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ABSTRACT 
Based on a transillumination study of a native speaker of 
German, various hypotheses were evaluated that can explain 
previous findings for English and German that place-dependent 
aspiration in /p, t, k/ is closely associated with the interval 
between stop release and peak glottal opening. It was found that 
the primary means by which long aspiration and late peak glottal 
opening relative to release are achieved is by shortening closure 
duration. The same question was addressed with respect to 
increased aspiration duration that is due to the presence and 
identity of a following sonorant consonant. Closure duration 
again turned out to be of primary importance, though this time 
the overall situation was less systematic, partially due to an 
uncertainty about the glottal patterns associated with the 
realization of German /r/ as an uvular fricative. 

1. INTRODUCTION 
As is well known from the literature, aspiration duration (mostly 
measured as positive VOT) varies according to the place of 
articulation of the stop. Though aspiration is classically reported 
to occur in the order k > t > p, more recent studies show that 
there can be deviations from this pattern, which are due to 
language, context, speaker, and other factors (see [2, 31 on 
English and [6, 71 on German). This flexibility suggests that we 
are dealing not with an entirely automatic physical or 
physiological effect, but that learned phonetic knowledge is 
involved [3, IO]. Transillumination studies on English [2] and 
German [6, 71 have shown that the order in which aspiration (to 
be abbreviated as Asp) occurs among /p, t, k/ is closely 
connected to the interval between stop release and peak glottal 
opening (abbr. as P-R, for “peak minus release”). As Asp 
increases depending on stop place, so does P-R. This shows that 
increased aspiration durations are achieved by later locations of 
peak glottal opening relative to stop release - at least as far as 
stop place of articulation is concerned. That, however, is not the 
entire story. As Asp is in large part controlled by P-R, so there 
are different possibilities as to how P-R itself is controlled. Let 
us consider three different hypotheses. In each of them the 
following variables are involved: duration of the glottal opening 
gesture (Gdur), peak glottal opening amplitude (Gmax), interval 
between onset of stop closure and onset of the glottal opening 
gesture (OG-OC), and closure duration (Clos). For each of the 
following hypotheses two of the variables stay constant, while 
one is varied. 

A. The Late Glottal Gesture Hypothesis: with Gdur and Clos 
remaining constant, P-R is increased by shifting the glottal 
gesture rightwards. That this happens can be inferred from 
increased values of OG-OC. 

B. The Long Glottal Gesture Hypothesis: with OG-OC and 
Clos remaining constant, P-R is increased by lengthening 
Gdu r. As an increase in Gdur is often accompanied by an 
increase in Gmax, the latter can also be taken into account 
here. 

C. The Short Stop Closure Hypothesis (cf. [4, IO]): with Gdur 
and OG-OC remaining constant, P-R is increased by 
shortening Clos. 

(The interval between onset of stop closure and peak glottal 
opening (P-OC) is another interesting variable, but it cannot 
differentiate between the first two hypotheses.) Of course, these 
three hypotheses are idealizations because it is unlikely that the 
non-active variables stay entirely constant. However, by 
evaluating empirical data statistically, it is possible to get an 
impression as to which of these hypotheses constitutes the best 
approximation of reality. 

The same set of hypotheses can be evaluated with respect to 
another known variation of aspiration. It has been reported for 
English that aspiration is longer in a stop-sonorant-vowel 
combination, such as in play, than in a simple stop-vowel 
combination, such as in pay. There are also some indications that 
there are aspiration differences according to the specific sonorant 
involved, such as longer aspiration in a word like pray than in 
play (see [3] for acoustic data and further literature). 

Both the place-dependent variation of aspiration and its 
variation due to a sonorant consonant are classified as acting 
redundantly in the title oft his paper, since there are obviously 
more fundamental ways in which stop place and the presence of 
a sonorant are expressed phonetically than by aspiration values. 
Contrary to many authors, a classification of aspiration as 
redundant is not found to be appropriate when it comes to the 
phonemic distinction between /p, t, k/ and /b, d, g/ in languages 
like English and German [7]. There are also differences on the 
glottal level depending on the functional status of aspiration [6, 
71. 

