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VOICING, TENSENESS AND ASPIRATION IN STOP CONSONANTS,
WITH SPECIAL REFERENCE TO FRENCH AND DANISH

Eli Fischer-Jorgensen-

o S Introduction.

1,1, The present report is, to a great extent, a summary of
two papers which will be published in 1969, (a) "Les occlusives
frangaises et danoises d'un sujet bilingue" (to appear in the’

Festschrift to A. Martinet, vol. II) and (b) "Observations sur

les traits phonétiques distinguant ptk de bdg en frangais",*)
Both of these papers contain an account of speakers, texts and
instrumental set-up and a detailed presentation of the results
in the form of tables of averages and diagrams, Thesevfacts
will be presented rather briefly here, in section 2, with close
line spacing. Instead, the report will mainly be concentrated
. on the general problems associated with the features of wvoic-
ing**), tenseness and aspiration, their mutual relations
(particularly the relation between tenseness and aspiration)
and the problem of attributing the physiological and acoustic
phenomena to these features. A épecial discuésion is devoted
to intra-oral pressure and F1 transitions, (These problems are
treated briefly at the end of the first-mentioned paper, and

more extensively in the second paper.)

*) The investigations have been carried out in the laboratory
of our institute. I am grateful to Berge Frekjer-Jensen
for help. The work has been subventioned by Statens al-

- mindelige Videnskabsfond,

*%) The term "voicing" is used here in its traditional sense,
indicating vibrations of the vocal cords. In many papers
by members of the Haskins Group "voiced and voiceless
stops" are simply used to indicate respectively bdg and
ptk. But as bdg may be voiceless (in the traditional
sense of the word) in many languages, and.ptk are occa-
sionally voiced in some languages, this terminology does
not seem to be very practical, and it may sometimes be
rather confusing.,.
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Readers mainly interested in the general problems may
skip section 2 containing the results of the measurements
(with the exception of Table I, p. 80 below, which gives a
summary of the results). Section 3 gives a brief survey of
the stability of the differences, and section 4 contains a
summary and discussion of the perceptual tests.. In section 5
(general problems) references will be given to the more im-
portant points of section 2.

Some books and articles to which I did not have access
when finishing the two papers are mentioned in this report,
and the titles are added to the references at the end of the
report, namely: Chomsky and Halle (1968), Delattre (1968),
Halle and Stevens (1967), Ladefoged (1967), and Perkell (1965
a and b).

On some points the present report contains new facts
and modifications of earlier hypotheses. It thus represents
a later stage in the discussion of the problems than the two

papers in print, although it appears before these.

Loy The problem from which I started was the difficulty of
describing tenseness and aspiration as belonging to the same

feature, e.g. the difficulty of describing the phonetic diffe-
rences between ptk and bdg as belonging to the same opposition
in French and Danish, as required by Jakobson-Fant-Halle (1952,
Pe 38). Moreover I was puzzled by the tenseness difference in
the narrower sense of the word, e.g. by the difficulty of giv=-
ing a precise phonetic description of the difference between

French ptk and Danish (voiceless) bdg, which are obviously dif-
ferent from a perceptual point of view (Danish bdg are nof ac=
cepted as good French 235), and which seem to differ only in

respect of tenseness (fortis-lenis).

s One way to throw some light on these questions is to
analyse the pronunciation of bilingual speakers. It is, how-
ever, not quite easy to find persons who speak both French and
Danish perfectly. The bilingual subject used in the first in-
vestigation, CHH, daughter of A. Martinet, speaks both languages
fluently, and she has a normal Copenhagen pronunciation of the

Danish stops (her bdg are perhaps slightly too "strong"); the
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only evident French influence found in her pronunciation of
Danish concerns the rhythm. However, her French bdg are almost
totally voiceless, perhaps due to Danish influence, and her
French ptk are in some cases strongly aspirated and affricated.
This pronunciation of ptk does not seem to be due to Danish in-
fluence. Exactly the same type of affrication was found in the
speech of one of the other French subjects (SRO), and moreover
it differs from the normal Danish aspiration and affrication in
three respects: (a) it includes affrication of d before i,

(b) it does not include aspiration before open vowels, (c) the
aspiration before u is relatively weak, i.e. there is only af-
frication before front vowels. (In Danish ptk are strongly
aspirated before all vowels, and t is always affricated.) This
type of affrication is characteristic of Parisian (and Canadian)
French, and, as a matter of fact, both CHH and SRO are from
Paris. ’

This Parisiah pronunciation makes the comparison more
complicated. Of the three vowels used almost exclusively in
this investigation (a, i and u) only a is preceded by really
unaspirated ptk. On the other hand, the fact that CHH's French
bdg are voiceless, has the advantage for the investigation that

tense and lax voiceless consonants are found within one language.

lég; CHH's French and Danish consonants must be seen on the
background of mormal Danish and French stops. For Danish I can
refer to extensive but not yet fully processed data, and to a
few papers (Abrahams (1949), EFJ (1954) and (1966), EFJ, Fre-
kjer-Jensen and Rischel (1966), and Frekj=r-Jensen (1967)).
Instrumental analyses of French stops are more numefbus,
but all of very limited size (see Rousselot (1891), (1897),
(1899), Roudet (1900 a), (1900 b), (1910), Chlumsky (1922),
Evertz (1929), Marguerite Durand (1936), (1956), Brunner (1953),
Delattre (1940 a), (1949 b), Straka (1942), (1953), (1965),
P. Simon (1961), (1967), Thorsen (1967), and K. Landschultz
(1968)). , :
Experiments with synthetic stops identified by French
listeners have been carried out by Marguerite Durand (1956).

In the experiments with ptk versus bdg undertaken by the Haskins
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group the listeners were mainly Americans (cp. Libermann, De-

lattre and Cooper (1958), see also the summaries of the results

given by Delattre (1958), (1961), (1964)). Delattre (1968) \
gives the perceptive cues for French phonemes, but nothing is

said about the number of listeners.

The number of subjects used in my analysis of French
stops is very restricted, partly because it was difficult to
find good subjects, partly because I have preferred to under-
take a thorough analysis of a few subjects, which would make
it possible to find relations between the different phonetic
factors and to draw some conclusions about the physiblogical
mechanism,

The main subject, apart from CHH, was SRO. The supple-
mentary subjects are indicated by the initials EH, JPP, JT,
Sch, and MAS. Moreover I have had the opportunity to use ma=-
terial recorded by O. Thorsen and K. Landschultz. The stops of
CHH and SRO were analysed from many points of view: position of

the glottis, intra-oral pressure, airflow (only CHH), lip

pressure, duration, voicing, intensity of the explosion and
formant transitions. The stops of the supplementary subjects
were only analysed in some of these respects. The stops of
five Danish subjects have, with a few exceptions, been analysed
in all the respects mentioned. »

The text material used consists almost exclusively of ;
words containing stop consonants in initial stressed position |
after unstressed vowel and before the vowels a, i or u, e.g.

la panne, la balle, les pistes, les boules etc. The choice

of this position was conditioned by the fact that in Danish ;
ptk and bdg are not distinguished in final position, nor in

medial position before 3.

' Results of the measurements.

2»
22l Physiological measurements.

2ekinil Position of the glottis.

An endoscopic examination of the main French subject SRO |
gave the result that p was spoken with slightly open glottis.
This result was corroborated by glottograms taken with the . {
Fabre glottograph, showing higher electric resistance in the l
glottis for ptk than for bdg. Glottograms for JPP gave the I
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same result (the number of word pairs were 99 for SRO and 84
for JPP).

Endoscopic examinations of Danish stops have shown that
ptk are spoken with widely open glottis, bdg with slightly open
glottis (the intercartilaginous part being normally closed in
ggg). The difference in degree of opening has been corroborated
by glottographic recordings.

Fabre glottograms of 72 French and 56 Danish word pairs
with the vowel a spoken by CHH show a corresponding difference
between ptk and bdg in the two languages. There is no clear
difference between the languages as far as the maximum opening
is concerned. However, it is not quite certain whether the
plates were removed in between the two sessions, and since their
placement may influence the maximum amplitude of the curve, this
result must be taken with some reservation. :

The place of the maximum in the two languages is, how=-
ever, of interest. Both French and Danish subjects show a pre-
dominantly falling curve for bdg. French ptk have a predomi-
nantly rising-falling curve during the closure period, whereas
Danish ptk have a rising curve up to the moment of explosion,
followed by a fall gsee EFJ, Frekjer-Jensen and Rischel (1966),
and Freokjer-Jensen (1967)). Aspirated Danish ptk thus have a
much wider glottis at the moment of explosion compared to un-
aspirated French ptk and to Qggf*)CHH's glottograms show this
difference clearly for French and Danish t and k, whereas her
Danish p has its maximum at the start of the closure period,
although it is also aspirated (see the schematic average glotto-
grams Fig. 1).

