern
were excluded from the set with question intonation. This is because in these
cases, the investigated vowel is not located in the second syllable. An ANOVA of
F0 was performed with the following factors in a complex model: voice (voiced,
voiceless), quantity (singleton, geminate), intonation (level, question), aspiration
(aspirated, unaspirated), glottal pulse (1, 2, 3, 4, 5, 6), place (labial, dental, velar,
post-alveolar/affricate) and subjects (M1, M2, F1 as a random factor) in a
Standard Least Square design using the Restricted Maximum Likelihood (REML)
estimation.
There was quite a large number of tokens on which no F0 measurements
could be applied due to aperiodicity in the crucial interval. Further excluded items
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were those that were improperly pronounced and those whose F0 trajectory was
recognized as an outlier. The total of excluded tokens of the above kind was 259.
In terms of place of articulation, an initial analysis had shown that the F0 curves of
the retroflex stops exhibited irregular and inconsistent patterns with respect to
voice and consonant quantity. We sometimes found a high F0 for voiced stops
and singletons and a low F0 for voiceless stops and geminates. In some other
cases the curves of the voiced stops could not be differentiated from the
voiceless ones. These irregularities occurred randomly, that is, their appearance
could not be attributed to a particular feature or to a particular subject. Since none
of the obstruents in the other groups (labial, dental, velar and post-alveolar)
showed such an inconsistency, the retroflexes were therefore excluded from the
calculations. Thus the remaining number of tokens, which went into the analysis
was 2875.
There was a significant overall effect for voice F(1,2)=22.57; p≤0.0416,
quantity F(1,17020)=792.17; p≤0.0001, intonation F(1,2)=52.71; p≤0.0184, and
place F(3,6)=9.74; p≤0.0101. Figure 2.3.a to c display the F0 differences along all
six glottal pulses for the contrasts of voice, quantity and intonation.

2.4.2 Voice and Quantity
The curves corresponding to the voiced obstruents and to the singletons had a
lower fundamental frequency than the related counterparts. This suggests, that in
Bengali the function of F0 is twofold. It serves as an acoustic parameter for the
distinction of voice and additionally as a parameter for the distinction of
consonant quantity. This issue becomes more transparent if the interaction of
these two parameters is displayed in one graph (Figure 2.3.d). The highest F0 is
found with the voiceless geminates, next is the curve of the voiceless singletons,
located below are the voiced geminates and the lowest F0 is found with the
voiced singletons. In this way, the overall division between high and low F0
coincide with the voice distinction, but within each area of voiceless and voiced
obstruents there is a ‘subdivision’ into geminates and singletons, with a high F0
attributed to geminates and a low F0 to singletons. This four-way distinction of F0
perturbations in respect to voice and quantity was found in principle across all
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subjects. The individual realisations, however, varied between the three
speakers. In the appendix we give the curves (values in normal means) in each
intonation and aspiration condition for each speaker separately. As can be seen,
all speakers realise the high-low F0 relation in respect to voice quite consistently
across all conditions. In the quantity contrast, however, subject F1 does not

(a) Voice Contrast

(b) Quantity Contrast

(c) Intonation Contrast

(d) Interaction of Voice and Quantity

Fig. 2.3.
Display of the F0 trajectories for the crucial effects. A post hoc test revealed that
the differences have been significant between all 6 glottal pulses for the three
distinctions in a, b and c. Section d displays the four-way distribution of the
combined curves for voice and quantity.
spread apart the two curves of the voiceless singletons and geminates of the
unaspirates in the question condition. The corresponding aspirates in the same
condition (question) show even a minimally higher F0 for singletons than for the
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geminates. We presume that this deviation from the regular pattern in the
voiceless series in question intonation is a speaker dependent peculiarity.
Abramson (1998, 1999, 2003) found a similar F0 relation for the initial
singleton-geminate contrast in Pattani Malay. Utterance initially, the primary
acoustic cue for quantity, closure duration, is not present. Yet, subjects are able
to distinguish geminates from singletons. Abramson stated that one of the
relevant cues was a high F0 onset for geminates and a low onset for singletons.
While one might have concluded that the discovered relation of F0 and consonant
quantity was a special case of Pattani Malay, or in a more common sense, of
languages that display a word initial quantity contrast, the results of the present
study raise the questions whether this relation is not found more commonly
across languages. The East Bengali case shows that the contrast is also
produced medially, that is, at a location where its occurrence actually is
redundant.

2.4.3. Aspiration and Place
The general observation which can be drawn from the results is that aspiration
tends to induce a lowering on F0. However, the factor aspiration itself did not
produce a significant effect, but there was a significant interaction between
aspiration and intonation F(1,17020)=503.99; p≤0.0001. A post hoc test revealed
a significant difference between aspirated and unaspirated consonants when
pronounced with yes/no question intonation but not with level intonation. Figure
2.4 illustrates how these factors interact for each of the six glottal pulses.
The effect of place of articulation upon F0 is not straightforwardly emerging
from the results of the ANOVA. There was a significant interaction of place with
intonation F(3,17020)=27.62; p≤0.0001, with aspiration F(3,17020)=65.39,
p≤0.0001, and with voice F(3,17020)=10.24; p≤0.0001. A calculation of an
interaction between all four factors was not possible because affricates do not
exist in all places of articulation
Since the relevant patterns only become visible if all factors are taken into
account at the same time we present the results in four separate graphs in the
Figures 2.5.1 and 2.5.2. These give the arithmetic mean values for the aspirates
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and unaspirates at all places of articulation in the four different conditions (Figure
2.5.1: voiced obstruents (a) in neutral and (b) in question intonation, and Figure
2.5.2: voiceless obstruents in (c) neutral and (d) question intonation).
The following major observations can be made by studying the
distributions of the curves. The first is that a consistent correlation between F0 and place is only found in the aspirated groups (curves with dotted lines) but not in
the unaspirated ones (curves with solid lines). In the former it turns out that the
correlation in question is rather related to manner than to place of articulation: in

(a) Neutral/Level Intonation

(b) Question Intonation

Fig. 2.4.
Overall interaction of aspiration and intonation plotted for each glottal pulse. The
values are given as Least Square Means in Hz. F (5,17020)=6.75; p≤ 0.0001. A
post hoc test revealed that for neutral intonation only the difference between the
first pulses was significant p(1)=0.044, whereas for question intonation the
differences between all six pulses were significant p(1)=0.0001, p(2)=0.0001,
p(3)=0.0001, p(4)=0.0004, p(5)=0.0006, p(6)=0.013.
condition (a), (b) and (c) the curves of the affricates lies above those of the stops.
The stops on the other hand, do not manifest any particular F0 relations for place;
that is, their curves more or less cluster together. An exception to this pattern is
found in graphic (d), where the curve of the affricates lies well above the dental
stops, but the curve of the velar stops lies basically in the same value range as
that of the affricates. It is not clear why the velar voiceless stops in question
condition fall out of the otherwise regular pattern. An analysis of the
corresponding curves for each subject in the (d)-condition showed that M1 and F3
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Voiced Obstruents
(a) Neutral/Level Intonation

(b) Question Intonation

Fig. 2.5.1.
Arithmetic means of the F0 perturbations in Hz (glottal pulse 1 to 6) of unaspirated
(solid lines) and aspirated (dashed lines) voiced obstruents. The graphics (a) and
(b) show the distribution of the curves under neutral and question intonation
respectively. (‘ua’ stands for unaspirated, ‘a’ stands for aspirated.)
produced velar F0 curves that on average lay 15 and 12 Hertz respectively above
that of the affricates. Speaker M2 however showed a pattern in the (d)-condition
that was congruent with those found in the conditions (a) to (c). In particular, his
curve of the aspirated affricates in (d) was on an average 23 Hertz above that of
the velar (and the dental) aspirated stops.
Another observation was that the separation of the aspirated affricates
from the aspirated stops was much less salient in neutral intonation. This was
true for all subjects. In some conditions of the neutral intonation this manner
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separation was present only in a rudimentary way - but whether it was better or
less well pronounced did not depend on the speaker or on the voicing category.
In terms of the unaspirates no clear specific F0 correlation with place (or
manner) of articulation was found and no particular spreading of the curves was
observed in question intonation.

Voiceless Obstruents
(c) Neutral/Level Intonation

(d) Question Intonation

Fig. 2.5.2.
Arithmetic means of the F0 perturbations in Hz (glottal pulse 1 to 6) of unaspirated
(solid lines) and aspirated (dashed lines) voiceless obstruents. The graphics (d)
and (e) show the distribution of the curves under neutral and question intonation
respectively. (‘ua’ stands for unaspirated, ‘a’ stands for aspirated.)

If F0 height is compared between the corresponding aspirated and
unaspirated obstruents a general tendency of F0 lowering can be seen for the
aspirates. This lowering basically consists of two distinct observations. (i) There is
a trajectory downward fold of the first (and second) glottal cycle, which appears in
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neutral as well as in question intonation (see also Figure 2.4). (ii) In question
intonation the whole curves of the aspirates are generally lowered and shifted
downwards in relation to the unaspirates, while in neutral intonation they tend to
merge with the unaspirates after the aforesaid downward fold during the first two
cycles.17
Schiefer (1986) measured the F0 trajectories of word initial aspirated
voiced Hindi stops. The recordings were from one female native speaker.
Schiefer reported lower F0 values for labial and dental than for velar stops
(averaged over all pulses of the breathy portion and averaged over all vowels).
However, a separate analysis for the first six glottal pulses showed that the curve
for the velars was well above that of the labials, but the dentals patterned with the
velars during the first three pitch periods then dropped and approached the curve
of the labials from pulse four to pulse six (Schiefer, 1986, pg. 52). Ohala (1973)
claimed that “palatals and velars ought […] to induce a slightly higher average
pitch as opposed to labials and dentals” (pg. 7) due to the higher tongue position
of the former as compared to the latter. In this investigation such an explanation
could only hold for the affricates (being palato-alveolar). A higher F0 of the velars
was only observed in the two incidents described above. In all other cases, the
velars in principle merged with the other stops, sometimes even marking the
lower F0 border the curves. Since we only found an effect for manner and since
this effect only occurred within the aspirates’ series, we presume that another
factor but the one described by Ohala is responsible for the divergence of the
curves in question. It is possible that different aerodynamic factors that are
present due to aspiration may play a role in causing this effect of manner.
Aerodynamic theories (Ladefoged, 1967; Rothenberg, 1968) however, give no
direct hint what these factors could be to create a higher F0 on aspirated
affricates than on aspirated stops.

We would like to point out that these observations reflect the overall general
tendencies. There are in fact some instances where we observe a higher F0 for
aspirates than for unaspirates - especially with speakers M1 and M2 in the
voiceless category and neutral intonation condition. Despite these few
inconsistencies the general picture that clearly emerges is that the speakers try to
exert some kind of effort to keep F0 of the aspirates low - or in other words, they
try not let it rise too high.
17
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As stated earlier, aspiration showed a second effect which was described
as a slight F0 lowering in mainly the first or the first two glottal pulses. Graphically
it emerges as a slight downward tilt of the initial section of the F0 curves - as
visible in Figure 2.4.a. The same effect was observed by Ohde (1984) with
English voiceless aspirated [ph, th, kh]. We assume that it is a mechanical process
that can be explained by aerodynamic effects as they are stated in Ladefoged
(1967). It appears that a decrease in transglottal pressure drop produces a
smaller Bernoulli effect and thus gives rise to a decrease in fundamental
frequency. The configuration of the glottis for aspirated sounds (both voiced and
voiceless) is that of an increased glottal opening (as compared to the
configuration for modal voicing). This increased glottal area is responsible for a
drop in transglottal pressure and hence for a F0 lowering of the initial pulse(s).
However, although consistent, the latter described effect was very small and so
short (basically only the duration of one glottal pulse) that we question its
relevance as a serious cue for perception.

2.4.3.1 Aspiration across Languages
It was shown in the preceding paragraph that F0 has the general tendency to be
lower in East Bengali aspirated obstruents than in unaspirated ones. As already
mentioned, there is no clear trend across languages whether aspiration gives rise
to a higher or a lower F0 as compared to the unaspirated counterpart. For
instance, F0 is reported to be higher in aspirates than in unaspirates in Korean
(Han, 1967), Danish (Jeel, 1975), Thai (Ewan, 1976) and Cantonese (Zee, 1980)
while the reverse behaviour has been observed in Hindi (Kagaya & Hirose, 1975)
Thai (Gandour, 1974; Erickson 1975) and Mandarin (Xu and Xu, 2003). However,
a closer look at the various studies reveals that only the voiceless aspirated
consonants appear to behave erratically, while the voiced aspirated (breathy
voiced) consonants always seem to induce a lowered F0 (Hombert, 1978). The
latter effect can be explained by the vocal fold tension hypothesis as described by
Halle and Stevens (1971). When producing a voiced aspirated (breathy voiced)
stop, there is a considerable partial abduction of the vocal folds in order to give
way for an increased airflow. With this glottis configuration, voicing will only occur
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if the vocal folds are sufficiently slackened by the corresponding adjustments of
the thyroarytenoid and cricothyroid muscles. This slackening, which is necessary
for the successful production of the sound, will lower the fundamental frequency.
Therefore we find that the F0 of aspirated voiced stops is always lower or at least
as low as of the unaspirated voiced counterparts but never higher.
The results gained from a comparison between our Bengali stimuli with
those from a German production study (Mikuteit, 2005) give rise to the
assumption that speakers are able to manipulate F0 (at least to a certain degree
and within a limited range) in order to map the F0 relations to the phonological
system of the particular language. Mikuteit compared the F0 trajectories of the
Bengali voiceless aspirated and unaspirated labial and dental geminates (in
monotone utterances) with those of German voiced and voiceless labial and
alveolar geminates (also uttered with monotone intonation) that have been
derived by assimilation across morpheme boundaries. Although the stops of the
two languages have different phonological classifications - in Bengali they are
both voiceless but aspirated versus unaspirated, in German they are voiceless
and voiced respectively - they share the same phonetic properties, namely
voiceless aspirated and voiceless unaspirated. The analysis of the German data
revealed that none of the four tested German speakers produced closure voicing
when uttering words with voiced geminate stops. Instead glottal buzz ceased
shortly after oral closure in the same way as it did for the voiceless geminate
stops. Moreover closure duration and ACT of the German voiced and voiceless
stops showed the same relations as the voiceless Bengali unaspirated and
aspirated stops. Figure 2.6.a and b display the length relations of the
corresponding German and Bengali geminates. This analysis shows that both the
Bengali and the German geminates are phonetically ‘real’ voiceless aspirates and
unaspirates and therefore a direct comparison of the F0 trajectories is possible.
Figure 2.6.c depicts the results: In German F0 of the voiceless aspirates is
throughout significantly higher than for the unaspirated counterparts. In Bengali,
however, the situation is different: Initially, F0 of the unaspirated stops is
significantly higher. Then, from pulse 2 to pulse 4, there is no significant
difference between the curves. It is only the last two pulses that show the same
relation as German (a significantly higher F0 for the voiceless aspirates). That is,
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geminate stops in Bengali and German that share the same phonetic
classification exhibit different F0 trajectories.
One explanation is, that F0 patterns according to the phonological
classification, not according to the phonetic classification (Kingston and Diehl,
1994). In the case described above this is only possible if we assume some kind
of ‘active’ laryngeal adjustments by the speaker in order to manipulate F0
accordingly. In German the phonetic difference expresses a phonological
difference of voice. Hence F0 of the voiceless aspirated (phonologically voiceless)
stops must be higher than F0 of the voiceless unaspirated ones (phonologically
voiced). In Bengali, the phonetic difference expresses a phonological difference
of aspiration (within the phonologically and phonetically voiceless stops). We
assume that the phonological system of a given language prefers, if possible, a
coherent F0 behaviour for those sounds that share the same phonological
features.
These findings corroborate the assumptions of Kingston and Diehl (1994).
They had already put forward the hypothesis that the phonological specification of
the individual sound is the factor that is responsible for the relative height of the
F0 trajectories across languages. As already stated above, voiced aspirates are
strong pitch depressors by reasons of ‘automatic’ aerodynamic and vocal fold
tension processes. We assume that it is the presence of these sounds in the
language that urges the voiceless aspirates to pattern analogically. That is, the
overall F0 of the voiceless aspirates should be lower or equal but not higher than
that of their unaspirated cognates. This is what we find in East Bengali. A general
prediction would therefore be that whenever a language has voiced and voiceless
aspirates (in opposition to unaspirates) F0 will be lower for aspirated stops. This
assumption is supported by the results of Kagaya and Hirose (1975) who showed
that in Hindi (a four category language like Bengali) F0 of the aspirated stops is
lower than that of the unaspirated cognates. But what about languages like Tai
that have a contrast of aspiration only in the voiceless category? In this case,
there is no ‘trigger’ of a given class (like the voiced aspirates in East Bengali) that
would initiate a specific pattern. Therefore in such languages it should not be
predictable whether F0 of the aspirates will be higher or lower than F0 of the
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Bengali