2. METHOD 
The data used for evaluating place-dependent aspiration are part 
of a data set that has been introduced previously [6, 71. The set 
of stops /p, t, k/ was produced by a male native speaker of 
German (the author). These stops occur word-initially in a 
stressed syllable preceded and followed by /i/ and word-medially 
intervocalically before schwa. (Contrary to many other 
languages with aspirated stops [8], German /p, t, k/ are produced 
with quite substantial aspiration durations even before an 
unstressed schwa vowel [7].) Each type had been spoken about 
twenty times, and the entire procedure was repeated in a second 
recording session. Recordings were made both of the acoustic 
signal and the transillumination signal. The onset and offset of 
the glottal opening gesture, which are relevant in the variables 
Gdur and OG-OC, were defined as 10% of maximum opening 
velocity leftwards and 10% of maximum closing velocity 
rightwards, respectively. Asp was measured as the interval from 
stop release to F2 onset. In addition to the previously reported 
material, (mostly) nonsense words were produced, in which all 
of the word-initial stop-sonorant combinations possible in 
German occurred at the beginning of a monosyllabic word. The 
vowel following this consonant cluster was /i/, and there was a 
preceding carrier word also ending in /i/ (nie Prier ‘never Prier’, 
etc.). These consonant clusters were compared to a plain stop-/i/ 
sequence spoken under identical conditions. As with the other 
material, there were about 19 repetitions of each type in each of 
the two sessions. These utterances with sonorants were mixed 
with the previously reported utterances, so that the former and 
the latter material had been spoken under identical conditions 
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and is directly comparable (the set /pi, ti, ki/ occurs both in the 
evaluation of place-induced and sonorant-induced effects). 

3. RESULTS 
3.1. Place-induced Effects 
The descriptive results (means and standard deviations) for the 
effects induced by place of articulation (/p/ vs. /t/ vs. /k/) are 
presented in Table 1. Each cell contains the information of about 
20 tokens (differences below 1 are usually omitted, but evaluated 
in the non-significant differences in Table 2). 

One-way ANOVAs were calculated with place as the factor 
and the different parameters as the dependent variables. Separate 
analyses were made for word-initial and word-medial context 
and for the two recording sessions. Comparisons were made 
between each pair among the set /p, t, k/. The significant effects 
(p < 0.05, based on Tukey HSD) of these comparisons and the 
direction of the differences are summarized in Table 2. In the 

notation used in Table 2, A > B signifies that A is significantly 
larger than B. Sounds not connected by “>” are each significant 
to the one(s) across the sign, but do not differ significantly with 
respect to each other. Their order of occurrence reflects a left-to- 
right decrease on a non-significant level (same convention for 
Table 5, below, except for the complications posed by the two 
conjunctions listed there in the column for /k/). 

‘Furthermore, Pearson correlations between P-R and the other 
parameters were calculated. The results are listed in Table 3. It 
contains the correlations and indicates with an asterisk which of 
these correlations are significant on the level p < 0.05. For the 
purpose of these correlation analyses the data for all three stop 
places were pooled, but data for different contexts and sessions 
were kept separate. This way, the correlations capture the 
parameter variation that is caused by different stop places (and of 
course token-to-token variability), but by no other factors. 