The curves of SRO and JPP are more irregular than those
of CHH and the Danish speakers, and the French material needs
corroboration. There may be individual differences (see
Kloster Jensen (1956)).

2v1s2e Airflow.

The maximum airflow after the explosion of French stops
has only been measured for JPP and CHH. They both have a
stronger airflow after ptk than after bdg, but CHH (118 pairs)
has a much smaller difference (t/d no difference, p/b k/g + a
2.9 1/m, + u, i 5.1 1/m) than JPP (38 pairs, 11.8 1/m, only a).
In her Danish stop consonants CHH has a considerably greater_
difference between ptk and bdg (loo pairs, 15.0 1/m), and her
Danish bdg have a somewhat weaker airflow than her French ptk
(5.3 1/m). The curves of the Danish subjects have not been
measured, but the difference is evident, and it may even be
greater than that found for CHH. When the consonant is af-
fricated, the airflow is relatively slow at the start.

2%le s Intra-oral air pressure.

The intra-oral air pressure of labial and dental stops
has been measured (in cm H_0) for the French subjects SRO (92
pairs) and EA (4o pairs). “The peak pressure is evidently and
significantly higher for pt than for bd, the pressure for the
latter amounting to 49 and 45 per cent of that for pt for the
two subjects. 1In an earlier kymographic recording of 15 pairs
spoken by JT the percentage is 64. Thorsen found, for his 5
speakers, an average percentage of 61, and the measurement of

*) See also Frekjmr-Jensen in this report psl12,
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81 further examples from his material gives an average of 71
per cent. :

In Danish the difference between ptk and bdg is very
small; some speakers have no difference, others have bdg
slightly lower (around 92 - 96 per cent of 235), and in these
cases there is generally only a difference at the end of the
closure; ptk showing an increase of pressure during the closure
period, probably owing to the wider glottis.

CHH has a tendency toward higher pressure in French ptk
than in French bdg, but the difference is only significant for
p/b (92 per cent). She has no difference between Danish ptk
and bdg. There is no consistent difference between the two
languages. In one recording French has higher peak values,
in another recording Danish has higher values.

Apart from the peak value French pt and bd differ sig-
nificantly in the tempo of the rise, bd showing a much slower
rise (except in sentence initial position where also pt have
a slow rise). The rise at 2 and 4 cs after the implosion in
percentage of the maximum value has been calculated for SRO
and for Thorsen's material (4 subjects, 81 examples). The
result iss

SRO: Thorsen's subjects:
2 cs 4 cs 2 cs 4 cs
per cent per cent per cent per cent
P 62 T2 pt 68 92
b 48 52 bd 43 63

The difference is statistically significant for SRO and
for two of Thorsen's subjects.

, A similar difference has not been found in Danish air
pressure curves.

For CHH the rise has been measured by a different method,
namely as the distance from the implosion to the point where
the curve has reached 85 per cent of its maximum value (in her
curves this point very often corresponds to a point where the
gquick rise stops and the curve becomes more horizontal). -

She has, both in French and Danish, a small but signi-
ficant difference between ptk and bdg, the averages being:

French ptk 2.6 cs
French bdg 4.5 cs
Danish ptk 2.4 cs
Danish bdg 3.7 cs

It appears from these averages that there is practically
no difference between her French and Danish ptk, and that Danish
bdg is in between ptk and French bdg. ; |
These values cannot be compared directly to the values
given for the French subjects, but it is evident that 85 per i
cent rise in 4.5 cs for CHH's French bdg is considerably quicker |
than 52 and 63 per cent in 4 cs for the French subjects, and it
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is also evident that her ptk have a quicker rise than those of
" the French subjects.

The so-called pressure impulse, i.e. the area under the
curve (measured by Lisker (1965) and Malécot (1966 a)) has not
been calculated for these recordings, because I consider it a
rather complicated measure combining three parameters (peak
value, rise time and duration), which I prefer to give separate-
ly, and because it depends on the scales used. It would show
a pronounced difference between French pt and bd, because all
three parameters go in the same direction, and it would give a
somewhat greater difference between CHH's French ptk and bdg
than the difference in peak value for the same reasons. For
Danish it would in many cases give slightly higher values for
bdg than for ptk (depending on the scales used for pressure and
duration), because bdg have a longer closure period, but often
slightly lower peak pressure.

Both SRO, EA and CHH show an increase in pressure during
the closure period of ptk with the maximum at or very close to
the explosion. This may be due to the open glottis. _

Unaspirated stops have an abrupt fall after the explo=-
sion, aspirated stops normally have a short abrupt fall fol-
lowed by a slowing down, and affricated stops exhibit a slow
fall from the start.

2.1.4. Lip pressure.

Lip pressure has been recorded by means of a rubber bulb
and measured in mm on the curve for SRO (71 word pairs), Sch.
(16 pairs) and JT (18 pairs). SRO and Sch. show a significant
difference between p and b, the latter reaching 72 per cent
(SRO) and 66 per cent (Sch.) of the peak of p. In JT's examples
the stop consonant was in initial position in isolated words,
and in this position the lip pressure is very irregular. Thor-
sen has found the lip pressure of b to be 70 - 89 per cent of
that of p for four subjects.

CHH has only a slight tendency toward stronger 1lip
pressure in her French p, but a significant, though small, dif-
ference in Danish, where b has stronger lip pressure than p,
in accordance with the general tendency in Danish.

2o s Acoustic measurements.

2.2.1« Voicing.

The French material (5 subjects) contains 41lo examples
of bdg; 87 per cent of these examples are voiced throughout,
whereas 13 per cent of the examples are voiceless in the last
part (on the average 23 per cent) of the closure period. There
is only one example of overlapping with EEE' 29 examples in
final position are fully voiced.

This is in accordance with earlier measurements (see
particularly Evertz (1929) and Brunner (1953)). Thorsen's
five subjects (Thorsen (1967)) also have fully voiced bdg
both in intervocalic and in final position. I have also
measured 174 examples of b from K. Landschultz' material (4
subjects, among whom also CHH). 1In intervocalic position these
are all fully or partly voiced, and only CHH has less than 40
- per cent voicing.
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As already mentioned CHH has practically voiceless
French bdg. There is, however, a slight but significant dif-
ference between ptk and bdg in that bdg show a slightly longer
voiced interval in the beginning through assimilation to the
preceding vowels

French ptk 1.4 cs
French bdg 3.1 cs
Danish ptk LebH-cB
Danish bdg 2+2°C8%

As it was the case with the tempo of the pressure rise, Danish
bdg are in between ptk and French bdg (there are approximately
Loo examples of each set). The variations are small except
for French bdg, which vary between l.0 and 13.5 cs. Four
examples of b are fully voiced. '

In curves of Danish intervocalic stops initially in a
stressed syllable one finds generally 1l=-2 cs voicing, with a
small, but unstable tendency for bdg to show more voicing than
ptk. If such a syllable loses its stress in the sentence, bdg
and sometimes ptk may become voiced, but they are still kept
apart by means of the aspiration of ptk. Before weak syllables
with @ there is only one series of stops. These often have
(relatively weak) voicing.

2.2.2. Fundamental frequency of the following vowel.

The fundamental frequency of the following vowel has
been measured for SRO. The vowel starts on a lower tone after
bdg than after ptk in 75 out of 78 pairs (spoken in alternating
order), the average difference being 27 cps.

A tendency toward a similar difference is found in one
of the recordings of CHH, but not in the other recordings. The
fundamental frequency has not been recorded for the other sub-
jeétSo ‘

In Danish no such difference has been found.

2.2.3. Intensity of the explosion.,

The difficulty of separating the intensity of the ex-
plosion from the intensity of the voicing makes a comparison
between ptk and voiced bdg rather problematic. An attempt to
separate the two factors in SRO!'s stops by means of a high-
pass filter with a cut-off frequency of 500 cps was not quite
successful. On the one hand there was often some voicing left,
on the other hand the filtering may have removed some of the
explosion noise in labials, and in velars before u. The high-
pass filtered intensity curve showed a significantly higher
intensity for k than for g (although with much variation), but
no clear difference for labials and dentals. A restriction to
the curves in which all voicing had been removed did not give
a better result. (The integration time was 2.5 ms.)

CHH's curves and the Danish curves did not present this
difficulty, but they did not show any consistent difference
either, except that Danish t has a weaker explosion than d.

On the other hand the aspiration of p, k and particularly t
is strong. CHH's Danish b and g tend to be slightly stronger
than her French p and t.
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A comparison between the explosions of French ptk and Da-
nish bdg spoken by a larger number of subjects has been planned
by the author. Such a comparison is possible when the in-

tensity of the explosion is measured in relation to the follow=-
ing vowel provided that the words are said with normal voice

effort'(the quality of many Danish and French vowels is quite
similar).