(a)
Closure Duration

(b)
After Closure Time

(c)
F0

Fig. 2.6.
Comparison of the temporal and F0 measurements between German and East
Bengali geminates.
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unaspirates. We assume that this circumstance is reflected in the apparently
random F0 behaviour with respect to aspiration that is reported for such
languages. Some languages exhibit a higher F0 for aspirated stops while in other
languages the opposite is found. We may infer that in those languages, the
missing F0 depressing force of the voiced aspirates leaves F0 of the voiceless
aspirates free to pattern in any direction. That is, in these cases the language can
chose freely whether aspiration should be marked by a low or a high F0.
However, further detailed analysis of the phonetic and phonological systems of
the languages in question will be necessary to evaluate this assumption.
The comparison between the German and East Bengali data has shown
that we can explain the differences across languages only if we assume some
active laryngeal adjustment and that this adjustment is governed by the
phonological specification of a given phoneme. We cannot infer from the data in
this investigation whether it is the voiceless aspirated stops or the voiceless
unaspirated ones or even both that make the best candidates for such a
manipulation. Future EMG or fiberscopy research will have to contribute to a
better understanding of these processes and of the parts that are involved.

2.4.4 Intonation
The present study supplies further evidence of speakers’ active control of the F0
micro-perturbations. The following regular observation was made between neutral
and question intonation: The difference between the highest and lowest F0 onset
was always much smaller in neutral intonation than in question intonation.

18

While this difference was on average 20 Hz for neutral intonation, it was almost
three times as high (57 Hz) for question intonation (Figure 2.7). In the question
condition all high-low p-values of the contrasts between voiced and voiceless as
well as between singletons and geminates were p=0. Table 2.1 lists the
corresponding p-values for the neutral condition.

In the appendix we give two tables (referring to neutral and question intonation)
with the normal means of F0, the corresponding standard deviations and the
numbers of measurement points that are contained in each value.
18
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Neutral/Level Intonation

Question Intonation

Δ

Δ

Δ = 20 Hz ( = 2.37 semi tones)

Δ = 57 Hz ( = 3.39 semi tones)

Fig. 2.7.
Differences between the highest and lowest F0 onsets at low pitch level (neutral
intonation) and high pitch level (question intonation).

Table 2.1.
P-values of the voice and quantity contrasts along each of the glottal cycles. (The
abbreviations
stand
for:
vd=voiced;
vl=voiceless;
gem=geminates;
sing=singletons.)
No. of
glottal
cycle
vd. versus
vl. gem.
vd. versus
vl. sing.
vd. sing.
versus
vd. gem.
vl. sing.
versus
vl. gem.

1

2

3

4

5

6

0.0004

0.039

0.1007

0.2135

0.3096

0.5449

0

0.0142

0.0588

0.2253

0.3615

0.6641

0

0.0032

0.0035

0.0144

0.0468

0.0728

0.0331

0.0389

0.0187

0.0117

0.0258

0.0291

It is well established that listeners’ sensitivity to frequency changes with
frequency height. The auditory system is able to detect small frequency
differences at lower frequency ranges while at higher frequency ranges this
difference needs to be larger in order to be perceived (Lieberman & Blumstein,
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1988; Yost, Popper & Frey, 1993). Even after transferring the distances from
Hertz to semi tones, there was still a spreading effect for the high frequencies:
whereas the distance was 2.37 semi tones in neutral intonation it was 3.39 semi
tones in question intonation. It is possible that the speakers allow for this effect by
actively enlarging the differences of the F0 onsets at higher utterance pitch. A
second and more profound reason for this spreading is, that the speaker needs to
establish a clear high or low distinction in reference to the intended normal or
unperturbed pitch that is to be expected after the ‘silent rise’ during the closure. In
other words: A difference of 10 Hertz can be detected rather well if the intonation
is more or less kept at level. However, if the overall pitch contour is rising, and
especially if the main part of the rise takes place during the silent gap of the
closure, the speaker needs to establish an unambiguous high or low reference in
relation to the intended contour, since the listener does not know what pitch
exactly will be reached at the point after release. The speaker assists the listener
by setting the F0 onsets well above or below the approximately expected pitch.
Kohler (1982) obtained similar results when investigating the F0 of the
German fortis/lenis distinction of alveolar stops. He used a contrastive prosodic
environment of monotone versus rising pitch across the crucial segments among
others. In the rising condition, the F0 differences of /t/ and /d/ were much larger
than in the monotone condition. He claims that in the case of a rising intonation,
the tension of the muscles continually increases throughout the stop closure and
“since the closure for /t/ is longer than the one for /d/ F0 sets in at a much higher
level after the release” (p. 211). The closure duration of the voiced and voiceless
segments in the present study also differed significantly in length and at first
glance this seems to support Kohler’s explanation. However, for the geminate
affricates there was a levelling out between the closure duration of the voiced
and voiceless segments in the present study. Additional measurements showed
that this was also true when pronounced with question intonation, but the
spreading effect of F0 as compared to level intonation was nevertheless present:
That is, a longer CD cannot be the reason for higher F0 onsets (cf. Figure 2.8).
These results support our claim that the F0 perturbations are at least partially
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Question

(a)

(b)

Fig. 2.8.
(a) Closure duration (CD) of voiced and voiceless post-alveolar geminate
affricates in ms. A separate ANOVA on CD did not reveal any effects – neither for
voice nor for intonation nor for the interaction of the two factors.
(b) Display of the corresponding F0 trajectories for first six glottal pulses. Despite
the fact that the CD of the voiced and voiceless segments is almost the same in
length in both conditions we do get a spreading of F0 onsets under the condition
of question intonation. All values indicate Least Square Means.
governed by planned laryngeal adjustments and are not mere products of
automatic processes. We assume that the F0 spreading in question intonation is
triggered by the speakers’ inherent knowledge about perceptual factors.
In the same way, we can only explain the effects of quantity distinction
upon F0 by the assumption of an active adjustment. As described above the same
articulatory gesture differing only in timing produced different values of F0. There
is no reasonable acoustic explanation why F0 should be higher for geminates,
both voiceless and voiced ones. The argument that geminates produce a higher
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F0 because there is a higher level of tenseness of the vocal folds due to the
longer closure duration could only hold for the voiceless ones. In order to
maintain voicing during oral closure in the voiced stops, the pressure drop across
the glottis must be held a certain level in order to allow the vocal folds to continue
to vibrate. This is achieved by expanding the volume of the vocal tract. One of the
means to obtain such an expansion is to lower the larynx. This movement
generally causes a downward tilt of the cricoid cartilage, which in turn causes the
vocal folds to shorten and to slacken. The carrying over of the slack vocal folds
condition into the initial part of the following vowel will result in a lowered F0
(Stevens, 1998; Honda, Hirai, Masaki & Shimada, 1999). If we imagine that the
longer closure of a geminate even reinforces this strategy we would expect to find
- as a natural consequence - an F0 that is lower in voiced geminates than in the
corresponding singletons. This, however, is opposite to what was found in the
results. We must therefore infer that th e speakers manipulate F0 height in one
way or the other in order to establish a uniform high-low F0 relation in respect to
quantity.

2.4.5 Falling and Rising Trajectories
Silverman (1986), in his ‘no-rise’ account, put forward the claim that rising F0
trajectories for voiced obstruents would only occur if the overall intonation itself
were rising. In the Figures 2.9 and 2.10 we plotted the individual F0 perturbations
with respect to voice for each speaker with monotone and with question
intonation. In the case of the unaspirated obstruents (Figure 2.9) the speakers M2
and F1 produced patterns that are consistent with Silverman’s hypothesis. That is,
they produced a level or slightly falling curve for the voiced consonants with
monotone intonation, but a rising curve in an environment where the overall
intonation itself is rising (yes/no question intonation). However, the patterns
produced by speaker M1 give a different picture: he produced a rising curve for
the voiced segments in neutral intonation and a level/slightly falling curve in
question intonation.
In the aspirated series (Figure 2.10) the trajectories of M1 and F1 in neutral
intonation contradict Silverman’s thesis. The predominance for a rising trajectory
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of the voiced aspirates (whether in a macroprosodic rising context or not) can be
explained as the consequence of the inherent pitch depressing character of these
obstruents.
These results suggest that the directions of the F0 perturbations are partly
speaker governed and partly dependent on conditioning factors but they are
mainly independent of the overall intonation contour. The common factor across

Unaspirated Obstruents
Neutral/Level Intonation

Question Intonation

M1

M2

F1

Fig. 2.9.
Individual F0 perturbations (normal means in Hz) of the three speakers (M1, M2,
F1) of the unaspirated cases in neutral and in question intonation.
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Aspirated Obstruents
Neutral/Level Intonation

Question Intonation

M1

M2

F1

Fig. 2.10.
Individual F0 perturbations (normal means in Hz) of the three speakers (M1, M2,
F1) of the aspirated cases in neutral and in question intonation.
all three speakers and across all instances (aspirated and unaspirated cases;
neutral and question intonation) was a high F0 onset for voiceless segments and
a low F0 starting point for voiced segments. Considering the consistency of high
versus low onsets and considering the variations that have been found for the
trajectories of the individual curves, we must assume that F0 (understood in its
function as one of the cues for voice distinction) it is primarily the relative height of
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F0 at the onset that contributes to the distinction of voice. We do not exclude the
possibility that the shape of the following trajectories also bears some relevance
for the distinction of voice. Given, however, the present data and the partially
diverging results from various perception studies (Haggard, Ambler & Callow,
1970; Summerfield & Roberts, 1981; Silverman, 1986; Haggard, Whalen,
Abramson, Lisker & Mody, 1990, 1993; Diehl & Molis, 1995; Castleman & Diehl,
1996;) we assume that if there is any perceptual influence of specific F0 shapes
they must be subordinate or secondary. It is imaginable that special transition
shapes enhance the perception of voice and we could also imagine that those
optimal shapes may differ in respect to the overall intonation, but our results
suggest that their production is facultative and it is left to the decision of the
individual speaker to make use this property or not.

2.5 Summary and Conclusion
The measurements of the F0 perturbations revealed a four-way division of the
voice and the quantity contrast. F0 was high for voiceless obstruents and low for
voiced obstruents but within each category of voice, there was a subdivision into
singletons and geminates. The higher F0 within each voice category belonged to
geminates, whereas the lower F0 belonged to singletons.
The effect that aspiration exerted upon F0 was twofold: (i) There was a
frequency lowering of essentially the first and second glottal pulses. This was
observed for neutral as well as for question intonation and we argued that the
origin of this phenomenon is based on automatic consequences of aerodynamic
conditions. We presume that it is the configuration of a spread glottis during
aspiration and the aerodynamic consequences arising from this, that cause the
small downward tilt of the two initial cycles in the F0 curves. (ii) A larger downward
drift of the whole curves was observed only in the yes/no question intonation.
There was no regular correlation of F0 with place of articulation within the
category of stops. Instead the effect that was found for the palato-alveolar
affricates was assumed to relate to manner rather than to place. F0 of the
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affricates was generally above that of the stops. This was the case both in neutral
and in question intonation but in the latter case the difference emerged even
more saliently. An unresolved issue, however, is the observation that the effect
for manner occurred only within the aspirated but not within the unaspirated
series.
As for the influence of aspiration across languages, we argued that it is the
phonological class that governs over the relative F0 assignment. A comparison of
our East Bengali data with German showed that the voiceless aspirated stops
behave differently in relation to the voiceless unaspirated stops in both
languages. In German, where aspiration contributes to the phonological feature
[voice], the voiceless aspirated (i.e. phonologically voiceless) stops have a higher
F0 than the voiceless unaspirated (i.e. phonologically voiced) ones. In Bengali
however, the curve of the voiceless aspirated stops is partly below and partly not
different from the curve of the voiceless unaspirated ones. We assume that the
latter behaviour is triggered by the presence of voiced aspirated stops in the
inventory of the language. It has been observed that this category generally has a
strong lowering effect on F0. We assume that the phonological system prefers a
similar behaviour for phonemes that share the same phonological category.
Therefore voiceless aspirates pattern analogically to the voiced aspirates. As a
consequence, F0 of the voiceless aspirates should be lower or at least not higher
than F0 of the unaspirated counterparts. Since our comparison between the
Bengali and German data showed that except for F0, all other acoustic
parameters (closure duration, after closure time and closure voicing) were similar,
we must assume that speakers are able to actively manipulate F0 of either the
voiceless aspirates or of the voiceless unaspirates or of both stop classes.
Similarly we assume that the much larger separation of F0 onsets for the
contrasts of voice and quantity at high pitch (as compared to low pitch), must be
attributed to a controlled adjustment by the speakers. As for the voicing contrast,
a comparison of closure durations showed that this spreading effect cannot be an
automatic consequence of the longer closure that is generally found with
voiceless stops. Instead, it could be that speakers actively respond to the demand
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of the auditory system, which is less sensitive to frequency differences at higher
ranges by increasing the F0 onset distances at higher pitch levels. A second and
more weighty point is that the speaker needs to indicate a clear high-low
reference in relation to the frequency point that will be reached when pitch
becomes re-perceivable after the silent rise during the closure. Since the pitch
value of this point can only be calculated approximately by the listener the
speaker must set the range of the high-low F0 distinction large enough to make it
unambiguously distinguishable for the listener.
In terms of the directions that the F0 trajectories take for the voiced and
voiceless segments in neutral and question intonation, Silverman’s (1986) claim,
that a rising perturbation for voiced stops would only occur within a rising
macroprosodic structure, could not be supported from our results for East
Bengali. From the viewpoint of our production data, we assume that the primary
F0 cue for the distinction of voice is the relative high versus low F0 onset. We do
not reject the assumption that the following trajectory shapes also bear some
relevance for the voice distinction but we expect it to be secondary. Given the
results from various perception studies, we may assume that there are abstract
optimal F0 shapes that relate to the voice category, and these shapes may or may
not interact with the overall intonation but if and how far these optimal shapes are
realized in production is largely a matter of the individual speaker.
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German Voiced and Voiceless Stops
Acoustic Correlates
and their Laryngeal Specification