Asp P-R Clos Gdur Gmax OG-OC P-oc 
M  SD M SD M SD M SD M SD M SD M SD 

P m 61 9 -1 5 106 11 202 8 -51 121 0.2 5 104 9 
t m  83 10 18 9 69 7 183 11 -156 104 2 5 88 5 
k m  73 10 9 7 90 8 208 8 307 105 -7 5 100 6 
p i 84 14 -0.5 5 126 13 237 15 -8 189 5 7 125 10 
t i 93 7 11 7 112 10 223 11 -122 247 5 3 124 7 
k i 111 14 17 10 112 11 236 15 214 303 6 11 130 11 
P m49 6 -5 4 97 7 188 14 -862 142 3 5 91 4 
t m89 8 28 10 67 7 188 8 -907 85 6 5 96 7 
k m  68 11 12 7 92 9 190 10 -796 139 7 5 104 8 
p i 81 13 -5 6 117 8 213 15 -842 183 7 5 111 7 
t i 90 10 8 6 106 6 203 14 -928 116 16 10 115 7 
k i 104 8 12 8 114 14 220 16 -659 189 17 19 128 14 
Table 1. Means (M) and standard deviations (SD) of the different parameters (top line) for different stop places (p, t, k) in word-medial 

(m) and word-initial (i) position. Results for the first session occur in the upper part, those for the second session in the lower part of the 
table, below the line. The values are in milliseconds, except for Gmax, which is expressed in arbitrary units. 

medial 1 medial 2 initial 1 initial 2 
ASP t>k>p t>k>p k>tp k>t>p 
P-R t>k>p t>k>p k>t>p kt>p 
Clos p>k>t pk>t p>kt pk>t 
Gdur kp>t pk>t k>t 
Gmax k>p>t k>t k>pt k>pt 
OG-OC tp>k k>P 
P-oc pk>t k>tp k>tp 
Table 2. Significant differences and directions in pairwise place 

comparisons. Parameters are given vertically, conditions 
horizontally (word-medial, word-initial position; session 1 and 

2). 

P-R with: medial 1 medial 2 initial 1 initial 2 
ASP 0.872* 0.930* 0.793* 0.659* 
Clos -0.843* -0.837* -0.677* -0.415* 
Gdur -0.423” -0.009 -0.182 -0.054 
Gmax -0.057 -0.217 0.191 0.127 
OG-OC 0.25 1 0.3 19* 0.26 1 0.360* 
P-oc -0.355* 0.348* 0.187 0.491* 

Table 3. Correlations between P-R and the other parameters, 
separately for the four conditions. 

In Tables 1 and 2 we see that aspiration (Asp) occurs in the 
order k > t > p word-initially, but in the order t > k > p word- 
medially. While the first order is the one frequently mentioned in 
the literature, the second one is unusual by inverting the role of 
the alveolar and the velar stop. That this is a quite stable effect in 
German, and not just limited to the speech of the speaker used in 
this study, is shown in [7, Appendix]. This result emphasizes the 

role of language-particular and other learned variations in 
redundant aspiration, mentioned in the introduction. 

When comparing Asp with P-R in Tables 1, 2 we see that 
the orders found in the former parameter are closely matched by 
the latter. This is particularly striking with respect to the 
mentioned change of order between word-initial and word- 
medial position, where P-R exhibits the same inversion as Asp. 
These associations between Asp and P-R are in most cases 
supported by significant differences, and they are without 
exceptions on a non-significant level. In Table 3 we also observe 
high positive correlations between these two parameters, all of 
which are significant. A close association between Asp and P-R 
has been taken as a prerequisite for the three Hypotheses A, B, 
C, mentioned in the introduction. We can now proceed to 
evaluate these hypotheses with the evidence presented in the 
tables. 

The parameter Clos can be observed to form a mirror image 
pattern with respect to Asp and P-R. This is particularly clear 
word-medially, where t > k > p in Asp and P-R is reflected as p 
> k > t in Clos (with only one non-significant difference). For 
that context we also observe high and significant negative 
correlations between P-R and Clos (see also [5]). This mirror 
image relation between P-R and Clos supports the Short Stop 
Closure Hypothesis (C). It suggests that longer P-R values are 
created by shortening Clos. 