A preliminary comparison between the author's bdg and
SRO's ptk gave the result that the Danish b was somewhat weaker
than the French p, but nothing could be said about d/t and g/k.

On the whole the intensity of the explosion seems to be
of very restricted importance.

(The number of explosions measured was rather restricted,
because most of the intensity curves have been taken with a
linear scale. A logarithmic scale is necessary when both ex-
plosions and vowels are to be measured.)

220, Intensity rise of the following vowel.

SRO's intensity curves of stop consonants before the
vowels i and u (5h pairs) display a slower rise of the vowel
after bdg than after ptk in 53 cases. JT has lo pairs before
u and Sch. 9 pairs. All of JT's pairs and 8 of Sch.'s 9 pairs
have a slower rise after bdg. In the case of a (SRO 27 pairs,
JT and Sch. 19) and e (JT and Sch. 19 pairs) one finds, how=-
ever, rather the opposite tendency. (But from an auditory
point of view a may perhaps also have a slower increase in loud-
ness after bdg than after ptk, because in the former case F
starts at a lower frequency where the ear is less sensitive.)

Neither CHH nor the Danish subjects show any such dif-
ference. The rise of the vowel is in all cases rather abrupt,
much like that'of the vowels after ptk in French.

PeleDde Duration of the closure period.*)

It has been shown in earlier work on the subject that
French ptk have a longer closure period than bdg (e.g. Mar-
guerite Durand (1936), Evertz (1929, pp. 22 ff.), P. Simon
(1967, pp. 174 £f.)). The same has been found in the present
investigation. The differences are small but relatively stable
and statistically significant: SRO (221 pairs) 3.6 cs, JPP
(82 pairs) 2.3 cs, EH (69 pairs) 4.8 cs, JT (18 pairs) 3.5 cs,
Sche (18 pairs) 4.0 cs. In Thorsen's material the difference
for JT is 3.6 cs. On the whole the closure period of bdg is
about 8o per cent of that of ptk.

In Danish stops the relation is the opposite, bdg having
a longer closure period than ptk. For labials and velars the
difference is 2-3 c¢s, for dentals 4.5 cs (this difference ac-
cording to place of articulation is obviously due to the par-
ticular shortness of the closure period of the strongly aspi-
rated and affricated Danish t).

In accordance with the general difference between French
and Danish, CHH has a longer closure period in ptk than in bdg
in French (3oo pairs, 2.3 cs), and a shorter closure period in
ptk than in bdg in Danish (283 pairs, 1.5 cs).

*) Duration is here treated as an acoustic phenomenon because
of the method of measurement. '
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The averages for the four sets are:

- French ptk 16.2 cs
French bdg 13.9 cs
Danish bdg 13.7 es
Danish ptk '12.2 cs

Danish and French bdg are almost alike, but the other
differences are stable and significant, though small.

Thorsen has found the differences in French to be parti-
cularly large and stable in sentence final position, where the
closure of bdg is only 65 per cent of that of ptk. In the
present material there is only a small number of final stops,
they show a greater difference than the initial stops. In the
interior of a sentence the difference between word fimnal ptk
and bdg does. not seem to be stable, however (this appears from
K. Landschultz' material).

2. 2.6, The duration of the preceding vowel.

It has often been observed that the vowels in French are
longer before voiced fricatives than before voiceless frica-
tives. Detailed measurements have been made by K. Landschultz
(1968). P. Delattre (1939),(1940),(1962) has pointed out that
the difference is also valid before stops, and this appears
clearly from O: Thorsen's and K. Landschultz' materials. In
the present texts there is only one comparable case (SRO 16
pairs, difference 2.5 cs). :

A Duration of the following vowel.

In SRO's recordings there are four comparable word pairs
comprising 95 single pairs, and EH has one word pair (16 ex.).
In all cases the vowel is longer after bdg than after ptk
(with average differences from 1.4 to 3.8 cs). Similar rela-
tions have been found for Danish (EFJ (1964, p. 186) and Eng-
lish (Peterson-Lehiste (1960)) where it might be explained as
a consequence of the aspiration. But in the French examples
the difference in vowel duration is larger than the difference
in duration of the open interval; thus it cannot be explained
by the latter, but perhaps, as suggested by Delattre, by com-
pensation of force of articulation. No measurements have. been
made for CHH.

D20 8e Duration of the open interval.,

The term "open interval" is used to designate the distance
from the explosion to the beginning of the vowel. In French bdg
this interval is usually voiced, in ptk and in Danish stops it
is always voiceless. In the latter cases it is the same as
"voicing lag".

In French stops there is a significant difference between
the open intervals after ptk and bdg, but it is difficult to
summarize the results in a few indications of averages because
the variation is rather large. The interval is relatively long
after velars and relatively short after labials, and it is"
longer before close vowels than before open vowels (these are
general tendencies found in many other languages). The single
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averages of the open interval of ptk thus vary between 0.9 cs
for pa (MAS) to 7.7 cs for ti (SRO), and as the variation is
smaller for bdg (0.5 cs for ba to 2.3 cs for di) there will
be a more pronounced difference between e.g. ki and gi (SRO
4.4 cs) or ti and di (SRO 5.4 cs) than between pa and ba

(SRO 05 csTT I have, therefore, found it more practical to
give the distribution diagrams for SRO, JPP, EA, JT and CHH
(for SRO and CHH only the tape recordings have been utilized,
for JPP, EA and JT only combinations with a are included), see
Figs. 2-4, The open interval of ptk has, moreover, been mea-
sured for MAS (averages from 0.9 cs (pa) to 5.4 cs (ku)), and
for four subjects from K. Landschultz' recordings (averages
from 1.2 c¢cs (pa) to 6.7 cs. (ti)).

As mentioned earlier, some of the speakers have a rather
strong affrication particularly in ti, di but also in Kki.

This has been examined by means of airflow and air pressure
curves and by means of spectrograms. In di the fricative phase
continues in the higher formants after the start of the first
formant, and it may thus be considerably longer than the open
interval.

In Danish ptk always have a longer aspiration than bdg.
Measurements have been made for lo subjects. The averages are
around 6-7 cs for p, 8 c¢cs for t and 7 cs for k. For bdg the
corresponding averages are 1.5, 2 and 2.5 cs. There is thus
an obvious difference and hardly ever any overlapping. 1t is
always affricated, but particularly before i and y.

The open interval of CHH's French ptk (p 2.6 cs, t 3.9
cs and k 5.2 cs) does not differ from that of the majority of
the other French subjects, but her French bdg have a longer
open interval than normal French bdg. Except for SRO di (2.4
cs) the French averages do not exceed 1.9 cs, whereas CHH has
b 1.9 ¢cs, d 3.2 cs and g 3.8 cs. She has, therefore, also a
smaller difference between the two sets, with extensive over-
lapping before a (see Fig. 4). Her Danish bdg have slightly
longer open intervals (2.3 ¢cs, 3.9 cs and 4.8 c¢s).and do not
differ from her French ptk. Both her French and Danish bdg
have somewhat longer open interval than normal Danish bdg. Her
Danish ptk have a very long open interval (9.7 cs), and are
thus clearly distinguished from bdg. This is typical of Copen-
hagen pronunciation.

e I Transitions of the first formant.

Spectrograms of SRO, JT and Sch. show differences in the
transition of the first formant. For i and u the differences
are small and difficult to measure. They are more obvious in
the open vowel a. SRO has here a higher start and a shorter
duration of the transition after ptk than after bdg, but because
of her high fundamental an exact measurement has not been
possible. The measurements have thus been restricted to 71
spectrograms with initial stops and 31 with final stops from
the recordings of JT, and 20 spectrograms with initial stops
from the recordings of Sch., all containing the vowel a.

Before final stops the F; transition differs significant-
ly in four respects (the differences are given in parentheses):
before ptk the transition stops at a higher frequency (+ 189
cps), the interval is thus smaller 2- 214 cps), the duration
shorter (- 3.7 cps), and the tempo (measured in cps/cs) slower
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(- 16) before ptk than before bdg. After initial stops the
same four differences are found: ptk start at a higher
frequency (JT +79 cps, Sch. +72 cps), the interval is smaller
(JT -59 cps, Sch. =8o cps), the duration is shorter (JT -o0.8
cs, Seh. -~ 1.2 cs), and the tempo is slower (JT and Sch. -4
cps/cs). But all these differences are much less pronounced
initially than finally. In addition a fifth difference can be
seen initially: the distance from the explosion to the top of
the traniition is slightly shorter after ptk (JT and Sch.

- 0,5 ¢cs)..