3.1 Overview
The temporal relations of closure duration, after closure time and preceding vowel
and the F0 perturbations were investigated in a German production study. The
crucial segments were intervocalic labial and alveolar voiced and voiceless stops.
They were tested both as single segments and as geminates. The latter were
derived by concatenation across morpheme boundaries. While the singletons
surfaced as voiced or voiceless (aspirated), the geminates surfaced as voiceless
unaspirated and voiceless aspirated respectively. F0, however, patterned in both
cases according to the underlying voice contrast. This was taken as evidence that
some kind of manipulative gesture by the speakers must be applied in order to
adjust the F0 patterns according to the underlying phonological contrast. As for
the quantity contrast, which in German is not underlying, no clear F0 relations
have been found.
A final analysis of all the acoustic parameters at hand, gave evidence that
the German stops are laryngeally specified for [voice]. A new integrative model is
proposed for languages that employ the phonological feature [voice] for stops but
that resolve this underlying specification by different phonetic implementations.

3.2 Introduction
Unlike Bengali with its large variety of contrasts in the stop system
(voiced-voiceless, aspirated-unaspirated, and medially also long-short), German
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has only a contrast of voice. This contrast, however, is realised differently
compared to the same contrast in Bengali. While the presence of closure voicing
is the most salient property in Bengali, its presence is optional in German. To
compensate for this ‘weak presence’ of glottal buzz during closure, aspiration
after release is added in the realisation of the voiceless stops as an enhancing
factor. Some scholars take the latter observation as an indication that German
does not employ a contrast of voice but of aspiration (Iverson and Salmons,
1995; Avery and Idsardi, 2001; Iverson and Salmons, 2003). This issue will be
addressed in more detail in section 3.5.
A great deal of research has already been carried out on the temporal
parameters of German intervocalic stops (among others Kohler, 1977;
Braunschweiler, 1997; Jessen, 1998). The basic findings are that word medially
in a VCV environment there is a relative long-short relation of closure duration
and of the duration of the preceding vowel in respect to the voice contrast. Voiced
stops have a relatively shorter closure and longer vowel duration as compared to
their voiceless cognates. Word initially after a preceding vowel or after a
voiceless obstruent no such reliable long-short relations are attested. Instead,
across both contexts (initial and medial) a long-short relation of after closure time
(ACT) is the factor that most saliently distinguishes the voiceless from the voiced
stops (Wagner 2002).19 Word and syllable finally the contrast of voice becomes
neutralised in a way that all underlying voiced stops are pronounced as voiceless
(Lombardi, 1991; Wagner 2002).20
This study investigates how the parameters of closure duration (CD), after
closure time (ACT) and preceding vowel (PV) interact in German intervocalic
voiced and voiceless stops. A special emphasis was put on the question of how
and if the singletons would differentiate in this respect from geminates. Since in
German there is no underlying contrast of consonant length, gemination was

The term ‘after closure time’ replaces to the old term VOT.
Although Lombardi (1991) and Wagner (2002) provide different phonological
approaches on the domain of final neutralisation, the phonetic fact itself that
voiced stops are pronounced as voiceless is not at question.
19
20
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obtained by means of segment concatenation across morpheme boundaries.21 A
further objective was to find out how the F0 perturbations would behave in respect
to voice and quantity. Since F0 has been proved to be sensitive to quantity in both
Pattani Malay (Abramson, 1998, 1999, 2003) and East Bengali (cf. chapter II) two languages with an underling quantity contrast - the aim was to investigate
how German, with no underlying contrast in consonant length, would behave in
this respect. There was a further aim to examine whether the results of this study
in comparison to those of previous researches (Kohler,1982; Jessen, 1998)
would shed some light on the issue of the laryngeal specification of German stops
- a topic which has remained controversial up to date.

3.3 Experiment
3.3.1 Stimuli
The test material for the geminates consisted of trisyllabic German words. In
order to obtain gemination the prefixes ab- and mit- (both stress-bearing and
ending in a labial and alveolar voiceless stop respectively) were combined with
verbs beginning with voiced or voiceless labial and alveolar stops. 22 In each case
except for one, the verbs were infinitives. For instance the prefix mit- combined
with the verb testen results in the utterance mittesten ["mIt…Est´n] (to test along
with) where the two contacting stops are produced with one articulatory gesture.
Thus we obtain gemination by concatenation of homo-organic stops across
morpheme boundaries. The geminates all appeared intervocalically. They were
compared to corresponding singletons (i.e. voiced and voiceless labials and
alveolars in VCV-environments). The singletons were embedded in disyllabic
German words that bear stress on the first syllable. Analogously to the geminate
stops the preceding vowel of the singletons was short like for instance in Bitte,
We would like to point out that there is a variety of German which does employ
a quantity contrast - instead of the voice contrast. This issue is addressed in
detail by Kraehenmann (2003).
22
Although the prefix ab- is written with the letter that suggests an underling
voiced labial stop, we assume that the underlying representation is \p\. This is
because in contemporary German there is no surrounding where ab- would
surface as [ab] - instead ab- always surfaces as [ap].
21
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\bIt´\, (plea). Five different words were chosen for labial and alveolar places of
articulation for each voicing category (voiced - voiceless) in the singleton and
geminate condition, resulting in a total of forty stimuli (see appendix for a full
listing). These words were tested in three differently randomized repetitions.
3.3.2 Subjects
Four paid native speakers of German - two male and two female with no reports
of speech disorders - participated in the experiment. They were students at the
University of Konstanz, aged between 20 and 25, and originated from the southwestern part of Germany.
3.3.3 Procedure
The recordings were conducted in the sound-damped chamber of the linguistics
department of the University of Konstanz. The words appeared, one by one, on a
monitor in front of the subjects. The pacing was controlled by the experimental
supervisor, who monitored the recordings from outside the chamber. The
subjects were instructed to read the words at normal utterance speed and with a
declarative (i.e. falling) intonation. The utterances were captured by the computer
program Cool Edit (version 2000 standard) at a sampling rate of 44100 Hertz.
The microphone (Sony ECM-MS957) was placed about 50 cm away from the
subjects at an angle of about 45 degrees. The subsequent speech analysis was
conducted with the Multi Speech program (Kay Elemetrics, version 2.2).
Tags were placed to measure the preceding vowel (PV), the closure duration
(CD) and the after closure time (ACT). The criteria for placing the tags are the
same as the ones given in chapter I on page 18. The F0 measurements on the
following vowel were taken in the same way as described in chapter II on page
46.

3.4 Results
3.4.1 Temporal Measurements
An ANOVA was performed (using the statistical software suite JMP; SAS
institute, 2003; Mac version 5.0.1.2) with the following factors in a complex
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model: voice (voiced, voiceless), quantity (singleton, geminate), place (labial,
alveolar), subjects (M1, M2, F1, F2 - random factor), quality of preceding vowel
(\a, E, I\) in a Standard Least Square design using the Restricted Maximum
Likelihood (REML) estimation.23 The individual dependent variables are treated in
the following paragraphs.
3.4.1.1 Closure Duration
There was a significant effect for quantity, F(1,3)=38.56; p≤0.0048, place,
F(1,3)=24.64; p≤0.016, and a significant interaction between voice and quantity,
F(1,430)=224.93; p≤0.0001. As can be seen in Figure 3.1, the closure of the
geminates was at average 70 ms longer than that of the singletons. This
corresponds to a geminate-singleton ratio of 1.82. The effect of place of
articulation is in line with the commonly observed pattern for CD: the labial stops
were significantly longer than the alveolar ones. As for the interaction between
voice and quantity the analysis revealed an inverse relation for voice in the two

Closure Duration
Quantity

Place

Voice * Quantity

Fig. 3.1.
Least Square Means in ms of the significant factors and interactions for closure
duration; (lab=labial; alv=alveolar).

The factor word was omitted because otherwise the model would have become
too complex.
23
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categories of singletons and geminates. Voiceless singletons had longer CDs
than their voiced cognates but the reverse was true for the geminates. A post hoc
test showed that both contrasts were significant (voiced versus voiceless
singletons: p=0.0002; voiced versus voiceless geminates: p=0.0343).
3.4.1.2 Preceding Vowel
There was a significant overall effect for voice, F(1,3)=13.32; p≤0.0355, and
quantity, F(1,3)=66.78; p≤0.0039 and a significant interaction between voice and
quantity, F(1,433)=58.19; p≤0.0001.
Although the overall LSM’s for voice showed that the voiced stops had a
longer preceding vowel than the voiceless ones (63 ms and 50 ms respectively),
the interaction between voice and quantity exhibited that this relation only
occurred with the singletons but not with the geminates (cf. Figure 3.2). The
contrast of voice was only significant within the group of singletons (p=0) but not
within the group of geminates. The LSM’s of the vowels preceding a voiced or a
voiceless geminate were almost the same (50 ms and 49 ms respectively; p=0.8).

Preceding Vowel
Voice * Quantity

Fig. 3.2.
Least Square Means in ms of the significant interaction for the duration of the
preceding vowel
As for quantity, the vowels followed by singletons were significantly longer
than when followed by geminates. This was true both for the overall effect and for
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the contrasts within each category of voice (quantity contrast within the voiced
category: p=0; quantity contrast within the voiceless category: p=0.0003).
As for the singletons, which had produced an effect for voice with both the
closure and the preceding vowel, a further ANOVA with the same factors was
PV + CD

Voice * Quantity

Fig. 3.3.
Least Square Means (in ms) of the combined values of the preceding vowel and
closure duration.
conducted in order to test whether the combined duration of preceding vowel plus
closure would compensate for voice. For the geminates, of course, no such
behaviour is expected, since the results did not lay the grounds for a possible
trade-off between the durations. Figure 3.3 depicts the significant interaction
between voice and quantity F(1,430)=79.59; p≤0.0001. A post hoc test showed
that the combined parts of the singletons still show a significant difference in
respect to voice (p=0.022). The same was true for the geminates, which showed,
of

course,

the

opposite

relation

(p=0.012).

These

results

support

Braunschweiler’s (1997) hypothesis, that in German the vowel-plus-closure
sequence is not constant. He investigated the behaviour of long and short vowels
in combination with a following voiced or voiceless stop (in a word medial CVC
context). He found that no temporal compensation between vowel and closure
duration took place in the set with long vowels - while it did occur in the set with
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short vowels. Given this inconsistency he argues against a temporally fixed
vowel-closure sequence and instead proposes an anticipatory vowel-lengthening
model, governed by a phonological rule, which generates slightly longer vowels if
the vowel is followed by a voiced stop. Braunschweiler argued that “the nearly
constant duration of the VC-sequence in the

SHORT

vowel category may have

been accidental” (pg. 368) and our findings in the present study (also using short
vowels in a medial CVC context) seem to support his assumption. Like his long
vowels our short vowels do not show a compensation between vowel and closure
duration.
3.4.1.3 After Closure Time
There was a significant effect for voice F(1,4)=104.13; p≤0.0004; place
F(1,3)=14.47; p≤0.0269 as well a significant interaction between place and
quantity

F(1,432)=50.53;

p≤0.0001;

and

voice,

place

and

quantity

F(1,432)=63.25; p≤0.0001.
After Closure Time
(a) Voice * Place * Quantity

(b) Place * Quantity

Fig. 3.4.
Least Square Means (in ms) for the significant interactions; (S=singletons,
G=geminates, lab=labial, alv=alveolar).
The overall effect for voice showed that ACT of the voiceless stops was at
average 40 ms longer than of the voiced ones. The long-short relation was found
to occur for singletons and geminates but the labial singletons had a much less

Chapter III

German Voiced and Voiceless Stops

78

pronounced separation between the voiced and voiceless category than the
alveolar ones or the geminates (see Figure 3.4). In fact, the former showed a
small range of overlap between the voiced and voiceless category while this
never happened with the others. This tendency was found consistently across all
four subjects.
In terms of place and quantity, a post hoc test showed that there was only
a significant difference in the set of the singletons (p=0.0024) but not in the set of
the geminates (p=0.46). This interaction is depicted in Figure 3.4.b.