For word-initial context the mirror image pattern is less 
clear. The order of Clos is p > k > t (partially on a non- 
significant level), whereas p > t > k would be expected word- 
initially. The correlations between P-R and Clos are lower, but 
still significant. It should be kept in mind that word-initial stops 
have the potential of occurring utterance-initially after a pause. If 
this is the case, Clos is not defined acoustically, and the speaker 
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might very well initiate the utterance from a state of prolonged 
closure. It is possible that this factor limits the linguistic value of 
closure duration word-initially even for those cases where a 
preceding context is found. For example, it has been shown for 
German that closure duration acts systematically in expressing 
differences between /b, d, gl and /p, t, k/ word-medially before 
schwa (longer values in the latter group), but remains 
unsystematic word-initially [7]. We should also note that even 
the correlations between P-R and Asp drop word-initially, 
especially in the second session. This is accompanied by a drop 
in the correlations between Clos and P-R. 

Hypotheses A and B predict that the remaining parameters 
should occur in the same order as P-R. As mentioned earlier, P- 
OC could support Hypotheses A, B as opposed to C, but cannot 
differentiate between A and B. According to Table 2 there are 
some scattered patterns that are consistent with Hyp. A and B, 
but there are several other patterns that are counter to their 
predictions, and several cases where place has no significant 
effect at all. What seems to be in support of Hyp. B are the often 

significantly higher values of Gdur and Gmax for /k/ compared 
to /p/ and /t/ (similarly P-OC). However, considering the 
mentioned differences between word-initial and word-medial 
context, this should only be the case for word-initial context, 
whereas word-medially /t/ should come out highest, if Hyp. B 
was correct. The correlations in Table 3 cannot provide any 
convincing support for Hyp. A or B either. Two significant 
positive correlations between P-R and OG-OC would support 
Hyp. A, but there are also two non-significant cases, and the 
results in Table 2 are quite discouraging. It can also be observed 
in Table 3 that two of the significant correlations (one for Gdur, 
one for P-OC) are negative, where positive correlations would 
be expected. 

3.2. Sonorant-induced Effects. 
Means and standard deviations for parameter values that are 
determined by the occurrence and nature of a post-stop sonorant 
are presented in Table 4. 

ASP P-R 
M SD M 

Clos 
SD M 

Gdur Gmax OG-OC P-oc 
SD M SD M SD M SD M SD 

Pl 84 
Pl 112 
Pr 107 
ti 93 
tr 137 
ki 111 
kl 119 
kn 152 
kr 128 
Pl 81 
Pl 116 
Pr 97 
ti 90 
tr 124 
ki 104 
kl 120 
kn 129 
kr 118 

14 
17 
8 
7 
9 
14 
16 
11 
6 
13 
13 
7 
10 
8 
8 
16 
16 
9 

-0.5 
-6 
27 
11 
49 
17 
19 
22 
43 
-5 
-5 
7 
8 
33 
12 
14 
18 
29 

5 
4 
13 
7 
10 
10 
12 
9 
12 
6 
6 
6 
6 
9 
8 
6 
7 
9 

126 13 237 15 -8 189 
119 6 226 19 -180 143 
125 11 285 37 438 338 
112 10 223 11 -122 247 
92 14 289 26 491 229 
112 11 236 15 214 303 
98 12 235 13 254 137 
90 12 237 19 245 120 
112 19 281 36 641 297 
117 8 213 15 -842 183 
115 11 228 17 -721 150 
114 8 228 19 -350 357 
106 6 203 14 -928 116 
92 11 227 16 -387 230 
114 14 220 16 -659 189 
100 11 217 10 -798 127 
90 10 196 15 -650 216 
100 10 241 16 -433 161 

5 
5 
9 
5 
1 
6 
-0.1 
0.9 
4 
7 
5 
6 
16 
6 
17 
7 
13 
5 

7 125 10 
4 112 6 
5 !52 19 
3 124 7 
3 .42 14 
11 30 11 
6 18 13 
6 12 6 
4 56 13 
5 111 7 
4 109 8 
5 123 6 
10 115 7 
4 125 12 
19 128 14 
6 115 12 
5 111 10 
3 129 9 

Table 4. Means and standard deviations of the different parameters for different stop-sonorant sequences and stop-/i/ (see Table 1 for 
further identical conventions). 