In Danish spectrograms of stop consonants before the
vowel a a rising transition is generally seen after bdg, but
only sometimes after ptk, and in the latter case it is normally
rather short (except after strongly affricated E),'but the
distance from the explosion to the top of the transition is not
shorter than in bdg.

Velars generally have longer transitions than dentals,
and these in turn have longer ‘transitions than labials. No
difference can be seen in CHH's recordings. - Table I, p. 80
gives a survey of the results described in section 2.

¥ ™ Stability of the differences.

It appears immediately from Table I that French ptk and
bdg are distinguished by a large number of cues, at any rate
in the position investigated. This position has been chosen
because it allows a comparison with Danish. In final position

before obstruents (e.g. une robe courte) there will not be much’

more left than a small difference in the duration of the closure

and of the preéeding vowel (see Thorsen 1967), and perhaps a dif-

ference in the transition (but this has not been investigated).
The stability of the differences seen as the percentage

of word pairs distinguished by each difference is shown in

Table II. Sonority and closure duration seem to be very stable

cues. = DBut this need not be the same as perceptual relevance.

4, Perceptual relevance of the acoustic cues.
il French stops.

For the French stops nc testing has been undertaken by
the author, but the problem has been investigated by Marguerite
Durand (1956) and by P. Delattre (1968). The main result of
M. Durand's experiments is that the tempo and length of the
transition and the duration of the blosure are more important.
cues than voicing. But the problem is how she has painted the
"voice bar". Voicing in French stops is normally quite strong

and not restricted to frequencies around 120 cps, and it is



Summary of the phonetic differences between
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Table

I

" ptk and bdg in French and Danish

These letters refer to the subsequent discussion.
both V and A, T/A means: either T or A.

N | French S.|Danish S. | CHH(Fr.) CHH
excl. CHH|incl. CHH Fr.Dan.
Fr. | ptk-bdg |pPtPkP-bdg| ptk-bdg | ptk-bdg
A. :
Physiological
1. glottis VA 2 > - e =
max.open
25 airflovw VA - > > >
. intra-oral v 24 o (>)or = (>)
press.peak )
L, 1ntra-o?al v 24 e - e .
press.rise
5. lip pressure| T 3+ > < (>) =
B.
Acoustical
1. voicing V | 5+ s m (<) <
2. Fo of vowel 1 o) - = =
3. intensity of 1 & e "
explosion (k>g) D i (<)
4, intensity >iu
rise of 203 s = s =
=da
vowel
5+ -duration of
oy T | 5+ > D < b >
6. duration of
preceding T 1+ <
vowel
7+ duration of
following T/A| 2+ < <
vowel
8. duration of > iu > iu
open A | 5+ b " - (>a 5
interval ‘ a
9. transition ' — 9
i TVA 18 < (D) (<) = 1
V means voicing, T = tenseness, and A = aspiration.

VA means:
N(Fr.) indicates the

number of French subjects of the present investigation besides
the bilingual subject CHH, who is included in the Danish sub-
+ after a figure means
that further materials (from Thorsen and K. Landschultz) are

jects because of her voiceless  bdg.

taken into account.
of the given parameter than bdg.
small difference.

significant.

> means that ptk have a higher degree
A small > indicates a very

(

) ‘indicates that the difference is not
D means: mentioned by Delattre.
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Table II

Stability of the differences between French ptk and bdg

Percentage of pairs distinguished.

Voicing Duration of Duration of
closure period open interval
S p/b t/d k/g p/b t/d k/g p/b t/d k/g
SRO loo loo 1loo loo 1loo 92 loo 86 1loo
JPP loo 1loo 1loo 97 96 75 94 85 97
EH leoo  loo. Yoo 86 93 89 - 93 83
ki b Toovloos: ko loo sloonloo 78 yan 78
Sch. loo loo loo 89° loo loo 84 89 1loo
Duration of Duration of Intensity of | Fo of
preceding following explosion following
vowel vowel vowel
S p/b_t/d k/g | p/b t/d k/g | p/b t/d k/g | p/b t/d k/g
SRO 89 76 89 80 82 1loo 52 35 85 Loo o, ~£97

Transitions of formants (initial position)

Intensity rise

of vowel
Frequency Duration Distance S 150 a
S Start | Interval from .
explosion SRO 98 | 15
5T 89 89 78 89 e
Sch. 89 loo 89 67 5
Resistance Airflow Lip Intra-oral
in the Pressure Pressure
glottis Peak Rise
S p/b t/d kx/g | p/b t/d k/g p/b p/b t/d | p/b
SRO loo loo loo 96 loo loo 83
JPP 96 loo loo 88 loo 75
EH loo loo
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very clearly audible in normal French bdg. New experiments
should therefore be undertaken with French listeners and with
precise indication of the frequency and intensity of the
"voice bar".

Delattre (1968) sets up 6 acoustic cues which determine
the identification of stops as ptk rather than bdg; (a) a
longer hold (closure period), (b) shorter preceding vowel,

(¢) a cutback in the first-formant transition (i.e. later
start - or weak start - of Fl compared to higher formants),
(d) a stronger turbulent noise in the explosion, (e) absence
of "voice bar", (f) sometimes aspiration. He does not give
any ranking of these six factors.

Fl cutback (c) is shown to be an effective cue for
American listeners by Libermann, Delattre, Cooper (1958), but
the authors identify this cue with aspiration (f), and they
find that the cue is more effective when the beginning of the
higher formants is noisy and suggest that the pattern playback
may give good results without this noise because of its gene-
ral background noise. This sounds probable. Fl cutback with-
out noise in the higher formants is an unrealistic cue., Na-
tural speech has never earlier start of higher voiced formants.

' Delattre correlates the Fl cutback with "the unusual
degree of pressure that prevails as the organs come into con-
tact" (1968, p. 214). Probably he thinks of air pressure, but
the correlation does not seem convincing. In the earlier paper
(1958) the authors quoted Fant, who has said that Fl is wea-
kened by the large resonance chamber below the open glottis,
which seems to be a better explanation. Delattre correlates
"aspiration" with a delay in the vibration of the vocal cords,
and as this is also due to the 6pen glottis, we come again to
the conclusion that Fl cutback and aspiration are not two dif-
ferent cues,

If F, cutback (c) is left out, the five remaining cues
(a b d e f) correspond to the acoustic differences Nos. B 5,
6, 3, 1 and 8 of Table I. As for B 2 (fundamental frequency
start of the following vowel) Fujimura (1959) has found it to
be a very effective cue for one Japanese listener and to have

some effect for five American listeners., It might thus be
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worth while to try it out on French listeners. Intensity rise
and duration of the following vowel have, as far as I know,
not been tested, :

As for point 9 of Table I (F1 transition), I do not
think that this is covered by "Fl cutback" or "aspiration".

I shall return to this problem in section 5.1,

4,2, Danish stopse

The number of cues is more restricted for Danish étops,
but the difference of aspiration is so stable and so clear and
audible that it is quite sufficient. Danes are therefore in-
clined to identify unaspirated stops of other languages (e.g.
French, Dutch, Hindi) as bdg and to hear aspirated bdg in Hindi
as ptk. (A test showing this reaction has been undertaken by
the author.)

The importance of the aspiration has also been shown by
a tape-cutting experiment using Danish words with initial
ptkbdg followed by the vowels a, i and u (1 to 3 examples of
each combination), 21 Danish listeners (all phoneticians or
dialectologists) were asked to identify the word as an existing
or (in some raré cases) possible Danish word. When the ex-
plosion was removed from words with initial ptk, they were
still correctly identified as ptk in 95 per cent of the cases
(with the exception of one word with pu heard as fu), and there
were only 4 ng—answansout of 378 (1 per cent). When, on the
other hand, the aspiration was removed, there were 86 per cent
bdg-answers and only 7 per cent ptk-answers. When the ex-
plosions in p and b, t and d, k and g were interchanged, there
was no change in the perception., The explosion is thus of very
little importance in this respect,

Aspiration is partly a question of distance from the
explosion to the start of the vowel (open interval), partly a
question of noise during the interval, For the Danish affri-
cated t the noise is very important. If this noise is replaced
by a pause of 6-7 cs, the t is only identified in lo per cent
of the casesj it is heard as p in 15 per cent and as d or b
in 27 pe¥ cent of the cases. - For P and k an explosion fol-

lowed by a pause of 6-7 cs before the start of the vowel is
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still identified as p-k in 50 per cent of the cases (with 26
per cent b-g-answers)., - If the explosion of g and b is
placed at a distance of 6-7 cs from the vowel, the‘most common
answer is b or g (62 per cent), whereas only 18 per cent of
the examples were heard as p-K. This is probably not a
question of the explosion but of the transitions of the vowel,
for a k-explosion placed at this distance before ~ils (cut
from gilg) gives 86 per cent answers in favour of g and none in
favour of k, and a §-explosion at 6 cs from a u originally
preceded by k gives 34 per cent ansﬁers in favour of k and

38 per cent in favour of g (in these cases only two different
words were used).