3.4.2 Discussion of the Temporal Results
The results for PV, CD and ACT show that there are considerable differences in
the production between the singletons and geminates in respect to voice. While
PV and CD of the singletons were clearly influenced by voice in the same way as
already reported by Braunschweiler (1997) - PV is lengthened before voiced
stops, and the CD of voiceless stops is longer than of the voiced cognates - this
was not the case for the geminates. Here no difference in vowel duration was
found and the CD even showed an opposite relation as compared to the
singletons: the voiced geminates had a significantly longer CD than the voiceless
ones. Another noticeable difference was that with the voiced geminates glottal
pulsing during closure never occurred while glottal buzz during closure was the
predominant observation with the voiced singletons.
ACT on the other hand showed the same long-short relations for voice in
both the singleton and the geminate set, that is, it was always longer for the
voiceless stops than for the voiced cognates.24
One explanation for the differences could be that gemination takes place
only in so far as the speakers produce one articulatory gesture (i.e. one closure
and one release) but underlyingly this one segment is simply added to the second
One difference, however, that can be observed in respect to place is that ACT
of the alveolar singletons was significantly longer than of the corresponding
labials, while no such relation was found in the geminate set. The effect for place
was most prominent in the voiceless category of the singletons (cf. Figure 3.4.a).
24
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without ‘true merger’. Alternatively one could call it an unreleased first stop
followed by a second stop, analogous to cases like mit-packen, where the /t/ can
surface without release. In the present case this would mean that a syllable final
voiceless stop (unreleased) is followed by a voiced or voiceless one at the same
place of articulation. When two adjacent voiceless stops get concatenated, no
closure voicing is expected anyway. If a voiced stop follows a voiceless
obstruent, Jessen (1998) has shown that the voiced stop is produced without
closure voicing, and closure duration was not different from the case of a
voiceless stop following the same obstruent. Simple segmental addition in this
sense and in the given environments, however, should lead to equal closure
durations, regardless of whether the second stop is voiced or voiceless. But this
is not what the results reflect. A small but significant difference was found
depending on whether the second stop was voiced or voiceless. If it was voiced,
the closure duration was longer as compared to voiceless stops. But no relation
between closure and duration of the preceding vowel was found. These
observances were made consistently across all subjects. Two intermediate
conclusions arise from this: (i) a deeper merger between the two adjacent
segments must take place than mere sequential addition under the hat of one
articulatory gesture; (ii) the acoustic differences correlate with the voicing status
of the second segment, therefore a process like regressive assimilation must be
at work.
It has been stated above that German underlying voiced stops can surface
as phonetically voiced or voiceless unaspirated, depending on speaker and
context conditions. Assuming that voiced and voiceless geminates are produced
by regressive assimilation, and given the fact that the voiced geminates do not
surface as phonetically voiced, the assumption must be that the specific
durational long-short relations (especially of CD) reflect the voiceless unaspirated
and voiceless aspirated surface variants respectively. A comparison with the
Bengali data shows that this is exactly the case. As already mentioned in chapter
I Bengali employs a four-way contrast between voice and aspiration, and
intervocalically an additional contrast of quantity. As can be seen in Figure 3.5 the
Bengali intervocalic voiceless unaspirated and voiceless aspirated geminate
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stops show the same temporal relations, although the absolute values are
different. 25

Preceding vowel

CD

ACT

Fig. 3.5.
Comparing the duration of the preceding vowel, CD and ACT of the German
labial and alveolar geminate stops to those of the Bengali dental and velar
voiceless geminates (aspirated and unaspirated).

The following intermediate conclusions are drawn: adjacent stops at the
same place of articulation in intervocalic context are realised with one articulatory
gesture leading to stop geminates. Regressive assimilation of voice takes place
so that the geminates are either voiced or voiceless - depending on the voice of
the second segment. To keep up vocal fold vibration during the long closure of a
(voiced) geminate stop would imply an additional articulatory effort, which is
unlikely to be applied in a language where voicing during closure (in a VCV
context) normally appears as a passive concomitant of a voiced environment.
Instead, in the production of geminates, the system chooses to apply the
voiceless unaspirated and voiceless aspirated surface variants of the inherent
voice contrast. A second approach of explaining the phenomenon is the

To allow for a more direct comparison, only those cases with a pairing of
aspiration (aspirated and unaspirated) in the set of the Bengali voiceless
geminates were considered. These are the pairs of the dental and velar voiceless
geminates.
25
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assumption that the preceding stop gets assimilated to the phonetic surface
features of the following stop: In the present study the context condition of the
second stop is such that we expect phonologically voiced stops to surface as
phonetically voiceless unaspirated and not as phonetically voiced. Assimilation
then produces voiced and voiceless geminates that have the phonetic properties
of being voiceless unaspirated and voiceless aspirated respectively.
In the prefix stimuli, the first segment was always a voiceless stop, and an
contrast in voicing was only present in the second segment. We expect, however,
to obtain comparable results regardless of whether the first segment is
underlyingly voiceless or voiced. We tested this hypothesis in a pilot study with
one speaker, using compound stimuli of the type noun+noun. Like the prefix
stimuli, the crucial segments appeared across the morpheme boundary. The first
part of the compound was a monosyllabic noun ending in an underlying voiced or
voiceless stop and bearing main stress. The second part contained a bisyllabic
noun, beginning with a voiced or voiceless stop. Place of articulation was again
labial or alveolar. Thus the underlying stop combinations were /b+b/, /b+p/, /p+b/,
/p+p/ for the labials and /d+d/, /d+t/, /t+d/, /t+t/ for the alveolars. To give an
example, a /d+d/ concatenation appeared in words like Raddampfer (paddlesteamer) or a /b+p/ concatenation in words like Grabpächter (tomb-tenant). The
vowel preceding the crucial segments was always long. Three compounds were
created for each of the combinations listed above except for /d+d/ and /d+t/
where only two compounds could be made up. The stimuli were tested in three
repetitions. The recordings were taken from subject M1, who had already
participated in the previous experiment. The procedure was the same as
described on page 70. The results are illustrated in Figure 3.6.
For the analysis of PV and CD an ANOVA was conducted with the factors
voice sequence (++, +-, -+, --), place (labial, alveolar) and voice sequence nested
under vowel quality.26 For the analysis of ACT, the factor voice sequence nested
under vowel quality was omitted.
The results for PV showed no effects for voice sequence, F(3,52)=0.9455;
p≤0.4255, or place, F(1,52)=3.0695; p≤0.0857. There was no influence whether
26

The symbol ‘+’ stands for voiced, the symbol ‘-‘ stands for voiceless.
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the first or second stop was underlyingly voiced or voiceless. Closure duration
produced a significant effect for voice sequence, F(3,52)=3.5182; p≤0.0213. The
results show that the combination of a (underlying) voiced stop followed by a
voiced one is in the same value range (177 ms) as the combination (underlying)
voiceless followed by voiced (172 ms). Both durations are significantly longer
than (underlying) voiced followed by voiceless (158 ms) and (underlying)
voiceless followed by voiceless (161 ms).
Pilot study
Preceding Vowel

Closure Duration

After Closure Time

Fig. 3.6.
LSM values in ms of speaker M1 obtained for concatenated stops across
morpheme boundaries in compounds. The results for closure duration match
those obtained earlier: voiced geminates are longer than voiceless ones. The
plus and minus sequences refer to the tested sequences of underlying voiced
and voiceless stops respectively.
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As for ACT the factors voice sequence, F(3,60)=151.58; p≤0.0001, and
place, F(1,60)=17.06; p≤0.0001 produced significant effects. ACT was long
(69 ms and 66 ms) if the second stop was voiceless and it was short (in both
cases 15 ms) if the second stop was voiced. There was no correlation between
ACT and the underlying voice of the first stop. In terms of place, ACT of the
alveolars was longer (46 ms) than of the labials (36 ms).
These results support the assumption that geminates derived by
concatenation always surface as voiceless aspirated or voiceless unaspirated regardless of whether the two adjacent segments are underlying both voiced,
both voiceless, or one voiced and the other voiceless. The segment that
conditions the surface form is always the second stop. If this stop is underlying
voiced, the resulting surface geminate will be voiceless unaspirated and if this
stop is voiceless, the geminate will surface as voiceless aspirated.
The apparently high variability of the phonetic properties in the realisation
of German voiced and voiceless stops raises the question about their laryngeal
specification. Are the voiced stops specified for [voice] in the mental lexicon while
the voiceless ones remains unspecified? Or is it rather that the voiceless stops
are specified for [spread glottis] while the voiced counterparts remain
unspecified? As far as German and English are concerned, the latter view has
become rather popular in recent research (among others Iverson and Salmons
1995; Avery and Idsardi 2001; Iverson and Salmons 2003). A detailed discussion
of this issue will follow in section 3.5.

3.4.3. F0 Measurements
Similarly to the Bengali stimuli, F0 was measured and calculated along the first six
glottal pulses. The subjects were instructed to pronounce each word with a
declarative intonation, which in German corresponds to a falling tune. In addition
to those four subjects, three further subjects (one female and two male henceforth F3, M3, M4) fulfilling the same requirements as the previous four were
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Declarative (falling) intonation

b

I

t

´

Level (list) intonation

b

I

t

´

Fig. 3.7.
Waveform samples with corresponding pitch contours of the word ‘Bitte’ (plea) in
declarative/falling and level/(list) intonation.
recorded. The procedure was the same as described on page 70, except that
those additional three subjects were asked to pronounce the words with a
monotone/level intonation. Since it is very difficult and to some extent also
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unnatural to produce a strictly level intonation, the general pronunciation resulted
in a slight rise across the words. A representative sample of the declarative and
level-intonation tunes is given in Figure 3.7.
One of the interests in the F0 analysis was whether German would display
a F0 relation in respect to quantity, like Bengali does. Another point of interest
was if and how the F0 curves would differ in respect to voice across singletons
and geminates. Remember that in the German singleton series there was a
contrast of presence versus absence of glottal buzz during closure, while this was
not the case in the geminate series. Instead, here it was aspiration (ACT
duration) that turned out to be the primary acoustic parameter for the distinction
of voice. Therefore we should be able to get some further insight on the possible
influences of glottal buzz during closure versus its absence and versus aspiration.
An ANOVA was performed with the following factors in a complex model:
voice (voiced, voiceless), quantity (singleton, geminate), glottal pulse (1, 2, 3, 4,
5, 6), place (labial, alveolar), gender (M, F) intonation (falling, level) and subjects
(M1, M2, M3, M4, F1, F2, F3 - as a random factor) in a Standard Least Square
design using the Restricted Maximum Likelihood (REML) estimation.
There was an overall significant effect for voice F(1,6)=9.49; p≤0.022,
quantity F(1,6)=8.64; p≤0.026, intonation F(1,4691)=4,72; p≤0.023 and place
F(1,6)=8.0; p≤0.03, and a significant interaction between quantity and intonation
F(1,4691)=4.24; p≤0.039. The overall tendencies were that F0 was higher for the
voiceless than for the voiced stops, it was higher for the geminates than for the
singletons, and it was slightly higher for the alveolars than for the labials.
Moreover, F0 was higher when the words were pronounced with level than with
declarative (falling) intonation. The interaction of quantity and intonation showed
that the quantity difference was only significant in the falling intonation (p≤0.0001)
but not in the level intonation (p≤0.56). To give a better overview of how the
factors voice and quantity emerge along the six glottal pulses in each intonation
pattern, the relevant F0 trajectories are plotted in Figure 3.8.
As mentioned previously, the curves corresponding to the voice contrast
show the common pattern of a high-low F0 relation across all the conditions. A
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F0 - falling intonation

F0 - level intonation

Fig. 3.8.
F0 trajectories (Least Square Means in Hz) of the voiced and voiceless stops
along the first six glottal pulses in the two intonation conditions.
(gem. = geminates; sing. = singletons; vl. = voiceless; vd. = voiced)
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post hoc test (of the interactions plotted in Figure 3.8) showed that with the falling
intonation, the voiced-voiceless contrast in the singleton set was only significant
for pulse 1 (p=0.003). In the geminate set, there was no high-low relation found
with the first pulse, but it emerged from pulse two to six. Here, pulse 2, 3 and 4
just missed significance at p=0.0639, p=0.0598 and p=0.0525 respectively. The
difference at pulse 5 and 6 was beyond significance level. In the group of
subjects who performed the level intonation, the contrasts are more pronounced:
In the singleton set, the high-low relation was significant for pulse 1 (p=0), 2
(p=0.019) and 3 (p=0.035), but not for pulse 4, 5 and 6. In the geminate set, the
F0 contrasts were significant from pulse 1 through to 5 (1: p=0.0157, 2: p=0.0066,
3: p=0.0063, 4: p=0.0096, 5: p=0.023) and pulse 6 just missed significance at
p=0.059.
Looking at the quantity contrast in the two intonation patterns, a post hoc
test showed that in the group with the falling intonation, the F0 differences were
significant throughout in the voiced set (1: p=0, 2: p=0.0045, 3: p=0.0138,
4: p=0.0204, 5: p=0.0142, 6: p=0.0073). In the voiceless set, all contrasts except
for the first pulse reached significance level (2: p=0.0025, 3: p=0.0006,
4: p=0.0002, 5: p=0.0001, 6: p=0.0006). In the group with level intonation, the
results for the quantity distinction are quite different. Here, except for the first
glottal pulse in the voiced set (with p=0.0056), none of the F0 relations were near
significance level.
As for place of articulation, there was a slight overall tendency of the
alveolars to come with a higher F0 than the labials. This effect was small and not
consistent across all subjects in all conditions, but when an F0 difference was
produced it showed the above stated relation and not the opposite. Figure 3.9
displays these F0 relations in the falling and the level intonation condition. A post
hoc test showed that in the falling condition the difference was only significant at
pulse 1 (p=0.037), while in the level condition the F0 differences were significant
at pulse 1 (p=0.0001), pulse 2 (p=0.0036) and pulse 3 (p=0.013).
These findings are different from what has been attested by Haggard,
Summerfield and Roberts (1981) for British English. They investigated the F0
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Level Intonation

Fig. 3.9.
F0 relations (Least Square Means in Hz) for place of articulation in the falling and
level intonation conditions.
perturbation of the CV stimuli \pa, ta, ka, ba, da, ga\. They found some consistent
F0 relations in respect to place within subjects, but these relations were differing
across subjects so that no clear general and overall pattern could be detected.27
Jessen’s (1998) investigation on German concentrates entirely on the tenselaxopposition of stops and fricatives and does not give any results on a possible
effect of place of articulation - despite the fact that his stimuli contain all three
places of articulation for stops. Given the diverging results in our study and those
in Haggard, Summerfield and Roberts about British English we must assume that
the rather consistent F0 effect for place in German is probably a language specific
issue. But since the dimension of this difference is so small it is questionable
whether it carries any significance as a phonetic cue in perception.

