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Kaj Lauritzen,
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"A Commentary on Hjelmslev's Outline
of the Danish Expression System" (I),
Acta Linguistica Hafniensia, XIII,1971,
p. 173-211.

"Untersuchungen zum sogenannten festen
und losen Anschluss", Kopenhagener ger-
manistische Studien,1,1969 = Fest-
schrift Peter Jg¢rgensen, p. 138-164.

"Resumé af forelasninger over psyko-
akustik og auditiv fonetik"” ("Summary
of lectures in psychoacoustics and
auditory phonetics"; mimeographed),
1871,

"Fonetisk-akustisk analyse af recurrens-
stemmer f@gr og efter padagogisk og ope-
rativ behandling”, Nordisk Tidsskrift
for Tale og Stemme, 1970,2, p. 57-69
(published 1971).

"A Glottographic Study of Some Danish

Consonants”, Form & Substance,
Copenhagen 1971, p. 123-140.

"Phonetic Investigation of Internal

Language and Literature, vol. 1, 1971,
p. 66=-72.

*) By mistake these publications were not mentioned in the

appropriate volume of Aripuc.
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nistische Studien,1,1969 = Festschrift

Peter Jgrgensen, p. 165-186.

"Fransk fonetik" ("French phonetics”,

to be continued; mimeographed), 1971.

"Quantité vocalique en francais -
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fricative”, Revue Romane, tome VI,
fase, 1;:1971, p. 25-51i

"Fonologiske grundbegreber" ("Basic
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tinued; mimeographed), 1971.

"Some Characteristics of Noun Phrases
in West Greenlandic", Acta Lingquistica
Hafniensia XIII, 1971, p. 213-245,

"Voice Assimilation in /t/ and /d/ in
British English", Language and Litera-
ture' V°10 1' 1971' p. 35-41-
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LECTURES AND COURSES IN 1971

l. Elementary phonetics courses

One-semester courses (two hours a week) in elementary
phonetics (intended for all students of foreign languages
except French) were given by Hans Basbgll, Kirsten Greger-
sen, Steffen Heger, Peter Holtse, Birgit Hutters, Hans Peter
Jgrgensen, Karen Landschultz, Jgrgen Rischel, and Nina G.
Thorsen. There were 2 parallel classes in the spring semes-
ter and 17 in the autumn semester.

Two-semester courses (two hours a week)in general and
French phonetics (intended for all students of French) were
given through 1971 by Ole Kongsdal Jensen, Karen Landschultz,
and Oluf M. Thorsen. There were 7 parallel classes in the

spring semester and 8 in the autumn semester.

2. Practical training in sound perception and transcription

Courses for beginners as well as courses for more ad-
vanced students were given through 1971 by J¢rgen Rischel and
Oluf M. Thorsen. (The courses which are based in part on
tape recordings and in part on work with informants, form a
cycle of three semesters with two hours a week.)

3. Instrumental phonetics

Courses for beginners as well as courses for more ad-
vanced students were given through 1971 by Bg¢rge Frgkjar-
Jensen. (The courses form a cycle of three semesters with
two hours a week.)




4. Phonology

Courses for beginners as well as courses for more ad-
vanced students were given through 1971 by Hans Basbgll.
(The courses form a cycle of three semesters with two hours
a week, the subject of the three semesters being elementary
phonological method, trends in phonological theory, and ge-
nerative phonology.)

5. Other courses

Eli Fischer-Jgrgensen lectured on auditory phonetics
and on the preparation of auditory tests in the spring and
autumn semesters.

Eli Fischer-Jdgrgensen gave a course in the analysis of
sonagrams and mingograms of speech in the autumn semester.

J@prgen Rischel lectured on Greenlandic phonetics in the
spring semester.

Jprgen Rischel lectured on the production of synthetic
speech (using the speech synthesizer of the Institute) in

the autumn semester.
Carl Ludvigsen gave a course in statistics in the spring

and autumn semesters.

Carl Ludvigsen gave a course in mathematics and elec-
tronics in the spring and autumn semesters.

Hans Basbgll gave a course in Danish phonology in the
spring semester.