The opposite experiment, i.e. the introduction of aspi-
ration noise in the brief interval between bdg-explosions and
the vowel, has not been tried, but cutting from the beginning
in words with initial ptk or fsh gives the result that there
is a limit somewhere between 4 and 2 cs, where the majority
of the listeners start hearing bdg instead of ptk. This means
that a short noise interval is not sufficient to provoke ptk-

answerse.

1“'.3. CHH's StOpS.

In CHH's pronunciation of French the number of acoustic

cues is strongly restricted compared to normal French. The
length of the preceding vowel is not relevant for initial stops,
and the differences in initial voicing and in the duration of
the closure and of the open interval are very small, and they
are still smaller when French ptk and Danish bdg are compared.
One may, therefore, ask whether it is at all possible to dis—
tin guish these types of stops. To check this a test was set

up consisting of "words" of the type apa, aba, etu etc. cut

out of one of the CHH's recordings of French and Danish words

(French: la balle, la panne, les tours, etc., Danish:[a panson,
a baljaﬁ] etc.). There were two examples with each consonant
before a, i and u from each language, i.e. in total 36 French
and 36 Danish "words". There was no audible difference between
the French and Danish vowels, The words were played'back in

random order and repeated three times each., In test No. 1 all
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words were mixed. Test No. 2 contained only French words (and
there was a forced choice between French ptk and bdg), test

No. 3 contained only French ptk and Danish bdg (and the choice
was between these consonants), test No. 4 contained only French
words, but given in pairs apa - aba, etc.

Unfortunately only a small number of listeners have up
till now listened to the tapes: 4 Danish phoneticians who know
French well and who also know the pronunciation of CHH, CHH
herself, and (for tests 2 and 3) two French listeners (teachers
of French, but with no phonetic training). The different groups
of listeners agreed to a very large extent, but the French
listeners were somewhat less successful than the others.

On the whole the result was positive. When all four
types were mixed, both Danish and French ptk were identified
correctly in 78 to loo per cent of the cases, but French bdg
were very often heard as Danish bdg, and Danish bdg as French
ptk. In tests 2, 3 and 4 the percentages of correct identifi-

cation were the following:

Table III
Listeners Test 2 Test 4 Test 3
French French French French Danish
Etk bdg Rtk/bdg Rtk bdg
CHH | loo% 83% 94 9Lg 67%
Danish 92% 79% 90% 93% 60%
French 89% 61% 75%

It appears from the table that CHH's Danish bdg are
often heard as French ptk (they have a somewhat longer open
interval than normal Danish bdg). Apart from this the identi-
fication is good. It is interesting to note that the identifi-
cation of words presented in pairs is not very much superior to
the identification of words in random order. This is in agree-
ment with Libermann (1957).



86

As the differences in initial voicing and the duration
of the closure seemed to be the most stable cues, it was tried
to remove the preceding vowel and the beginning of the closure,
and these new tests 2a and 3a were presented to the same

listeners:

Table IV
|[Listeners Test 2a Test 3a
French French. French Danish
ptk bdg ptk bdg
CHH ‘ 78% 89% 72% 83%
Danish 83% 7h4% 88% 67%
French 67% 67%

The main difference from tests 2 and 3 is that more bdg
have been identified correctly and that some ptk have been
heard as bdge. Probably the long duration of the closure in
French apa ata etc. in tests 2 and 3 has favoured ng-respbnses.
In tests 2a and 3a only the explosion and the open interval
. were left as cues, but the identification is still quite good.
A detailed analysis of the single cases has shown that the in-
tensity of the explosion does not play any role, whereas the
duration of the open interval seems to be important. Most of
the mistakes concern examples of bdg with relatively long open
interval and ptk with relatively short open interval. There is,
however, a number of cases which cannot be explained in this
way, e;g. ta-da. One of the examples of French ta having 1.5
cs open interval is heard as ta by the majority, whereas the
other, with 2,0 c¢s open interval, is heard as da by the majo-
rity, and Danish da (2.5 cs) is heard as da in all cases.

It is possible that oscillograms taken at great speed
might reveal small differences in the explosions or in the
noise level of the open intefval, which do not appear clearly
in intensity curves taken with an integration time of 2.5 ms.

At any rate the large overlapping between the dura-

tions of the open interval befqre a, which is found in CHH's
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recordings as well as in those of the other French subjects
(see Figs. 2-4) makes it necessary to look for other cues.

In these voiceless stops "open interval" is synonymous
with "voicing lag". And the importance of this cue has been
demonstrated by Liberman, Delattre, Cooper (1958) for American
listeners and by Abramson-Lisker (1965) and Lisker-Abramson
(1967) for Spanish and Thai listeners. The fact that the
Spanish listeners have their crossing point to the right of
the limit in their natural speech is partly paralleled by the
French listeners in the present test, at any rate for pa/ba,
but both the Spanish and the French listeners have probably'
been familiar with languages having voiceless bdg initially
(Danish and American English), and this may have influenced

their judgements.

5. General problems,

5,1, Aspiration and tenseness.

5.1.1, As mentioned above aspiration and tenseness have been
combined into one feature by Jakobson-Fant-Halle (1952). On
the basis of the results of the measurements of French and
Danish stops this does not seem advisable, One would e.g.
have to say that tense consonants are characterized (a) by

a longer closure period (in Frenqh) or by a shorter closure
period (in Danish), (b) by higher 1lip pressure (in French) or
by lower lip pressure (in Danish), (c) by a higher intra-oral
pressure (in French) or not by this difference (Danish), (d)
perhaps by a more abrupt opening of the closure (French)*)

or by a relatively slow opening (Danish)**), etc, Item (c)
may be due to the combination with voicing in French, but the
other cues are really contradictory. Tenseness and aspiration

must, therefore, be separated as two different features. Da-

*) if the interpretation of the transitions of Fl is correct.

*%) obvious for the affricated t, dubious for p/b.
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nish stops are distinguished by aspiration, French stops by a
combination of tenseness and voicing. In Chomsky-Halle (1968,
PP+ 324~326) aspiration and tenseness have also been separated
as two different features. They suppose that aspirated stops
have heightened subglottal pressure. This may be possible, but
it has not been proved. It seems to have been inferred from
differences in supraglottal pressure. When the glottis is wide.
open as in Danish ptk there will probably not be much difference
between supraglottal and subglottal pressure. DBut in the cases
where the vocal cords are closer together, it is more difficult
to draw any conclusions. In the many cases where Danish b has
the same supraglottal pressure as p one may well conclude that
the subglottal pressure can hardly be higher than in p (for
otherwise the vocal cords would start vibrating), but one can-
not know whether it is lower than in p. If it is lower bdg

may be said to be less tense as far as the expiratory muscles
are concerned, but as noticed by Chomsky-Halle, the articula-
tory mechanisms for subglottal and supraglottal tension are
different and independent, and the two types must be kept

apart. ;

The use of the term tenseness (or fortis-lenis) as
restriéted to the supraglottal cavities is in accordance with
Rousselot (1897, p. 583) and Straka (1963, pp. 60-61), whereas
Delattre uses the term in é wider sense,

The description given by Fant (1960, pp. 224 and 279)
of tense and lax stops is evidently a description of aspirated
and unaspirated stops. He underlines the importance of an open
glottis for the airflow, and of a slow opening of the constric-

tion which causes a longer noise interval,

'

" 5.1,2., Duration of following vowel, In some respects aspira-

tion and tensemess may produce similar results. One of these
is the duration of the following vowel, Shortness of the
vowel after ptk may simply be due to the aspiration which de-
lays the vibration of the vocal cords (eogs in Danish and
English), or it may perhaps be a compensation.of effort (e.g.
in Fregch, where the difference in vowel length is greater than

the difference in open interval, whereas it is the opposite in

Danish).
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But a combination of tenseness and moderate aspiration

is probably not excluded. It may be true of British English.

el 3, Fl-gggggggggggé Also the transitions of F1 may be
ambiguous and may be interpreted as belonging to different
features. As far as I can see, there are at least two physio=-
logical factors which may influence the Fl-transitions: (A)
the distance between the explosion and the start of the glot=-
tal vibrations, (B) the speed with which the opéning of tﬁe
closure takes place. Moreover these two factors may be com-
bined (C).