They report that five of their eight male speakers produced a significant effect
for place but without a general tendency: “for three subjects, velars had the
lowest F0, while for two subjects, bilabials had the lowest F0; the highest F0 was
found in velars for one subject, in alveolars for one, and in bilabials for three.” (pg.
51)
27
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3.4.4 Discussion of the F0 Results
The most consistent F0 relations across all subjects and all conditions were those
corresponding to the voice contrast. It was uniformly found that a high F0 was
related to voiceless stops while a low F0 (relatively speaking) was found with
voiced stops. A difference that could be observed between the two intonation
patterns was that the contrasts for voice appeared more pronounced in the level
intonation than in the falling intonation, that is the curves of the different
conditions are more ‘stretched out’ in the level intonation while they appear more
‘clustered’ or ‘compressed’ in the falling intonation. As a consequence, the highlow difference of the singletons in the falling condition was only significant for the
first glottal pulse while in the level condition a significant contrast was maintained
along the first three pulses. In the geminate set with falling intonation, a high-low
difference occurred from pulse two through to pulse six and significance was only
met for pulse four - pulse two and three being at the border of significance. For
the first pulse there was no high-low F0 relation at all - which is striking in so far
as this is normally the point where one would expect to appear the most
prominent difference along the two curves. We assume that the lack of glottal
buzz during closure in the geminates series is responsible for the observed
differences (cf. Jessen’s (1998) findings stated in the present study on page 92).
But notice that in the level intonation we do find a high-low onset contrast for the
geminates, albeit less large (∆ at pulse 1=6 Hz) than compared to the singletons
(∆ at pulse 1=13 Hz). When pronounced with falling intonation the high-low onset
contrast apparently diminishes in both cases about 6 Hertz, leading to a 7 Hertz
onset distance with the voiced and voiceless singletons, while that of the
geminates shrinks to zero. Therefore the assumption is that the overall tune of a
falling intonation additionally contributes to the shrunk onset distances of the
geminates in that condition. In chapter II of this dissertation it was found that a
high pitch level or an overall rising intonation had a largely expanding effect on
the F0 high-low onset distances in Bengali (cf. Figure 2.7 on pg. 58). The effect
witnessed in German might be a similar one but opposite. That is, when the
overall intonation has a low pitch target, the F0 onset distances are less well
separated. Thus we gain the following abstract picture: the higher the
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macroprosodic pitch target, the more distant will be the relative F0 onset
distances. Given that this abstract correlation was found both in Bengali and in
German, one can presume that language independent processes are involved.
As for the effects of quantity on F0 the results were not uniform across the
two intonation conditions. In the falling condition we found a similar relation as in
Bengali, where the geminates exhibited a higher F0 than the corresponding
singletons. In the level condition, however, no such relation was found. There is a
major point one has to consider when interpreting the quantity results for the
German data. All words containing geminates were trisyllabic, while those
containing singletons were all disyllabic. This systematic correlation could cause
an additional effect due to a systematic difference in the overall intonation
contours of the word. Especially when the intonation is falling one would expect to
produce the final low tone target on the last syllable. This means that there could
be a tonal discrepancy on the second syllable between those words containing a
geminate and those containing a singleton. That is, the latter being disyllabic
would have reached the low tone target on the second syllable while the former
being trisyllabic would not yet have reached this target at that stage. This could
result in a less steep falling intonation contour on the vowel following the
geminates as compared to the singletons. The expected effect would be that the
F0 trajectories are slightly higher for geminates than for singletons. This is exactly
what has been observed. In order to clarify the potential influence of a systematic
difference in the temporal course of the overall macroprosodic pattern, additional
measurements were taken to track the intonation contours of the two different
conditions along the words. Therefore additional F0 measurements were
conducted on the data in the first repetition of each subject. F0 was measured at
the beginning, in the middle and at the end of the preceding vowel (i.e. the vowel
of the first syllable). In second vowel (the second syllable), F0 measurements
were taken at the beginning and in the middle of the vowel. The third F0
measurement in the second syllable was taken on the last sonorant segment. In
those words containing the geminates, F0 was measured in the third syllable at
the beginning and at the end of the respective syllabic sonorant elements. The
resulting intonation contours of each subject for the di- and trisyllabic words in the
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different utterance conditions are displayed in Figure 3.10 and 3.11. The curves
of the trisyllabic words in the falling condition show, especially with the subjects
M2 and F1, that F0 at the end of the second syllable is higher as compared to the

Falling Intonation
M1

M2

F1

F2

Fig. 3.10.
Comparison of the F0-contours (mean values in Hertz) for the di- and trisyllabic
words uttered with falling intonation. V1=vowel of the first syllable, V2=vowel or
sonorant segment of the second syllable, V3=vowel or sonorant segment of the
third syllable. Notice that the measurements of V1, V2start and V2mid were always
taken on the respective vowel segment. If a disyllabic word ended in a sonorant
V2end was measured at the end of this sonorant segment (e.g. /n/ in Blattern
(smallpox)). The same holds for V3.
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disyllabic words. F0 continues falling during the third syllable to reach an endvalue which is comparable to the end-value on the second syllable of the
disyllabic words. We must therefore infer that the systematic correlation between
number of syllables and quantity in combination with a falling macroprosodic tune
had a conditioning influence on the high-low F0 relations found for quantity. In the
level or list intonation condition (see Figure 3.11) no such systematic effect was
found across the subjects. Here, the measurements show that an intonational rise
between approximately 5 and 10 Hertz takes place on the first syllable. After the
perturbational effects at the beginning of the second syllable, F0 stays more or
less at the same level throughout the rest of the words. The only exception to this
general observation is produced by subject F3 in the trisyllabic (geminate)
condition, which exhibits a general tendency of falling F0 on V2 and V3. The
general picture of this comparison is that the individual correlations for quantity
are random and not systematic when the intonation is kept preferably at level.
We therefore conclude that in German F0 does not respond or interact with
quantity, but it does show a clear correlation with voice. As opposed to Bengali,
quantity is not an underlying contrast in German. We hypothesise that the
perturbational F0 contrasts correlate primarily with underlying contrasts but
probably not with those that solely surface by means of assimilatiory processes.
This is further evidence, that F0 is at least partially manipulated by the speakers.
For if the F0 contrast found for quantity in Bengali (cf. the present thesis) or in
Pattani Malay (Abramson, 1998, 1999, 2003) was a mere product of aerodynamic
factors or other characteristic laryngeal events, we would expect to find the same
correlation throughout every language that has geminates and singletons on the
surface – irrespective of whether the language employs an underlying quantity
contrast or not.
Considering the F0 correlations in respect to voice, Kohler (1982) and
Jessen (1998) conducted some related production experiments in German.
Jessen measured the F0 along the first 5 glottal pulses of the vowel following the
release of the utterance initial voiced and voiceless stops \p,b,t,d,k,g\. Since some
but not all of Jessen’s speakers realised these stops with prevoicing, it was
possible to separately study the influence of aspiration and glottal pulsing during
closure on F0 - within the same contextual frame. Two of his six speakers
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pronounced all voiced stops without prevoicing, three speakers produced those
stops in 25-33% of the cases with prevoicing and one speaker produced almost
all voiced tokens with pre-release voicing (92%). All six speakers produced the
voiceless stops without prevoicing.
As for stop aspiration, all of his speakers produced significant differences
in respect to voice (voiceless stops 74 ms, voiced stops 21 ms).28 The F0 curves

Level Intonation
M3

M4

F3

Fig. 3.11.
Comparison of the F0-contours (mean values in Hertz) for the di- and trisyllabic
words uttered with level intonation. For the abbreviations see Figure 3.10.
The durational measurements, which Jessen terms ‘stop aspiration’ were taken
form the release burst of the stop to the onset of F2 in the following vowel.
28
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for the individual speakers showed that all of them produced the well known
high-low relation in respect to voice. However, his analysis revealed that the rate
and also the value of significance showed a more or less systematic difference
across speakers. The high-low relation was strongest with the speaker who more
or less consistently produced the voiced stops with prevoicing and it was weakest
(none of the high-low differences along the 5 pulses were significant) with one of
the speakers who never produced any prevoicing. The value relations of the other
speakers who yielded a mixed production lay somewhere in between these two
border marks. Jessen concluded that the presence of glottal pulsing is a major
conditioning factor for the F0 perturbations. Glottal buzz amplifies the high-low
relation in respect to voice as compared to a production where the voiced stops
appear without glottal buzz.
As already laid out in the introduction to chapter I of this work, medially
voiced stops in German are in the vast majority produced with passive voicing
during closure. Therefore it is difficult to deduce the influence of closure voicing
(versus its absence) on F0 for medial stops. The data gathered in this study,
however, allows such a comparison. This is because the voiced and voiceless
geminate stops were never produced with closure voicing while the voiced
singletons in contrary predominantly showed voicing during closure. If Jesson’s
claim is correct we expect to find no, or a less strong, significance for the high-low
F0 contrasts in respect to voice in the set of the geminates as compared to the set
of the singletons. For convenience, Table 3.1 provides a further overview of the
results, listing the F0 differences between the voiceless and the voiced stops in
each category (singletons and geminates) with the corresponding p-values. As
can be seen, Jesson’s account seems to be substantiated, but only in so far as
the very initial part of the following vowel is concerned - basically only the first
glottal pulse. Here it is indeed the case that those tokens (the singletons) which
form the voice contrast with glottal buzz, have a considerably stronger high-low
F0 onset distance than the geminates. In the falling intonation condition, the
geminates even show no high-low onset relation at all. At pulse number two, Δ F0
reaches similar values in the singleton and geminate set. In the subsequent
pulses, the relation is even reversed, that is Δ F0 achieves higher values in the
geminates than in the singletons set. The relative courses of the curves in Figure
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3.8 and their corresponding distance values in Table 3.1 can be summarised and
described as follows: within the set of the singletons the two curves have a larger
high-low onset relation at the first glottal pulse, but subsequently they approach
each other relatively fast in a funnel-shape way. The two curves in the geminates’
set have a less expressed high-low onset relation at pulse number one but they
maintain a specific high-low distance throughout the following glottal pulses, thus
keeping the curves separate in a parallel shaped course almost up to the end.
This observation suggests that two different mechanisms must be at work to
produce the specific high-low relations in each condition. Remember that the
high-low relation found in the set of geminates cannot be explained as a ‘natural’
consequence of a specific laryngeal configuration, since in Bengali the same
phonetic contrast (voiceless aspirated geminates versus voiceless unaspirated
ones) led to a different F0 relation (cf. pg. 55). When closure voicing contributes
to the voice contrast, our data on German show that this effect is strongest
Table 3.1.
Δ F0 (in Hertz) = F0 value of the voiceless stops minus F0 value of the voiced
stops. The p-values indicate in how far the single high-low F0 differences are
significant or not (significance level: p ≤0.05).
falling
singletons
geminates

No. of
glottal
pulse
Δ F0
p-value
Δ F0
p-value

1

2

7
0.0003
0
0.95

3
0.087
4
0.00639

2
0.24
4
0.0598

Δ F0
p-value
Δ F0
p-value

13
0
6
0.0157

7
0.019
6
0.0066

5
0.035
7
0.0063

3

4

5

6

2
0.35
4
0.0525

0
0.72
4
0.11

-2
0.37
3
0.15

4
0.12
6
0.0096

3
0.16
5
0.023

3
0.30
4
0.0592

level
singletons
geminates

directly at the beginning of the following vowel (pulse 1 and 2) - that is, at a point
which is as close as possible to the preceding closure. Therefore it is manifest
that the effect of slack vocal folds on F0 is carried over through the release into
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the first few glottal pulses of the vowel. But this slackening effect on F0 diminishes
quite rapidly as more material of the vowel becomes available.29
If on the other hand closure voicing is not involved in the production of the
voice contrast, as is the case with the geminates, the high-low F0 relation at the
very onset of the vowel is smaller (or not present at all, as was the case in the
falling condition). In the following pulses, however, it looks as if some extra effort
is exerted to keep the two curves apart so that a consistent high-low relation is
established over a certain period of time. Since the primary contrast in these
cases is realized by differences in ACT (i.e. the voiceless stops have a long ACT
going along with strong aspiration while the voiced ones have a short ACT with
little or no aspiration) one could presume that the effects found here for F0 are
due to aerodynamic reasons as a result of aspiration. This, however, cannot be
the case, because a contrast of aspiration was also present in the singletons set.
Hence we would expect to find a similar trace of such an effect of constant
disjunction of the two curves beyond the first two pulses. Moreover, if it is
aspiration and its resulting aerodynamic consequences that are mainly
responsible for the high-low relation in the geminate set, we expect this effect to
be largely present at the first glottal pulse and to diminish in the subsequent
pulses. Hombert, Ohala and Ewan (1979) state that an aerodynamic effect
cannot be expected to last longer than some 10 to 15 ms after release. This is
clearly not what we observed with the geminate stops. On the contrary the highlow relation seems to be build up during the first two glottal pulses and then to
continue at a given value during the subsequent cycles. We presume that since
the ‘natural’ lowering effect of closure voicing on F0 is not present and since the
effects of aspiration do not induce the observed high-low F0 relation, an intended

In line with the vocal cord tension hypothesis, laid out by Halle and Stevens
(1971) and Stevens (1998) we assume that in the production of medial voiced
stops, the vocal cords are in a slack configuration in order to allow glottal buzz
during closure. For German, however we do not assume an extra active effort like for example lowering the larynx - to ensure vocal fold vibration.
29
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manipulation must be made by the speakers to mimic the high-low relation that is
naturally installed by an acoustic contrast of voicing.30
Like previously shown for the Bengali contrast of aspiration in chapter II,
some manipulative attempt is made - but this time in order to meet the
requirements of a phonological voice contrast. Consequently in German all
phonetic variants of the voiceless stops should come along with a high F0 in
relation to the allophonic variants of the voiced stops. Kingston and Diehl (1994)
already made the claim that “F0 differences are predictable only from the
phonological specification for [voice] and not from other phonetic attributes of
stops” (pg. 435). They too argue for a speaker-controlled mechanism instead of
assuming the F0 perturbations to be an automatic by-product of a given
articulation. The results from our production data of Bengali and German strongly
support their hypothesis. The results additionally show that F0 is not only used as
a property of a phonological voice contrast but it also can also play a role for the
production of quantity and aspiration contrasts.
We do not assume a full and deliberate control of F0 height in the
production of those contrasts. If this would be the case there is no reason why a
phonological voice contrast should not be expressed by assigning a high F0 to the
voiced stops and a low F0 to the voiceless ones in a given language. To our
knowledge, no such F0 relation is attested. Instead, we assume an interplay
between ‘natural’ consequences on F0 on the one hand, and a controlled
manipulation of F0 on the other hand. We consider natural consequences to be
the result of a specific laryngeal and/or articulatory configuration that would be
hard (but not impossible) to be overruled by manipulative attempts.
It is the phoneme with the ‘strongest natural impact’ on F0 that sets the
baseline of how a given phonological contrast is expressed in a F0 relation. The
remaining phonemes (and their diverse allophonic variants) are more or less
manipulated to fit this target.
For instance it has been shown that aspiration in combination with glottal
buzz always acts as a strong pitch depressor. If a stop with these features
Hombert, Ohala and Ewan (1979) mention evidence that glottal airflow and
subglottal pressure “may be less at vowel onset after voiceless aspirated stops
than after voiced stops” (pg. 42).
30
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partakes in a phonological contrast in a given language, it will ‘automatically’
determine the F0 relation for the other stops. This has been shown to be the case
in Bengali (cf. chapter II). In German on the other side, we presume that the
‘natural trigger’ of the F0 contrast is the presence of glottal buzz during closure in
the allophonic variant of the phonologically voiced series.