D t k P-R with: D t k 
Asp 
P-R 
Clos 
Gdur 
Gmax 
OG-OC 
P-oc 
Asp 
P-R 
Clos 
Gdur 
Gmax 
OG-OC 
P-oc 

lr>i 
r>il 

r>il 
r>il 
r>i 
r>i>l 

r>i 
r>i 
i>r 
r>i 
r>i 
i>r 
0-i 

nr>i;n>rl 
r>nli 
ri>ln 
r>nil 
r>lni 

r>i>ln 
l>r>i 
r>li 

lr>i 
r>li 

r>il 

0-i 
0-i 
i>r 
0-i 
r>i 
i>r 
r>i 

nlr>i 
r>nli 
i>lrn 
r>il>n 
r>nil;n>l 
i>lr 
ri>ln 

Table 5. Significant differences and directions in pairwise 
comparisons between different post-stop sonorant consonants 

and /i/, separately for each of/p, t, k/ (top line). Results for the 
first session occur in the upper part, those for the second session 
in the lower part of the table, separated by a line. For example, 

the expression r > i 1 > n expands to: r > i, r > 1, i > n, 1 > n, r > n. 
(The two conjunctions that occur in the /k/ column could not be 

further conflated in a similar manner.) 

ASP 
Clos 
Gdur 
Gmax 
OG-OC 
P-oc 

0.222 0.891* 0.379* 
0.071 -0.739* -0.219 
0.791* 0.681” 0.300” 
0.434” 0.65 1* 0.615* 
0.356* -0.444* 0.105 
0.855* 0.654* 0.562* 

ASP 
Clos 
Gdur 
Gmax 
OG-OC 
P-oc 

0.105 0.909* O-366* 
-0.534* -0.640* -0.43 1* 
0.058 0.544 * 0.147 
0.3 12* 0.790* 0.298* 
0.159 -0.300 -0.089 
0.458* 0.621* 0.25 1* 

Table 6. Correlations between P-R and the other parameters, 
separately for /p, t, k/. Results for session 1 occur above, those 

for session 2 below the line. 

One-way ANOVAs were calculated with the different post- 
stop sounds as the factor. These are the sonorant consonants /l, r, 
n/ plus the vowel /i/ for comparison. Notice that different stops 
among the set /p, t, k/ allow different sets of sonorants in 
German. Pairwise comparisons between each combination of the 
post-stop sounds were carried out (Table 5). As will be justified 
below, Pearson correlations were calculated in two different 
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runs, once including /r/ (Table 6), once excluding it (Table 7). 
Since correlations were determined separately for each stop 
place, only parameter variation that is due to the post-stop sound 
(and token-to-token variability) was taken into account. Further 
procedures and notational conventions are the same as for the 
place-induced effects. 

P-R with: P k 
ASP -0.070 0.540* 
Clos -0.272 -0.525* 
Gdur 0.085 0.027 
Gmax 0.027 0.28 1 
OG-OC 0.214 0.159 
P-oc 0.272 0.214 ~~ 
Asp 0.175 0.411* 
Clos -0.632* -O-486* 
Gdur -0.139 -0.234 
Gmax -0.3 12* -0.117 
OG-OC 0.132 0.046 
P-oc 0.024 0.005 

Table 7. Same analysis as in Table 6, but without the data 
involving /r/ (this eliminates /t/, since only /i/ would remain 

possible after it). 