In Fig. 5 a sketch is given of the possible acoustic
consequences of these two physiological factors. 1In case A,
where there is a longer distance from the explosion to the
start of the glottal vibrations (a longer "voicing lag") in p
than in b, the Fl-transition after p will display (a) a shorter
duration, (b) a higher start (and consequently a shorter fre-
quency interval - this is not an independent factor); but there
will not be any difference in the distance to the top of the
transition (c) nor any difference in the tempo of the transition
(d). In case B, where a quicker movement of the speech organs
is assumed for p, there will be (a) a shorter duration of the
transition, (c) a shorter distance to the top of the transition,
(d) a quicker tempo of the transition, but not a higher start
(v).

The experiments with F.-cutback correspond to possibility

A, This situation is found ii languages with aspirated ptk, e.g.
Danish, where the aspiration is probably the only cause of the
difference in Fl-transition. M. Durand's experiments corréspond
to possibility B. This situation might be found in a language
without any difference inAopen interval between ptk and bdg,
but with fortis (or temse) articulation of ptk.

Possibility C corresponds approximately fo what was
found in French (see section 2;2.10). This will give (a) a
shorter duration, (b) a higher start (and consequently a
smaller frequency interval), (c¢) a shorter distance to the
top of the transition, and (d) in the case of straight transi-

tions a quicker tempo of the transition after P than after b;
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a)

c)

A
ﬁ
b aspirated p
movement
transition for p:
shorter duration -
higher start -+
shorter distance
from the explosion 0
to the top of the
transition
quicker tempo of 0

transition

unaspirated p

quicker move-

o

slightly
aspirated p

quicker move-
ment

~(+)

Fig. 5. Sketch of possible F; transition
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but as the transitions are normally curved, only the upper flat
end of the curve will remain, and the tempo of the remaining
part of the transition may thus be slower than that of the
whole transition after Db.

The difference in distance to the top is very small in the
French examples; on the other hand the difference in open in-
terval is also very small, and the high start of ptk is there-
fore probably due to a very quick movement of the speech;organs
in the first centisecond after the explosion. Fujimura (1961),
who has filmed the movement of lip opening in p and b spoken
by an American subject, has found that the lips may move very
quickly during the very first centisecond,

In final position we have the same situation, since both
the cessation of the vibrations and the quick movement of the
organs influence the transitions.

There may also be cases where a long aspiration conceals
the transitions completely so that nothing can be said about
the movement of the speech organs. This is often the case in
Danish,

The obvioué differences found finally in French are in
good agreement with the observations of P. Simon (1967), who
has found that Xwray films point to a more energetic closing
movement of French p than of b, and also with the electro-myo-
graphic analysis carried out by Ohman, Leanderson and Persson
(1966), showing a stronger muscular activity at the implosion
of p than at the implosion of b (cp. also Harris et al. (1965)).
On the other hand, the differences found initially in the French
spectrograms and the results of M., Durand's perceptual tests
are in conflict with P. Simon's observation that the opening
movement is slower in p than in b, and with the corresponding
- findings of Ohman et al, for initial p, which shows less muscu-
lar activity than b. To this it must be added that Fujimura
has found a more rapid movement for p only initially in an
isolated word, not after unstressed 9; but it appears from
Fujimura's information about.the open interval after p that
the examples after 2 were spoken with aspiration (4.7, 5.2,
and 5.4 cs), whereas the examples in initial position were

practically unaspirated (1.2, 1.9 and 3.5 cs). 6hman's speaker
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was apparently Swedish, and has also had aspirated p, and both
Rausselot (1897) and M. Durand (1956) have observed a slower
opening movement in'aspirated stops. The only cases contra=-
dicting the results obtained for JT and Sch. are thus the ob-
servations of P. Simon. It is possible that the number of
frames (50 per second) has not been sufficiently high to allow
quite precise observations of these very quick movements.

One might perhaps think of other factors influencing
the Fl-transitions, e.g. the difference in the size of the
pharyngeal cavity, ptk apparently having a smaller pharyngeal
cavity than voiced bdg (see later section 5.3.3). According
to Gunnar Fant, this could, however, only cause a difference
of about lo per cent in the sfarting frequency of Fl after ptk
and bdg. The tension of the cavity walls might also be assumed
to have some influence, but too little is known about this fac-
tor.

It thus seems that similar, though not in all respects
identical differences in Fl-transitions may be ascribed to two
different features: (1) aspiration, (2) tenseness, reflected in

the rapidity of the movements of the speech organs.

5,2, Voicing and aspiration.

Lisker and Abramson (1964, cp. also Abramson-Lisker 1965)

have proposed to combine voicing and aspiration into one feature:
voice onset timing (VOT), the impbrtant thing being the timing
between voice onset and explosion. In voiced stops the voicing
starts well before the explosion (they have "voicing lead"), in
unaspirated voiceless consonants the voicing starts at the ex-
plosion or immediately afterwards, and in aspirated consonants
voicing starts well after the explosion (they have "voicing
lag").

This is a possible solution for a good number of languages,
and it is a very simple solution (but it can, of course, not be
combined with the binary feature theory). Some cases, however,
make difficulties: (a) in some languages bdg are voiceless in
initial position after a pause and after voiceless sounds, but
often partly voiced after voiced sounds (e.g. North German,
English, and, sometimes,French). Probably Lisker-Abramson would

consider this voicing as an example of weak "edge vibrations",
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which do not count. But the voicing may be quite strong, and
there is often free variation with full voicing. This type is
evidently“different from unaspirated ptk. As the voicing is
always in the first part of the closure in this type of voicing,
it cannot be a case of voicing lead, but it might perhaps be
fitted info the scheme as a more complicated fourth type. (b)
More problematic is the case of the Indian aspirated mediae.
Lisker-Abramson consider these as having breathy voice or mur-
mur, not érdinary voicing (1964, pp. 403 and 419). Ladefoged
is of the same opinion (1967, pp. lo and 74 ff.), but he still
- considers voicing and aspiration as belonging to two different
dimensions: (a) glottal constriction (including murmur) and (b)
glottal timing. In any case this type cannot be fitted into

Lisker-Abramson's VOT-dimension.

5636 Voicing and tenseness.

5.3.1. Lisker and Abramson also want to get rid of tenseness.
I do not think this is possible. One may mention (a) CHH's
distinction between ptk and bdg in French, which before open
vowels is based on the duration of the closure period, and on
the very small difference in initial voicing, and only before
‘close vowels also on the open interval ("voicing lag"). (b)
The case of ptk in Swiss German, which differ from bdg mainly
by the duration of the closure period and the organic pressure
(Qgg may be weakly voiced, but they may also be voiceless).
(¢) The Korean stops (Kim 1965), which are also difficult to
describe by means of voicing and aspiration only.

I am, however, inclined to consider the intra-oral
pressure as belonging to the voicing feature and not to the
tenseness feature, although it has often been considered as

the most important aspect of tenseness.

L e Intra-oral pressure and organic pressure. It is often

assumed that there is an intimate relation between the intra-oral
air pressure and the organic pressure at the point of articula-
tion: the higher the air pressure, the stronger must the organic
pressure be in order to maintain the closure (e.g. Otto Jesper=-
'sen (1914), and more recently Malécot (1956 and 1968) and De-

lattre (1965)). As the intra-oral air pressure might also in-
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fluence the airflow, and thus indirectly the intensity of the
explosion, it must be considered as a principal factor of the
tenseness feature. '

This hypothesis sounds very plausible, but it is contra-
dicted by various findings of the present investigation and also
by the results of other investigations. It is true that e.g.
French stops are characterized both by a higher intra-oral
pressure and by a higher lip pressure, but this need not be a
mechanical dependency.

Firstly, there are some languages which have a difference
in air pressure between ptk and bdg, but no clear difference in
lip pressure, see e.g. for American English the electro-myo-
graphic investigations of Harris, Lysaught, Schwey (1965) and
the measurements of mechanical pressure made by Malécot (1966
b). However, in this case the.differences in air pressure are
not too clear either.

Moreover, in Danish b has generally slightly lower air
pressure, but higher lip pressure than p.

This inverse relation is also found in Gujarati, which
has four types of stops. In 16 word series, pronounced with
alternating order of the words (subject RD), ph had higher air
pressure than g in 13 cases, and bh higher air pressure than b
in 16 cases, but the aspirated consonants had lower lip pressure
than the unaspirated ones (see Table V A 3-4 and Fig. 6).

Of particular interest is the behaviour of the nasal con-
'sonantsu These have practically always a much lower intra-oral
air pressure than the oral stops, but the lip pressure of m is
almost the same as that of p or b. This is seen in the above-men-
tioned American investigations, and I have found these relations
often in recordings from various languages. :

It is also interesting that air pressure maximum and lip
pressure maximum do not coincide in time, the maximum lip
pressure occurring normally in the first half of the closure
and the air pressure maximum at the end of the closure period.
Table VI,A contains the average values for the two main subjects
of this investigation. For SRO the two pressure curves were
recorded simultaneously, for CHH the averages are from two dif-

ferent recordings. When the lip pressure is at its maximum, the
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Table

v

Relations between P BE E and EE in 16 word series

pronounced in alternating order (Gujarati).