3.5 Featural specification
In recent years there has been a controversy among phoneticians and
phonologists about the laryngeal specification of the stops in German or in related
languages of the Germanic language family. While some hold that it is the
voiceless or tense series that is specified in the mental lexicon for either [tense]
or [spread glottis] (Kohler, 1995; Iverson and Salmons, 1995; Jessen, 1998;
Avery and Idsardi, 2001; Iverson and Salmons, 2003), others have put forth
arguments that it is the voiced or lax series that receives specification as [voice]
(Lombardi, 1991; Kingston and Diehl, 1994; Wagner, 2000).
In principle there are two basic questions that need to be addressed: (i) which of
the two series is specified so that phonological rules can operate on it, and (ii)
what is the correct feature in terms of reflecting the primary phonetic or acoustic
correlates.
It has been stated many times that in German the primary acoustic
parameter to distinguish \b, d, g\ (to which we refer to as the voiced series) from
\p, t, k\ (which we call the voiceless series) is the presence or absence of
aspiration or a categorical difference of ACT. The voiceless stops are said to be
aspirated or having a long ACT while the voiced stops generally come with no
aspiration or only minimal friction noise and have a short ACT. Since Kim (1970)
had shown in an investigation on Korean stops that aspiration is primarily a
function of the degree of glottal aperture at the point of release, many
phonologists refer to aspiration with the featural term [spread glottis] (henceforth
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only ‘[spread]’).31 The main arguments for specifying Germanic voiceless stops
as [spread] while leaving the voiced ones unspecified are:
(i) Aspiration is the most salient property in distinguishing the two categories.
(ii) Lexical assimilation to voicing is found only in languages where [voice] is
the specified feature - for instance in the Romance and Slavic language
families
(iii) In languages like the latter, where [voice] is the marked feature, voiced
stops appear thoroughly voiced during closure while in aspiration languages,
like English or German, the voiced or lax series is only weakly and partially
voiced and sometimes there is no voicing at all. This argument additionally
points to a high phonetic variability of the voiced stops which is taken as a
further indication for this series not to be laryngeally specified.
The observation that some variability is also found in the voiceless series, namely
that aspiration is not present in \sp\- and \st\-clusters is explained that in clusters
both segments share the feature [spread] (Iverson and Salmons, 1995). As
Kingston (1990) pointed out, there is one opening-closing gesture associated with
both segments in a way that the peak of glottal opening appears about the
transition point between the two segments. Thus, in the course of the stop
articulation, the glottis movement is that from an open position at the beginning to
an (almost) closed position at the point of oral release. Therefore the vocal folds
are in a position for vibration immediately or soon after release and hence no
aspiration will occur.

Kim showed that there is a timing relation between the laryngeal and oral
gestures during the production of the three types of Korean stops. The three
types were described as heavily aspirated (voicing lag ≈ 90 ms), slightly aspirated (voicing lag ≈ 35 ms) and unaspirated (voicing lag ≈ 10 ms). If the
opening-closing gesture of the glottis is timed such that its maximum is reached
at the point of oral release, there will be more or stronger aspiration than if the
maximum is reached before release and the vocal folds are already on their way
to being re-adducted. In the former case this will lead to longer lag times, since
the amount of time necessary to adduct the vocal folds for subsequent voicing will
be more than if the glottis is already halfway closed. Thus it can be seen that
differences in aspiration (and lag times) are highly correlated to the relative timing
of oral and glottal movements.
31

Chapter III

German Voiced and Voiceless Stops

100

The sharing of the feature [spread] seemingly also applies to
stop+sonorant clusters where the second member (i.e. the sonorant) gets
devoiced, like for instance in \pla…g´\ ⇒ [pl 9a…g´] (plague). The sonorant ‘fills out’
the aspiration part of the preceding stop and consequently surfaces as devoiced.
This sharing of glottal gestures in consonant clusters of the described types is
seen as further evidence that the voiceless members of stops are the marked
ones and aspiration or rather [spread] is to be taken as the active or specified
feature.
Another apparent variation in the voiceless series is often stated to be
dependent on prosodic structure. Unless part of a cluster, syllable initial voiceless
stops are aspirated if they occur before a stressed vowel or before a pause
(Benware, 1986). Wagner (2002), however, has pointed out that the latter
observation is not a question of presence or absence of aspiration but of degree
of aspiration. Although aspiration is found to be less in stops before unstressed
vowels, there is a substantial difference of lag times between the voiced and
voiceless series, indicating that aspiration is also operative in these positions.
Hence in principle there is no need of stating specific rules of either aspiration or
deaspiration for the voiceless stops.
In Jessen’s (1998) approach it is also the voiceless stop which is specified
but instead of [spread] he employs the feature [tense]. His argument against a
feature [spread] or [aspiration] is that tense or voiceless stops do not necessarily
differ in aspiration from voiced or lax stops. He claims and defines that duration is
the primary correlate of [tense] and the common denominator between [+tense]
and [-tense] obstruents. Duration implies various types like that of aspiration,
closure duration, preceding vowel and total duration. In German stops, the basic
correlate of [tense] is explained to be the duration of aspiration.
As for the voiced stops on the other hand they appear to be far more ‘unstable’ in
their phonetic realisations. Utterance initially they are generally produced without
voicing, but prevoicing is attested with some speakers. Medially (VCV) the
predominant realisation is with presence of closure voicing, but here again, there
is variation across and within speakers such that voicing may cease shortly after
oral closure.
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Kingston and Diehl (1994) argue for a specification of [voice] in the
German and English obstruent system. They state that the common denominator
of languages that employ [voice] as a distinctive feature is the low frequency
property and to a certain extent the C/V duration ratio property. The former does
not only comprise voicing during closure but also a low F0 or low F1 on the edges
of adjacent vowels. Moreover, if no voicing during closure is produced, the
starting point of voicing in the following vowel lies nearer to the release burst in
voiced stops than in voiceless ones. The C/V duration ratio refers to the
observation that consonant duration interacts with the duration of the preceding
vowel such that the ratio is smaller for voiced than for voiceless obstruents.
These properties are typically found (although not the whole array being present
in all contexts) in languages that produce a ‘pure’ contrast of voicing but also in
those that exhibit the presence of aspiration in the voiceless series of stops.
Therefore, there is no reason to assume that the underlying featural specification
should be employed on different categories across those languages - that is,
postulating a specification of [spread| or [tense] for the voiceless series in
languages like German and English, while maintaining the ‘classical’ specification
[voice] for the voiced stop series in languages like Spanish and Dutch.
Furthermore Lombardi (1991) and Wagner (2000) give phonological evidence for
a laryngeal specification of [voice] for stops in German and English.
Jessen’s (1998) investigation on German obstruents has the great merit of
including a transillumination study to trace the glottal movements during the
production of the voiced and voiceless series. Although Jessen argues for a
specification of [tense], we interpret the results of his study in favour of [voice].
The transillumination method that was applied involved a fiberscope that was
inserted through the nasal cavity. The tip of the fiberscope served as a the output
end for cold light and at the same time it contained an objective lens for the
purpose of transferring video images of the section in question. The detection
device was a phototransistor that was attached at the neck of the subject. Its
purpose was to register the amount of light that passed from the light source
through the glottis (and subsequently through the tissue of the neck skin). The
amount of light that arrives at the phototransistor depends on the opening degree
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of the glottis. Thus it is possible to indirectly trace and record the opening and
closing movements of the glottis.
The stop stimuli were \p, t, k, b, d, g\ in word initial and word medial
contexts with the initial stops occurring in real words and the medial ones in
disyllabic nonsense words of the type [i…]C[´]. The real words were spoken with
the preceding carrier word ‘nie’ ( [ni…] - never) while the nonsense words were
spoken in isolation. Thus both the initial and the medial target obstruents occur in
intervocalic position. The data was recorded from one speaker. Among all the
phonetic parameters that were measured it was only the degree of glottal opening
which was found to represent the voice difference reliably across all conditions
and contexts. The analysis showed that the voiceless stops were produced with a
clearly open glottis both in respect to duration and the degree of the opening. As
for the voiced stops, the signal conveyed a pattern that predominantly suggests
the presence of a very small glottal opening, besides some very few cases where
no glottal opening at all was found. It should be remarked that the voiced stops in
medial position were generally produced with glottal buzz during closure, while
the word initial stops were all produced without closure voicing. Here too, the
glottis was found to be “mostly in an unstable kind of rest position between clear
opening and clear closing” (pg. 216). Jessen interprets the small glottal openings
that were found in the voiced series as a passive and not intended movement,
which is caused by a change in oral air pressure. His assumption was supported
from the video image recordings that were taped in parallel. The small glottal
opening could also be seen in the video images but unlike the voiceless
obstruents, the voiced ones did not show any spreading gestures of the
arytenoids accompanying the movements. Thus it can be stated that voiceless
stops in German are produced with an active gesture of glottal spreading while in
the case of the voiced stops, no command for active spreading is given to the
laryngeal parts that are involved. Consequently the laryngeal configuration of the
voiced stops is that of a closed or nearly closed rest position of the glottis.
If we consider the question of variation from this point of view, that is if we
look at what is happening at the source of the phoneme production and not at the
various acoustic consequences that appear at the surface, it must be agreed that
there is as little variation in the production of the voiced stops as there is in the
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production of the voiceless ones. The seemingly stronger variation of the voiced
series on the surface simply arises from its specific underlying articulatory
command. This command for German voiced stops can be stated as not to
spread the glottis actively.3233 One of the major consequences that is induced by
this command is the possibility or likelihood of passive vocal fold vibration in a
inter-voiced surrounding. On the other hand, voicing is much less likely to appear
in a one-sided voiced environment and it is not expected at all in a totally
voiceless surrounding. Exactly this pattern is observed in the distribution of the
German stop system. Utterance initially and after voiceless obstruents before a
vowel (i.e. in a one-sided voiced environment), the vast majority of realisations is
that of an oral closure without glottal buzz. The occurrence of prevoicing is not
impossible but highly limited and to some extent also speaker dependant. In an
intervocalic position, the glottal configuration allows the vocal folds to continue
with (passive) vibration during oral constriction from the preceding voiced
segment into the following one. However, here too we sometimes (but rather
rarely) find realisations where vocal fold buzz ceases shortly after oral closure,
and again the specific realisation can be speaker correlated. In this context (VCV)
closure duration is relatively short for the voiced stops as compared to the
voiceless ones, but no such difference is observed in a post voiceless
environment.34 There is, however, one parameter, namely ACT, which is kept
stable across all occurrences of voiced stops. ACT is found to be always
relatively short.
For the most part, it is the variation in voicing during the closure of voiced
stops and the generally invariant occurrence of aspiration in the voiceless stop
Even if the command is negative - no active spreading - it may require specific
patterns of muscle contraction and relaxation, in the interarytenoids and posterior
cricoarytenoids, respectively. The lateral cricoarytenoids may also be contracted
(John Kingston, 2007: personal communication).
33
We assume that the same ‘command’ holds for other Germanic languages too,
where aspiration is said to set up the contrast between voiced and voiceless
stops. To substantiate this hypothesis further language specific investigations will
be necessary.
34
Jessen’s (1998) measurements of closure duration of stops in intervocalic but
word initial context (V#CV) yielded comparable results as for stops in post
obstruent context. That is, although being produced in intervocalic position the
word initial stops did not show the typical long-short relation of the closure in
respect to voice that is found word medially in VCV-environments.
32
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series that leads many researchers to the conclusion that voicelessness is
specified. Likewise, the invariant presence of voicing in voiced stops and the lack
of aspiration differences across the voiceless and voiced stops, as for instance in
Spanish, is taken as evidence that in those languages the voiced stops are
specified.
The model we propose is based on the observations described above
concerning the consistent glottis configuration of the voiced stops across different
contexts and the uniformly short ACT. We argue that both in languages like
Spanish and in languages like German the voiced stops are phonologically
specified for [voice]. The phonetic implementation of this abstract phonological
feature, however, can be different across languages. The diagram in Figure 3.12
illustrates this process.

[voice]

Phonological Level

• Low Frequency Property
• C/V Duration Ratio Property

Level of Phonetic
Properties

language
A

language
B

[Active Vocal fold Vibration] [No Active Spreading]

• presence of closure voicing
• short ACT
• short oral closure interval
• small C/V duration ratio
• low F0
• low F1

Laryngeal Command Level
(Phonetic Implementation)

Acoustic Output Level

Fig. 3.12.
Model for different phonetic implementations of the phonological feature [voice].
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The phonological feature [voice] is understood in its abstract sense and
does not imply a particular phonetic correlate. At this level (the phonological level)
phonological rules are operating and all languages that specify the voiced stops
for [voice] are understood to apply similar or comparable phonological rules (see
Lombardi, 1991; Wagner 2000). The phonetic properties that are relevant for the
realisation of the feature [voice] are assigned at the next level (level of phonetic
properties). Following Kingston and Diehl (1994, 1995) we assume that these
properties are the low frequency property and the C/V duration ratio property.
Both properties contain an array of acoustic correspondences that integrate
perceptually to [voice]. Not all acoustic correspondences of these basic phonetic
properties need to be realised in a given language and/or in all contexts.
Therefore we find language specific ‘strategies’ to resolve the phonetic
implementation of these basic properties. This implementation takes place at the
laryngeal command level. Two of these commands or strategies can be identified
across languages. Language A resolves the requirements that are set by the
basic phonetic properties by implementing a command of active vocal fold
vibration. This command implies that the vocal fold vibration during closure is
mandatory in all contexts. In languages which apply this command, voicing during
closure is usually seen to have a slightly higher and more consistent amplitude as
compared to voicing that results as a passive consequence of a voiced
environment. This difference implies that in the former case (language A), some
‘more active’ and ‘supporting’ mechanism is at work to set and keep the vocal
folds vibrating. This is different from language B, which resolves the
implementation of the basic phonetic properties with the laryngeal command to
keep the vocal folds in a neutral position with the implication that no active
spreading of the glottis will take place. This command results in the above
described surface variants [b] and [p] of an underlying /b/. Nevertheless, on the
surface both languages fulfil the requirements for [voice] that are set by the basic
phonetic properties. Notice that not the whole array of acoustic realisations is
required. For instance, if in language B /b/ surfaces as [p] after an obstruent, it
acquires a short ACT, a low F0 and probably also a low F1. If /b/ surfaces as [p]
intervocalically, it additionally will acquire a short closure interval and a short C/V
duration ratio. If /b/ surfaces as [b] intervocalically, it will apply the whole set of
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acoustic realisations. The level of phonetic properties is linked indirectly to the
acoustic output level (see the dashed line in the diagram). This means that the
basic property level in a way contains the complete array of its corresponding
possible

acoustic

manifestations,

however,

which

of

these

possible

manifestations will finally be realised on the acoustic output level depends on the
language specific choice that is made at the intermediate command level.
Depending on this choice then is also the realisation of the phonological
contrast that is salient enough to distinguish \b\ from \p\. It will be sufficient for
language A that the primary or most salient property of \p\ is a straightforward
voiceless realisation, that is voicing will stop at the point of oral closure or shortly
after it. Therefore the surface variant of \p\ will most probably be [p] (i.e. voiceless
unaspirated). For language B the same choice would not be sufficient and reliable
enough to distinguish between the two categories, since [p] is a possible surface
variant of underlying \b\. Another strategy must be found to establish a reliable
contrast. German resolves this issue by employing aspiration, which is
accomplished by a spread glottis configuration. The differences in degree of
aspiration that are found in different contexts - for instance word medially in VCV
environments aspiration is found to be less strongly distinct as compared to word
initial prestressed contexts - are then interacting with the surface variants of the
voiced series. If due to a specific surrounding context, an underling voiced stop
\b\ is likely to surface as [b] (i.e. a voiced unaspirated stop, as would be the case
in word medial VCV environments) there is no need to employ strong aspiration,
since the contrast is already salient enough by the presence of vocal fold buzz in
the voiced stop. If, on the other hand \b\ surfaces as [p] (i.e. a voiceless
unaspirated stop, as would be the case word initially) stronger aspiration in the
underlying voiceless stop is necessary to ensure a unambiguous distinction
between the two. In stop clusters like \sp\ and \st\ the presence of surface
aspiration in the underlying voiceless stops is not necessary since there is no
voicing contrast in this environment (i.e. there are no clusters \sb\ or \sd\ in the
language). Therefore, the stops can share their spread glottis configuration with
the preceding \s\ and there is no need to time an extra-extension of the open
glottis into the release of the stops, which would be an unnecessary articulatory
effort.