Table 4 shows that in sequences involving /r/ the glottal 
gesture is often very long (Gdur) and wide (Gmax) and oral- 
laryngeal coordination (in particular P-R) is very late in 
comparison to the other sound sequences. But these features are 
not matched by the aspiration values of /r/, which are more 
moderate. Table 5 shows that sequences with /r/ most often have 
significantly higher values for P-R, P-OC, Gdur, and Gmax 
than other sequences; not infrequently there are no significant 
differences among the remaining sequences. Incidentally, 
relatively large and late glottal openings (with no unusual 
aspiration patterns) were also observed in sequences where /r/ 
follows /b, d, g, v/. German /r/ is produced as an uvular fricative 
in post-obstruent context. There is the possibility that a 
constriction that far back in the oral cavity leads to a rapid and 
vast buildup of oral air pressure, which enhances glottal opening 
passively [I]. As another possibility, the unusual properties 
involving /r/ are an artifact, where the positioning of the 
f’iberscope was slightly disturbed by the oral gesture. For the 
correlation analysis it seemed therefore advised to make one run 
with /r/ (Table 6) and one without it (Table 7). For the data 
without /r/ we observe that the prerequisite for the three 
hypotheses - a significant positive correlation between P-R and 
Asp - is not met for sonorant sequences with /p/. With /k/ the 
prerequisite is met and there are significant negative correlations 
with Clos, as predicted from Hyp. C. There is, however, also one 
significant negative correlation with Clos, where in /p/ this 
prerequisite is not met. The other parameters do not form a 
significantly positive correlation with P-R in sequences with /k/, 
which speaks against Hyp. A and B. The data including /r/ in 
Table 6 are more complicated. Here the prerequisite is again not 
met with /p/. With /t/ and /k/, where it is, Clos is in most cases 
negatively correlated with P-R on a significant level, but this 
time some of the other parameters also engage in a significant 
positive correlation with P-R. Thus, the data from Table 6 are 
also supportive of the other hypotheses, especially B. Overall, 
the situation for sonorant-induced aspiration is less systematic 
than for place-induced aspiration. As part of this situation, we 
can observe in Table 5 that the association between Asp and P- 
R, which was taken as a prerequisite for the evaluation of Hyp. 
A-C, is not as clear cut as in Table 2, even if /r/ is not 
considered. We should keep in mind, however, that all the 
examples with sonorants occur word-initially. As was pointed 
out above, this position was found to be somewhat problematic, 
even for the place-induced effects. 

4. CONCLUSION 
Most of the statistical results that were presented in this study 
speak for the Short Stop Closure Hypothesis. According to this 
hypothesis long intervals between stop release and peak glottal 
opening, which in turn are important in creating long aspiration 
values, are controlled by short closure durations. When 
correlations between Asp, instead of P-R, and the other 
parameters are calculated (omitted for reasons of space), it again 
turns out that (aside from P-R) Clos is of primary importance in 
controlling aspiration, as suggested by high negative correlations 
with Asp. It is only under certain conditions (word-initially in 
the second session for place effects, and with sonorants after /t/) 
that Gdur and Gmax gain in influence by showing high positive 
correlations with Asp, sometimes, but rarely, surpassing Clos. 

That the place-induced and the sonorant-induced effects 
show a primacy of Clos and P-R in the control of aspiration 
does not imply that different kinds of redundant aspiration are 
necessarily controlled in the same manner. When ANOVAs and 
correlations are calculated for the distinction between word- 
initial and word-medial stops (omitted), it turns out that the 
primary means of controlling the smaller aspiration durations in 
word-medial as compared to word-initial position (holding place 
of articulation constant) is by shortening Gdur. This 
comparison, however, is not optimal, since it confounds three 
factors that are likely to influence aspiration independently: 
stress, position in word, and the identity of the following vowel. 

Ending on a phonological note, the results support a feature 
representation in which aspiration is seen not as an isolated 
glottal opening gesture, but as a complex event in which oral- 
laryngeal coordination and the interaction with closure duration 
have to be taken into account (see [7] for a proposal within a 
Jakobsonian emphasis on acoustic/auditory features; cf. also [9] 
for criticism against the feature [spread glottis]). The influence 
of closure duration also shows that aspiration is not exhaustively 
classified as a laryngeal feature, but that supralaryngeal activity 
is involved as well. 
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