(16) (12)
1 Degree of voicing phepii«z . bh <D
2 Intra-oral air (13) (15) (16)
pressure ph 3 lonl s bl DT
(11) (12). .(14)
3 Lip pressure P o= ph' e HS D B
\
4 Duration of (12)
closure period p-ph > Db-bh
|
|
|
i
Intensity of Intra=-oral

voicing air pressure

b bh b bh
rising 16 0] 0] 16
falling 0 16 16 0
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Table VI

Time relations between intra-oral air pressure and

lip pressure.

'A. Distances SRO (list B) CHH

P b P b
N| 38 38 36/27 36/27

1. Distance from the implosion
to the lip pressure maximum 6.9 6.0 7.3 5.9

Distance in percentage of

the duration 34% 38% L1% 37%

2., Distance from the implosion
to the air pressure maximum 18.3" 13.0 f i 4P o 0 &

Distance in percentage of
the duration 95% 82% loo% 1loo%

Intra-oral air pressure
measured at the point of
maximum lip pressure, and
indicated in percentage
of the maximum air pressure 79% 68%

C. Air pfessure and 1lip pressure in percentage of the corre-
sponding maximum pressures, measured at 70% of the distance
from implosion to explosion.

SRO CHH

pa pi pu ba bi bu ﬂ pa pi pu ba bi  ‘bu
Air pressure | 92% 93% 87% | 8o% 83% 8c%| 98% 96% 95% | 95% 95% 974
(rising)

Lip pressure | T4% 72% 62% | 71% 71% 61%|l 72% 56% 43% | 63% 42% 20%
(falling) .
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air pressure has only reached 79 per cent (2) or 68 per cent
(E) of its maximum value. The fact that the lip pressure maxi-
mum is reached earlier than the air pressure maximum is not in
itself sufficient to contradict the hypothesis, but the crucial
point is that it decreases rapidly again, while the intra-oral
air pressure is still rising. Table VI,C gives the values for
the two pressures at an arbitrary point of the closure period
(at 7o per cent distance from the implosion). At this point
the lip pressure has decreased considerably, particularly be-
fore u, and particularly in CHH's recordings, which are more
typical than those of SRO (the rubber bulb used for SRO had
somewhat more inertia, and her curves do not always reach zero
at the explosion). Similar relations have been found in curves
of Danish, German and Gujarati. The lip pressure seems to in-
crease and decrease independently of the air pressure (see

also Figs. 6 and 8a).*)

From all these facts one must draw the conclusion that
intra-oral air pressure and lip pressure are independent fac-
tors. And this has two consequences: (l) that 1lip pressure,
when it is not a mechanical result of the air pressure, must be
an independent factor of tenseness, (2) that air pressure need

not belong with this feature.

Braidls. e Intra-oral air pressure and voicing. The intra-oral

air pressure seems to be much more intimately related to voicing.

A comparison between different languages shows that in
languages where bdg are voiced, these have a much lower intra-
oral air pressure than ptk (e.g. French), whereas in languages
where they are voiceless the difference is very small (e.gs

Danish and the French spoken by CHH). Also within the same

*) In a discussion at the Technical High School in Stockholm,
where I gave a lecture on these problems in February 1969,
Sven Ohman and J. Liljencrantz objected that the mechanical
lip pressure does not only depend on the muscular activity
of the 1lips, but also on the air pressure , and the early
decrease in lip pressure might be due to the air pressure.
This is possible, but a glance at Fig. 6 shows that the
lip pressure decreases in exactly the same way in voiced
b as in the other consonants, although the air pressure
is very low and reaches zero before the explosion.
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Fig. 8 b,

Mingograms showing the relation between
voicing and intra-oral air pressure (EH)

a duplex oscillogram
b intra-oral air pressure
c) . intensity curve
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language this relation can be observed. 0. Thorsen (1967) has
found that the assimilation of voice in French is accompanied
by a complete assimilation of intra-oral air pressure, and in
an earlier study (EFJ 1964) I have found a negative correlation
between intra-oral air pressure and voicing (both for duration
and intensity 6f voicing) in Danish and German consonants with
variable voicing. Lisker (1965, P 12) also makes the observa=-
tion that American English bdg have higher intra-oral pressure
initially, where they are normally voiceless, than medially,
where they are normally voiced. But unfortunately neither he
nor Malécot (1966 a) give sufficient information about the voic-
ing of the stops whose air pressure they have examined.

In CHH's curves one finds a few centiseconds of voicing
just in the start of both bdg and ptk (see section 2.2.1.), and
there is a close correlation between the averages of voicing
and the more or less abrupt rise of the air pressure curve:
the longer the voicing, the slower the rise. Fig. 7 illustrates
this correlation. The horizontal dimension depicts the voicing
(in cs) for the averages of French and Danish ptk and bdg, and
the vertical dimension the distance from the implosion to the
point where the air pressure has reached 85 per cent of its
maximum value.

Moreover, it is obvious from the recordings of SRO and
particularly from those of EH, which are more variable in voic-
ing, that in the course of a single stop consonant there is an
inverse relation between the degree of voicing (as seen on the
intensity curve picked up from a larynx microphone) and the
intra-oral air pressure. Rising pressure is connected with a
decrease of voicing, and vice versa. A number of mingograms
demonstrating this inverse relation are shown in Fig. 8. The
curves form almost perfectly symmetrical figures.

Finally the same inverse relation is found in the curves
of Gujarati. It appears from Table I,A,1-2 that the voiced
stops have a lower air pressure than the voiceless stops, and
that bh has less voicing but a higher air pressure than é. More-
over, Table VI,B shows that in all cases b has increasing voic-
ing and falling air pressure, whereas bh has decreasing voicing

and rising air pressure (see also Fig. 6).
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The intimate relation between voicing and air pressure
is thus quite obvious. The problem is what is cause and what
'is effect.

Abramson-Lisker try to derive all the differences from
the position of the glottis and the timing relations between
glottis movement and oral closure. This is certainly very im-
portant, but the mechanism seems to be somewhat more complica=-
ted.

(A) It is evident that if the glottis is wide open it cannot
vibrate, and the pressure during the oral closure will be high.
And if the closure is released before the glottis is closed
the stops will be aspirated.

But perhaps "closure lead" would be a better terminology
than "voicing lag". For, according to Rothenberg (1968, p. 74)
(see also Ventsov 1966), the opening and closing movement of
the glottis requires a certain time (the minimum being 8-1lo cs,
and the average somewhat longer), whereas the oral closure dura-
tion can be varied more freely. This view can be supported by
the observation that Danish aspirated stops have very short
closure periods, often 6-9 cs in stressed syllables in running
speech, and the strongly aspirated t has a shorter closure pe-
riod than p and k. CHH's glottograms in Fig. 1 also show that,
at any rate for k, the difference between her French and Danish
stops is rather a difference in the duration of the closure
than in that of the glottal movement.

(The Gujarati speaker RD has no consistent difference in
closure duration between ph and p, although the tendency to-
ward shorter closure in ph is obvious.)

However, if the glottis is relatively narrow, which is
probably often the case in unaspirated ptk e.g. in French or i
Russian, the movement can hardly be assumed to require the same
time as when it is wide open, and the reasoning of Rothenberg
may not hold. '

(B) If, on the other hand, the glottis is narrow, voicing is
not excluded, but apart from a narrower glottis it requires a
subglottal overpressure.

In Danish bdg the glottis seems to be relatively open
at the implosion, and the supraglottal pressure is built up
in the course of 2-3 cs at the same rate as the supraglottal
pressure in ptk. Therefore, although the glottis becomes more
closed during the oral closure period, the consonant will re-
main voiceless. It is the degree of opening of the glottis
during the implosion phase which is important. :

: Even if there is only a slight opening in the start of

bdg, it will not take many centiseconds before the supraglottal
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pressure becomes too high to allow voicing, if no other mechanism
intervenes. This development is accelerated by the effect of

the rising supfaglottal pressure on the vibratory mode of the
vocal cords: the opening phase becomes longer and more air comes
through (see Fant 1960, pp. 266-267 and Halle-Stevens 1967,

p. 268). :

If the supraglottai pressure is drastically decreased,
the vocal cords will immediately start vibrating. This has
been shown by Ventsov (1966) by means of the following set-up:
AThe subject speaks into a wide tube, which is closed at the
opposite end. During the closure of a stop consonant the ex-
perimenter can open the tube by means of a valve, so that the
air escapes. Under these conditioné Russian p becomes immediate-
ly voiced, and Ventsov draws the conclusion that the vocal cords
must be relatively close. During a stay in Leningrad I had the
opportunity to use the instrument, and it turned out that Danish
b becomes voiced when the valve is opened, whereas Danish p re-
mains voiceless, except wheh the opening takes place in the be=-
ginning of the closure period. This confirms the observations
of the different degree of glottal opening in Danish p and b.