Chapter III

German Voiced and Voiceless Stops

107

In German, final devoicing of voiced stops is a well-known effect that leads
to neutralisation between voiced and voiceless obstruents in syllable final
positions.35 It can be accounted for straightforwardly by a phonological rule of delinking of the laryngeal node (Lombardi, 1991). That is, in syllable final positions
the voiced obstruents lo
se their laryngeal specification for [voice] and hence, the properties of the default
will apply. If it is argued, however, that the voiceless stops are specified for
[spread] or [tense] then one must assume that the unspecified voiced stops will
attract the feature [spread] or [tense] from an adjacent segment, which is not
easy to explain if no corresponding segment is around, as is the case for instance
at the end of an utterance.
Moreover, given the results about the surface realisations of the
concatenated geminates in this study, it is argued that regressive assimilation of
[voice] is taking place. On the surface the geminates appeared as [p…] or [pÓ…]
respectively. Whether the geminates were aspirated or not in a \p\+\p\ or a \p\+\b\
combination (but also a \b\+\p\ or a \b\+\b\ combination as it was the case in the
pilot study) depended entirely on the [voice] status (i.e. the surface properties of
the specified phoneme in a given context) of the second segment. In the process
of concatenation, the feature [voice] that is present in an underlying voiced stop
must have spread to the preceding laryngeally unspecified segment. Since in this
case the voiced stops are obviously the ones that trigger assimilation (and not
vice versa) this is further evidence that the voiced stops are specified at the
laryngeal node and not the voiceless ones.
For languages that employ [voice] as the active laryngeal feature we
propose to use the more precise terms [voice]AVV and [voice]NAS in order to
distinguish between the different processes of phonetic implementation across
languages.36

There is another approach by Wagner (2002) who argues that the phonological
environment of final laryngeal neutralisation is the edge of a prosodic word.
36
The extensions AVV and NAS standing for Active Vocal fold Vibration and No
Active Spreading, respectively.
35
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3.6 Summary and Conclusion
The durational analysis showed that in German two adjacent stops at the same
place of articulation are concatenated and produced with one articulatory gesture.
Regressive assimilation of voice of the second segment takes place but, due to
what we call a geminate surface rule, the voiced and voiceless geminates surface
as voiceless unaspirated and voiceless aspirated respectively. That is, there is no
durational relation of the preceding vowel, the closure of the voiceless segments
is shorter than of the corresponding voiced ones and ACT is short if the stops are
voiced and long if they are voiceless.
Voiced and voiceless singleton stops in the same environment, surface as voiced
and voiceless respectively, employing the well known corresponding phonetic
characteristics. For voiced stops these are the lengthening of the preceding
vowel, a shorter closure and a shorter ACT and the presence of passive voicing
during closure.
The F0 trajectories showed an unambiguous relation to voice both in the singleton
and in the geminate set, but no clear correspondence between F0 and quantity
was found. The latter observation, which was different from Bengali, was
accounted for by the fact that Bengali has an underlying quantity contrast while
German does not. We take this as further evidence that F0 can be actively
manipulated by the speakers. Whether such manipulation takes place depends
largely on the phonological system of contrasts of the stops in the individual
languages. The direction of the manipulation, however, is not necessarily
arbitrary. If the stops in a given language employ phonetic features that produce
a strong natural impact on F0, those correlations will then set the baseline for the
F0 associations with the remaining stops or any allophonic variants: Given the
observations attested across languages and those made in the present Bengali
and German production studies, we assume that voiced aspiration (breathy
voice) and closure voicing are two natural causes of a low F0. That is, all stops
and the allophonic variants related to [voice] or [aspiration] will surface with a low
F0 in relation to their corresponding (phonologically) voiceless or unaspirated
counterparts. This assumption was supported by comparing the course and the
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distance of the high-low F0 values that are associated to [voice] in the German
singletons and geminates.
The regressive assimilation of voice that was attested in the German
concatenated geminates and the presence of final devoicing is taken as evidence
that German voiced stops are phonologically specified for [voice] while the
voiceless stops remain unspecified. Based on transillumination studies by Jessen
(1998), it was argued that the underlying laryngeal command for [voice] in
German is no active spreading (of the glottis). This command also accounts for
the allophonic and speaker dependent variation that is observed in the surface
realisations.

[p]
[b]

\b\

word initially
(utterance initially
and in context)

\p\

[pÓ]

\b\

medially (VCV)

\p\

[p (Ó)]

\b\

after obstruents

\p\

[pÓ]

Ø

after \s,S\

\p\

[p]

[b]
[b9]
[p]

Fig. 3.13
Derivational model of German voiced and voiceless stops.
\b\ and \p\ mark the abstract underlying voiced and voiceless phonemes
respectively. These phonemes have various allophonic surface variants
([p]=voiceless unaspirated; [b]=voiced (unaspirated); [b9]=devoiced; [pÓ]=voiceless
aspirated; [p (Ó)]=voiceless aspirated with slightly less strong aspiration as
compared to [pÓ]) depending on the environmental context. In case of a branching
link, the solid line indicates the more frequently used variant whereas the less
frequent variant is labelled with the dotted line.
Instead of applying rules of devoicing we argue that in a given context an
underlying voiced stop will preferably surface as one of its attributed allophonic
variants. The underlying command no active spreading allows both a voiced and
voiceless surface variant. The diagram in Figure 3.13 gives an overview of the
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underlying representations and the preferred surface representations in the
different contexts.
Other languages may choose a different phonetic implementation for an
underlying phonological voice contrast. It was argued that these languages
employ active vocal fold vibration at the laryngeal command level resulting in a
phonetic output of closure voicing as the predominant property. Thus [voice]AVV
and [voice]NAS languages can share similar or comparable phonological rules,
while the phonetic surface may look quite different.
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General Summary
This study focused on the production of intervocalic stops across the different
categories of voice, aspiration and quantity. The two languages under
investigation were (i) East Bengali, with its rich system of 27 contrastive
intervocalic stops, and (ii) German, which employs a much more limited set of
only 6 contrastive stops. This huge difference is due to the fact that Bengali
employs a medial contrast of voice, aspiration and quantity at four different places
of articulation, while German only employs a voice contrast at three places of
articulation. 37 What makes the comparison between these two obviously distinct
languages a stimulating subject is that whilst they apply comparable phonetic
properties, like voicing and aspiration, these properties can have different
phonological mappings in each language. The interplay between phonological
specification and phonetic implementation - especially the question of which one
would determine or influence the other - was one of the research topics in this
dissertation.
The phonetic stop parameters under investigation were closure and
lag time durations, duration of the preceding vowel and the perturbations of the
fundamental frequency (F0) during the fist six glottal pulses of the following vowel.
A new method for lag time measuring was introduced, replacing the
familiar notion of voice onset time (VOT). The problem with VOT measurements
lies in the definition of VOT. Fist of all, the original definition limits the application
of lead and lag time measurements to word initial stops. A second problem is that
VOT can compare two acoustically completely different properties, namely an
interval containing glottal buzz during closure and another interval after oral
release, containing friction noise but no vocal fold activity. An inherent
consequence is that VOT does not cover any lag times, if lead times are detected
in the signal. An indirect result of these definitions was that voiced aspirated
stops could not be distinguished from voiced unaspirated ones (in languages that
The Bengali experiment included all four places of articulation for the stops plus
the palato-alveolar affricates. The German study was restricted to the labial and
alveolar stops.
37
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employ a four-way contrast of voice and aspiration) by means of VOT alone instead one had to assume the additional notion of breathy voice or murmur for
the voiced aspirates.
The new method laid out in this dissertation in principle allows the
comparison of lag time measurements across all categories and all contexts. The
corresponding temporal interval was termed ‘after closure time’ (ACT). Applying
ACT made it possible to distinguish between the voiced aspirates and the voiced
unaspirates without the necessity of employing an additional phonetic property as it has been exemplified with our East Bengali data. A second new notion,
termed ‘superimposed aspiration’ (SA), was introduced to cover that part of the
stop signal where aspiration co-occurs with the glottal pulses of the following
vowel. It was shown that SA is not only a property of voiced aspirates, it also
occurs with voiceless ones. The difference between the two arises in the relative
durations of SA. Moreover, it was found that there is a trade-off relationship
between ACT and SA, which implies that aspiration as such is timed equally long
for voiced and voiceless aspirates.
The perturbations of fundamental frequency were tested under two
intonational conditions - a neutral or level intonation and a yes/no question
intonation. The results of the F0 measurements showed the familiar high-low
relation in respect to voice, as it is attested in many languages. A new finding was
that there is an additional relation to quantity, which adjusts/coordinates itself with
the relation for voice. That is, a domain or area of high F0 is related to voiceless
stops and another domain of low F0 is attributed to voiced stops. Within each of
these domains there is a further division into high and low, and the geminates will
be found in the high F0 sub-domains whereas the singletons will be found in the
low F0 sub-domains. These results hold for both the level and the question
intonation. In the latter, however, the distances of the high-low onset values are
much more spread apart.
Aspiration tended to result in a lowering effect on F0 - relative to the
unaspirated stops in both the voiced and the voiceless series. The lowering was
much more substantial when the words were pronounced with question
intonation.
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A comparison with German showed that here, aspiration had a
seemingly opposite effect, that is, stops with aspiration had a higher F0 than
those without. The difference was explained by the different phonological
specifications, which in Bengali is aspiration but in German it is voice. It was
concluded that speakers must be able to manipulate the F0 perturbations to a
certain degree, in order to adapt them to the language’s specific phonological
system. This means that the characteristic F0 trajectories are not a mere acoustic
result of a given laryngeal configuration.
It was argued, however, that not all categories are freely
manipulated. The assumption was made that some stops may act as natural
triggers for a particular F0 effect. The voiced aspirates were a natural trigger for
the Bengali F0 aspiration relation. The presence of these stops in the phonetic
inventory of a given language sets up the F0 baseline correlation in respect to the
phonological specifications. Consequently all other stops and allophonic variants
will have to adjust their F0 accordingly to the phonological category they belong
to. This hypothesis provides an explanation about the attested inconsistency of F0
in respect to aspiration, for if no natural trigger is present the phonological system
is free to establish any F0 relation.
The durational results in the German experiment showed substantial
differences between singletons and geminates. While the voiced and voiceless
singletons surfaced as phonetically voiced and voiceless (aspirated) respectively,
the corresponding geminates employed the phonetic properties of voiceless
unaspirated and voiceless aspirated stops. In terms of F0 only voice reliably
induced the familiar high-low relation. This was the case for both the singletons
and the geminates despite the fact that they were produced phonetically in a
different way. One distinction, however, was found in the high-low onset
distances and the subsequent trajectory shapes. This slight difference was
attributed to the hypothesis that closure voicing being produced with the voiced
singletons is a natural trigger of a lowered F0. Since the geminates did not
contain this acoustic feature some manipulative force had to be applied in order
to be faithful to the phonological specifications, that is, to achieve a similar highlow F0 output.
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Unlike Bengali, no clear evidence of a F0 correlation in respect to
quantity could be found. The German stimuli were produced with a declarative
(falling) intonation and the seemingly high-low F0 relation which occurred in this
prosodic environment disappeared when an additional experiment was carried
out, where the same stimuli were pronounced with a level (slightly rising)
intonation. An F0 analysis of the surrounding sonorant segments showed that the
quantity effect in the falling condition could be attributed to the syllabic correlation
between singletons and geminates. The former were all part of disyllabic words
while the latter were all incorporated in trisyllabic words. The finding that German
does not employ a F0 relation in respect to quantity differences can be accounted
for by the fact that the language does not have underlying geminates - Bengali on
the other hand, does employ a quantity contrast. These language specific
differences are seen as further evidence for an active manipulation of the F0
trajectories.
Taking together the results and insights gained from the analysis of
the German stops in this study and drawing connection to results other
researches had achieved, it was concluded that the German stops are laryngeally
specified for [voice]. A model was proposed which accounts for the different
phonetic surface variants of stop realisations across languages that share the
same underlying phonological specification [voice].
The results of this dissertation give rise to related future
investigations. It would be of major interest to test if and how far the crucial
parameters of the present production studies are found to be relevant also in
perception.
This would especially be the case for the F0 relations that were found in respect
to quantity in East Bengali. Moreover, other languages that employ an underlying
quantity contrast in stops - like for instance Swiss German - would be worthwhile
investigating under this aspect for production and perception.
The conclusions on the laryngeal specification of German stops
certainly are relevant to further research on how these results can be embedded
in the historical development of the language - particularly in comparison to other
languages of the Indo-European family.

Deutsche Zusammenfassung

115

Deutsche Zusammenfassung

Die vorliegende Arbeit untersucht in zwei vergleichenden Produktionsstudien
über das Ost-Bengalische und das Deutsche eine Reihe akustischer Parameter,
die für die Unterscheidung von Plosiven relevant sind. Gemessen wurden die
temporalen Parameter Verschlussdauer, Post-Lösungsintervalle, sowie die Dauer
des vorhergehenden Vokals. Ein weiterer Untersuchungsgegenstand war der
Verlauf der Grundfrequenz (F0) auf dem initialen Teil des Folgevokals. Es
interessierte vor allem welche relationalen Ausprägungen die genannten
Parameter zu den phonologischen Merkmalen Stimmhaftigkeit, Aspiration und
Quantität haben würden.

Kapitel Eins beschäftigt sich mit der Ausprägung der temporalen Parameter im
Bengalischen. Diese Sprache besitzt ein ausgeprägtes Phoneminventar von
Plosiven, die in stimmhaft unaspiriert, stimmhaft aspiriert, stimmlos unaspiriert
und

stimmlos

aspiriert

unterteilt

werden.

Die

Plosive

treten

an

vier

unterschiedlichen Artikulationsorten auf. Darüber hinaus gibt es in medialer
Umgebung einen Quantitätskontrast. Im Vergleich dazu unterscheidet das
Deutsche ‚nur’ zwischen stimmhaften und stimmlosen Plosiven an drei
verschiedenen Artikulationsorten. Obwohl das Bengalische und das Deutsche
beide einen phonologischen Stimmhaftigkeitskontrast haben, wird dieser in den
zwei Sprachen dennoch unterschiedlich realisiert.
Die Arbeit führt eine neue Methode und neue Termini (After Closure
Time (ACT), Superimposed Aspiration (SA)) für temporale Intervallmessungen
ein, die für die akustische Unterscheidung der oben genannten Plosivkategorien
relevant sind. Diese Methode ersetzt den bisher angewandten Begriff der Voice
Onset Time (VOT) und die damit verbundenen Abstandsmessungen. Die neu
eingeführte Methode erlaubt die Messung und den Vergleich von sogenannten
lag-times über alle Kategorien und Kontexte hinweg. Damit wird es möglich, im
Bengalischen und in vergleichbaren Sprachen alle vier Plosiv-Kategorien
voneinander zu unterscheiden, ohne dass wie bisher für die stimmhaft aspirierten
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Plosive der zusätzliche Parameter ‚behauchte Stimmhaftigkeit’ (breathy voice)
postuliert werden muss.

Das zweite Kapitel behandelt die Perturbationen der Grundfrequenzkurven des
Folgevokals im Bengalischen. Es wurde gezeigt, dass außer einer Korrelation mit
der Stimmhaftigkeit, eine weitere Korrelation mit der Quantität existiert. Anhand
der Effekte, welche die Aspiration auf die F0-Kurven im Bengalischen im
Vergleich zu denen im Deutschen hatte, wurde die Hypothese aufgestellt, dass
die F0-Kurven zu einem gewissen Grad vom Sprecher manipulierbar sind. Das
heißt, die charakteristischen F0-Verläufe sind nicht das ausschließliche und
automatische Resultat spezieller aerodynamischer Effekte oder spezifischer
laryngaler Konfigurationen - wie vielfach angenommen wird. Es wurde dargelegt,
dass die von den Sprechern vorgenommenen F0-Manipulationen sich nach den
phonologischen Laut-Kategorisierungen der jeweiligen Sprache richten.

Im dritten Kapitel werden die relationalen Ausprägungen der temporalen
Parameter sowie die F0-Perturbation im Deutschen untersucht. Ein weiterer
Schwerpunkt bildet die Frage nach den assimilatorischen Prozessen, die bei der
Gemination von Plosiven eine Rolle spielen. Die Resultate zeigen, dass
regressive Assimilation von Stimmhaftigkeit stattfindet. Dieser phonologisch
motivierte Prozess wird als Indiz betrachtet, dass im Deutschen die laryngale
Spezifikation von Plosiven durch das Merkmal [Stimmhaftigkeit] gekennzeichnet
ist. In verschiedenen anderen Sprachen kann dasselbe phonologische Merkmal
jedoch unterschiedliche phonetische Realisierungen aufweisen. Es wird ein
Model vorgestellt, welches diese unterschiedlichen Ausprägungen innerhalb der
Merkmalszuweisung [Stimmhaftigkeit] erklärt und integriert.
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Appendices
Appendix A (referring to chapter I)
Closure Duration
Arithmetic means assorted by place (lab=labial; dent=dental; retr=retroflex; vel=velar;
affr=palato-alveolar affricate), voice, quantity (s=singleton; g=geminate) and
aspiration.
unaspirated

aspirated
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After Closure Time
Arithmetic means assorted by place (lab=labial; dent=dental; retr=retroflex; vel=velar;
affr=palato-alveolar affricate), voice, quantity (s=singleton; g=geminate) and
aspiration.
unaspirated

aspirated
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Superimposed Aspiration
Arithmetic means assorted by place (lab=labial; dent=dental; retr=retroflex; vel=velar;
affr=palato-alveolar affricate), voice and quantity (s=singleton; g=geminate).

70
60

54

50
40
30

36
27
22

20
10
0
affr / s

affr / g
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Appendix B (referring to chapter II)
F0 values (arithmetic means in Hz, including the standard deviations and the
number of measurement points for each value) for the voice and quantity contrast
in neutral intonation.
Voice

Quantiy

Pulse No.

F0
normal
means
157.85
157.41
157.73
158.12
157.87
158.19

SD

1
2
3
4
5
6

No. of
measurement
points
410
410
410
410
410
410

voiced

geminates

voiced

singletons

1
2
3
4
5
6

475
475
475
475
475
475

150.78
152.44
152.82
154.08
154.51
155.57

42.05
43.59
44.84
46.38
47.15
47.62

voiceless

geminates

1
2
3
4
5
6

415
415
415
415
415
415

171.92
165.86
164.5
163.32
162.02
161.14

45.75
47.78
49.86
50.37
51.01
51.18

voiceless

singletons

1
2
3
4
5
6

416
416
416
416
416
416

167.94
161.77
160.05
158.57
157.77
156.98

44.46
46.45
48.23
49.04
49.57
49.79

42.85
45.77
46.94
47.66
48.51
48.99
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F0 values (arithmetic means in Hz, including the standard deviations and the
number of measurement points for each value) for the voice and quantity contrast
in question intonation.
Voice

Quantiy

Pulse No.

F0
Normal
means
283.57
287.24
287.79
287.69
290.38
289.96

SD

1
2
3
4
5
6

No. of
measurement
points
276
276
276
276
276
276

voiced

geminates

voiced

singletons

1
2
3
4
5
6

318
318
318
318
318
318

257.37
263.83
268.36
271.39
273.10
276.35

56.74
55.29
54.31
54.57
53.92
55.22

voiceless

geminates

1
2
3
4
5
6

278
278
278
278
278
278

320.12
316.64
312.70
311.93
312.21
310.72

56.42
57.54
54.62
52.92
53.45
55.71

voiceless

singletons

1
2
3
4
5
6

287
287
287
287
287
287

302.27
300.25
298.54
297.58
297.86
297.85

60.20
61.12
60.93
61.26
61.29
62.07

57.08
54.32
51.57
50.98
50.58
52.33
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F0 trajectories for voice and quantity
Arithmetic means in Hz for the Bengali speaker M1 assorted by aspiration
and intonation.
unaspirated, neutral

unaspirated, question

aspirated, neutral

aspirated, question
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F0 trajectories for voice and quantity
Arithmetic means in Hz for the Bengali speaker M2 assorted by
aspiration and intonation.
unaspirated, neutral

unaspirated, question

aspirated, neutral

aspirated, question
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F0 trajectories for voice and quantity
Arithmetic means in Hz for the Bengali speaker F1 assorted by
aspiration and intonation.
unaspirated, neutral

unaspirated, question

aspirated, neutral

aspirated, question
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Appendix C (stimuli of the Bengali and German experiments)
Bengali - Stops (unaspirated)
Phoneme

Phonetic
script

Gloss

Phoneme Phonetic
script

Gloss

[p]

dÓopa
mapa
gopon
kapa
kÓœpa
dZaba
gobor
kObor
daba
kÓabar
pat1a
fit1e
bot1am
pet1ol
hat1a

washerman
measure
secret
clothes
silly, mad
hibiscus
cow dung
grave
chess
food
leaf
ribbon
button
type of metal
large cooking
spoon
shawl, sheet
mud
hunger
club
affection
particular veg.
small
to run
fat
matted hair

[p…]

ap…ajon
gOp…o
tSOp…ol
prap…o
t1ip…ano
nob…oi
Ob…oe
kab…o
dZOb…or
∂ab…a
pat1…a
Sot1…o
ut1…or
a)t1…a
gOt1…o

looking after guests
story
slipper
available
fiftythree
ninety
preposition
poetry
important, strong
small container
attention, neg.
truth
north
soul
hole

Sod1…o
bid1…a
pOd1…o
god1…o
kÓod…er
ÊÓaÊ…a
aÊ…a
tSÓoÊ…o
ga)Ê…a
oÊ…alika
bO∂…o
a∂…a
gO∂…alika
gO∂…ol
u∂…Oe8on
bak…o
oik…o
ak…el
fok…or
tSOk…or

just this moment
learning
lotus
prose
customer
joke, make fun of
eight o’clock
very little
first
edifice, palace
a lot
idle gossip, chat
following en masse
ram, fig. stupid man
to fly
word, speech
unity
sense
smart alec
round, circuit

bÓag…o
big…apon
big…an
dZig…aSa
Og…œn

luck
notice, advertisement
knowledge, science
question
faint

[b]

[t 1]

[d1]

[Ê]

tSad1or
kad1a
kÓid1e
gOd1a
ad1or
pOÊol
tSoÊo
tSoÊa
moÊa
dZOÊa

[b…]

[t…1]

[d1…]

[Ê…]

[∂…]

[k]

[g]

tSaka
poka
boka
nœka
Êaka
dZOgot
roga
nOgod
bOgol
dZogar

wheel
insect
stupid
one who naively
feigns ignorance
Taka (currency)
world
thin
cash
armpit
arrangement

[k…]

[g…]
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Bengali - Stops (aspirated)
Phoneme Phonetic
script

Gloss

Phoneme Phonetic
script

Gloss

[bÓ]

lack of
meeting
fearless
both
difference

[bÓ…]

civilized
available
reception, welcome
accustomed
habit

head
stone
speech
pain
with

[t1Ó…]

legislation
obstacle
widow
binding
inferior
frame, structure
variety of
banana
rising, coming
out
library
courtyard

[d1Ó…]

SobÓ…o
lobÓ…o
obÓ…ortÓona
obÓ…osto
obÓ…œS
mit1Ó…e
ut1Ó…an
kot1Ó…o
ut1Ó…apon
Okot1Ó…o
dZud1Ó…o
mod1Ó…e
od1Ó…apok
bad1Ó…o
ud1Ó…ar

lots
ungainly fat
objectionable
familiarity
loose (clothing),
careless
uncovered

[∂Ó…]

dÓOna∂Ó…o
a∂Ó…o

rich
opulent

fan
when
writing
to see
friend
struck
obstruction
profound, deep
like a tiger
lightness

[kÓ…]

SukÓ…o
mukÓ…o
SikÓ…ok
rakÓ…oS
bÓikÓ…a

very fine
illiterate
teacher
mythical giants
alms

[t1Ó]

[d1Ó]

[ÊÓ]

ObÓab
SobÓa
ObÓOe
ubÓOe
bibÓed
mat1Óa
pat1Óor
kOt1Óa
bœt1Óa
Sat1Óe
bid1Óan
bad1Óa
bid1Óoba
ba)d1Óa
Od1Óom
kaÊÓamo
ka)ÊÓali
OÊÓa

[∂Ó]

paÊÓagar
uÊÓon
O∂Óel
be∂ÓOp
∂ÓOla∂ÓOli
∂Óile∂Óala

[kÓ]

[gÓ]

a∂Óaka
pakÓa
dZOkÓon
lekÓa
dœkÓa
SOkÓa
agÓat
bœgÓat
OgÓor
bagÓa
lagÓOb

untruth
to rise
colloquial
propose, raise
unspeakable
war, fight
among
teacher
obedient
rescue
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Bengali - Affricates
unaspirated

aspirated

Poneme Phonetic
script

Gloss

Poneme Phonetic
script

Gloss

[tS]

pOtSa
ka)tSa
kÓatSa
atSar
ha)tSa
utS…aron
kÓOtS…or
gOtS…a
tSOtS…ori
utS…o
d1ÓOdZa
radZa
gOdZa
badZe
nidZer

rotten
raw
cage
pickle
to sneeze

[tSÓ]

to select
slippery
scorpion
bed
close

pronunciation
bad person
compensation
vegetable curry
high, elevated

[tSÓ…]

flag
king
particular sweet
Bad
one’s own

[dZÓ]

SodZ…a
bOdZ…at
radZ…o
lOdZ…a
udZ…ol

bed
wicked
kingdom
shame
bright

[tS…]

[dZ]

[dZ…]

[dZÓ…]

batSÓa
petSÓol
bitSÓe
bitSÓana
katSÓe
batSÓ…a
itSÓ…e
utSÓ…ed
gutSÓ…o
kOtSÓ…op
OdZÓor
adZÓala
madZÓe
bodZÓa
bodZÓano
gradZÓ…o
OgradZÓ…o
SodZÓ…o
udZÓ…o
OSodZÓ…o

child
wish
exterminate
bunch
tortoise
unending fall
unsweetened
in the middle of
burden, to
understand
to explain
pay attention
inattention
tolerance
missing
unbearable
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German stops
Remark: The combination of the prefix mit- plus a following verb as it appears in
the list of stimuli below refers to an action that is performed by a second person
or more, or an action that is carried over to a second (or more) objects. Since the
glossary description for each mit+verb combination would be too long we
therefore only give the gloss of the corresponding verbs.
Geminates
voiceless

gloss

voiced

gloss

mittexten

coll. for to compose

mitdenken

to think

mittesten

to test

mitdecken

to cover

mitteeren

to tar

mitdehnen

to stretch

mittappen

to pad

mitdackeln

coll. for to walk

mittasten

to grope

mitdachte

abpennen

coll. for to sleep long

abbetteln

1. and 3. sing. past
tense of to think
to wheedle

abpellen

to peel

abbellen

to bark extensively

abpesen

coll. for to run

abbeeren

to remove the berries

abpacken

to pack

abbacken

to bake

abpassen

to watch

abbasten

to remove the
integument from the
antler

Singletons
voiceless

gloss

voiced

gloss

Latte

lath

Kladde

blotter

Bitte

plea

Widder

ram

Blattern

smallpox

pladdern

to plash

Gitta

female forename

Nidda

name of a river

ETA
(pronounced as \Eta\)

name of a Basque
paramilitary
organisation

Edda

Edda
(collection of ancient
heroic poetry)

5

Knappe

squire

Krabbe

crab

Steppe

veld

Ebbe

ebb tide

Quappe

burbot

Quabbe

welt

Papa

coll. for father

Abba

Swedish pop group

Kappa

Italian fashion brand

Sabber

slobber
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