In normal speech the supraglottal pressure can be re-
duced by an enlargement of the cavities. This mechaniém has
been observed for Bengali voiced stops by Senn (1935), for Dutch
by Slis (1967), for English by Perkell (1965 a and 1965 b), and
it can also be observed in the X-ray pictures of Russian stops
by H. Koneszna and Zawadowski (1956). The enlargement is normal-
ly achieved by an expansion of the pharynx or a lowering of the
larynx. This allows voicing to continue in bdg. If the supra-
glottal air pressure is very much reduced, the stop may become
implosive. In Gujarati implosive stops occur as free variants
of voiced stops.

Perkell (1965) and Chomsky-Halle (1968) consider the
difference in supraglottai cavity size between ptk and bdg as
an effect of tenseness: in ptk the walls are tense and stiff
and cannot be expanded, in bdg they are lax and are expanded
passively by the air pressure. Rothenberg (1968) does not
consider a passive expansion as sufficient for a longer con-

tinuation of‘voicing, and assumes that there is also an active
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expansion, and moreover there is the possibility of letting
some. air escape through a leakage in the velic closure. I am
inclined to think that Rothenberg is right. Danish bdg do not
display'any expansion, but they are not tense consonants. I
think the expansion is due to muscular activity and that it

has. the purpose of making voicing possible, i.e. that it is
part of the mechanism of voicing. The reduction of the pressure
is a ‘means to an end. It is also difficult to understand. why
Perkell considers the widening of the pharynx in bdg as passive
and typical of'lax consonants, whereas the widening of the
pharynx in i versus I is considered as a feature of the tense

vowel (1965 a).

5.3.4, Duration. The longer duration of the closure period

in e.g. French ptk is normally considered as belonging to the
"tenseness feature, and the shortening of the preceding vowel
as a consequence of the force of the consonant (e.g. Delattre
1939, 1940, 1941). This seems plausible, since the difference
is particularly stable in languages which have a clear dif-
ference in organic pressure too, e.g. French, Swiss German, and
Korean. Cp. also that Danish b has both stronger lip pressure
and longer closure duration than p. Rothenberg, on the other
hand, considers the length of the consonant closure as a means
to avoid aspiration (1968, pp. 83-84). But, as observed above,
this argument presupposes the assumption of a widely open glot=-
tis for these consonants, and this can hardly be assumed.
Halle-Stevens (1967, p. 269) and Chomsky-Halle (1968,
p. 30l1) explain the longer vowel before voiced stops and frica=-
tives as a delay caused by the time required for adjusting the
vocal cords to the configuration appropriate for consonant
vibrations. But this adjustment may be a mechanical cén-
sequence of the articulatory constriction, which does not re-
quire particularly long time. It is not quite convincing either
why this adjustment cannot start during the vowel just as the
opening before voiceless consonants; as a matter of fact many
airflow curves show a rise at the end of the vowel before
voiced stops, although it is not as high as before voiceless
consonants. Chomsky-Halle mention that before hasals, which

do not require any adjustment, the vowels are shorter than be=-
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fore voiced stops. I have not found any confirmation of this
for German, nor is such a difference found in the measurements

of Czech vowels by Per Jacobsen (this volume pp. 135-142).
The assumption that it is the adjustment of the vocal

cords for consonant vibrations which lengthens the vowel is

also contradicted by the following two facts: (1) When French
bdg vz% become voiceless through assimilation to a following
consonant they still preserve (at least part of) their lengthen-
ing effect on the preceding vowel (Thorsen 1967). (2) Also
French speakers who normally have voiceless vz3 (CHH and her
sister ThM) have longer vowels before these consonants than be-
fore ggi, although the difference is somewhat smaller (K. Land-
schultz 1968). This is also valid for bdg (EFJ 1969). Some-
times these consonants have partial voicing, but the preceding
vowel is not longer in these cases than in cases with completely

voiceless vz3 (oral communication from K. Landschultz).

6. Final remarks.

é;i; As it appears from the preceding pages, I am inclined to
keep voicing, aspiration and tenseness as three separate phone-
tic features. By phonetic feature I mean the general phonetic
'dimensions which may be utilized for distinctive purposes in
various languages. Two different phonetic features may be com-
bined to one complex phonemic feature (e.g. tenseness and voic-
ing in French stops, rounding and front-back in Spanish vowels).

The criterion for keeping phonetic features apart must
be their independency. One must not be a mechanical consequence
of the other. ' v

In 5.1. above arguments were given for keeping tense-
ness and aspiration apart, the differences being'exemplified by
a comparison between French and Danish ptk. They seem to be in-
dependent, and they may be combined in different ways.

As for tenseness and voicing, there seems to be a cer-
tain affinity in the sense that voiced stops are generally lax;j;
however, according to the most common description of voice as=-
similation in French, French ptk may become voiced while re-

maining tense. At any rate the assimilation of duration does
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not seem to be complete. The total assimilation of intra-oral
pressure may be due to the fact that intra-oral pressure is
part of the voicing feature (Thorsen 1967).

Voicing and aspiration may be combined as proposed by
Abramson-Lisker as steps in the same dimension if Indian
aspirated bdg are left out of consideration, but somehow these
must belong to the voicing dimension, which means that in any
case aspiration can be combined with two different steps in
this dimension. - Moreover, it is too simple to consider voiced
stops, unaspirated stops and aspirated stops as steps in one
dimension. Voicing requires an extra mechanism, not only a

certain position of the glottis.

.6.2. The .phonetic qualities described for French and Danish
can be tentatively distributed on these three features in the

following way (see also Table I):

Voiced stops = as compared with voiceless stops - are
characterized physiologically by having a narrow glottis
(whereas the glottis in voiceless stops may be wide or narrow);
moreover they have a larger pharynx cavity, and consequently a
lower supraglottal pressure permitting vibrations of the vocal
cords, whereas the higher supraglottal air pressure in the
voiceless stops prevents the vocal cords from vibrating. Voiced
stops have also less airflow.

Acoustically, voiced stops are characterized by periodic
sound at a low frequency during the closure, and by a lower
start of the fundamental of the following vowel, whereas voice-

less stops have silent closure and a higher start of the vowel.

Aspiration,

Physiologically, aspirated stops are characterized (as
against unaspirated stops) by having a wider glottis opening
and by the fact that the release of the oral closure takes place
at a time when the glottis is still relatively wide open, which
causes a strong airflow after the explosion.

Acoustically, aspirated stops are characterized by a
long open interval with noise at the frequencies of or leading

toward the formgnts (above Fl) of the following vowel; moreover
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they exhibit a high start and short duration of the Fl-transi-

tion.

Tenseness.

Physiologically, tense stops are characterized by having
a stronger organic pressure and a longer closure period than
lax stops, and probably by a quicker and more precise movement
of the articulating organs.

Acoustically, they are characterized by a longer ciosure
period and a shortening of the preceding vowel and, to some
extent, of the following vowel, perhaps also by a stronger in-
tensity of the explosion (this is still to be proved) and a
quicker intensity rise of the following vowel, and finally by
a shorter distance from the explosion to the top of the transi-
tion and by a shorter transition.

In CHH's French stops there was a certain difference of
aspiration before i and u - but before a tenseness seemed to be
the only distinguishing feature. However, no difference was
found neither in the explosions nor in the transitions. As men-
tioned above, it cannot be excluded that differences in explo-
sion type might be found by a more appropriate technique.
Spectrograms did not.reveal any difference in the frequency of
the explosions (cp. Halle, Hughes, Radley 1957).

It is obvious that this distribution is very preliminary,
and, on the whole, there are still so many unsolved problems
that much of what has been said on the preceding pages has the
character of speculations. We need more investigations of sub-
glottal pressure, of glottis opening, of muscular activity and
organic pressure, of the intensity and type of the explosions

‘and of the transitions.

P.S%'s After having completed this report my attention was
drawn to the paper by Abramson and Lisker "Laryngeal Behavior,
the Speech Signal and Phonological Simplicity", Status Report
.on Speech Research, Haskins Laboratories 11 (1967), pp. 23-33,
in which the authors draw some general conclusions from their
various experiments with stop consonants.

I agree in considering voicing and supraglottal air
pressure as closely related and in pointing to the possibility
that the widening of the pharynx in voiced stops may be an ac-
tive process, but not in the general conclusions, since the
authors maintain that voice onset timing may be the only funda-
mental feature distinguishing categories of stops in various
languages.
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