Paul Glenting lectured on neurology in the autumn se-
mester.

Jgrgen Paulsen lectured on the anatomy and physiology of
the speech organs in the autumn semester.

6. Seminars

The following seminars were held in 1971:
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Kirsten Gregersen presented her study on juncture in English.

Speech therapist Kai Lauritzen: "Fonetik og talepadagogik"
("phonetics and logopedics").

Philip Mansell, M.A. (Essex): "A phonetic component and a

phonological component of a speech production model".

Philip Mansell, M.A. (Essex) gave a course in electromyography
at the Institute, June 14-18.

Professor Fujimura (Tokyo) lectured on investigations of the

glottis and on investigations of stop consonants.

Professor Sawashima (Tokyo): "Fiberoptics in Speech Research".
In connection with this seminar professor Sawashima presented
a film showing velum movements (photographed through the nasal
cavity) and a film showing the vocal chords.

Professor Fujimura (Tokyo) lectured on Korean stop consonants
and presented a film on dynamic palatography.

Steffen Heger: "Udtalen af dansk R og dets pavirkning pa
foregdende og fglgende vokal" ("the pronunciation of Danish

r and its influence on the preceding and the following vowel").

7. Participation in congresses and lectures at other insti-

tutions by members of the .staff

Eli Fischer-Jdgrgensen participated in the 7th International
Congress of Phonetic Sciences in Montreal, August 23-28, 1971.

Eli Fischer-J¢rgensen gave some lectures at the universities
of Trondheim and Bergen in September 1971.
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Jgrgen Rischel gave a course in phonology for post-
graduates at the Institute of Phonetics, Lund, in the spring

semester.

Jprgen Rischel visited = the "Instituut voor perceptie
onderzoek", Eindhoven.

Jgrgen Rischel participated in the annual meeting of
the Societas Linguistica Europaea, September 1971, Leiden.

Jprgen Rischel and Hans Basbg¢ll participated in the
Third Scandinavian Summer School of Linguistics in Copenhagen,
August 1971.

Bgrge Frgkjer-Jensen and Carl Ludvigsen participated in
the "Speech symposium" in Szeged (Hungaria), August 26-29,
1971.

Bprge Frgkjar-Jensen and Carl Ludvigsen participated in
the"9th Acoustic Conference" (Physiological Acoustics and
Psychoacoustics) in High Tatras (Czechoslovakia’, August 31 -
September 4, 1971. Bgrge Frgkjer-Jensen participated in the
round table discussion at which he gave a paper on "Acoustic

Parameters in Speech Research".

Carl Ludvigsen participated in the "7th International

Congress on Acoustics", Budapest, August 1971.

Bgrge Frgkjear-Jensen read two papers before the "Danish
Association of Logopedics and Phoniatrics" in 1971:
1. "Experimental Phonetics in Logopedics and Phoniatrics",
2. "A Status Report on Glottography".

Bgprge Frgkjer-Jensen gave some lectures in experimental
phonetics at the Institute of Phonetics, Lund, in June 1971.




Oluf M. Thorsen lectured on problems in French phonology

at a meeting attended by students and teachers in French
Philology, Copenhagen, March 1971.

Hans Peter Jgrgensen spent the autumn semester participa-
ting in courses at the Pedagogical Institute of the University
of Copenhagen.

The teachers and senior students of the Institute parti-
cipated in a course (@about 50 hours in all) held by the Peda-
gogical Institute of the University of Copenhagen in the spring
semester.

INSTRUMENTAL EQUIPMENT OF THE LABORATORY

The following is a list of the instruments that have been
purchased or built since January lst, 1971.

l. Instrumentation for speech synthesis

(See description p.IXff).

2. General-purpose electronic instrumentation

1 impulse precision' sound level meter, Briel & Kjar, type 2204
1 attenuator set, Hewlett Packard, type 350 D

1 band-pass filter set, Briiel & Kjar, type 1615

1 digital multimeter, Philips, type PM 2422

3. Equipment for EDP

1 tape punch, Facit, type 4060
1 control unit, Facit, type 5106
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A FORMANT-CODED SPEECH SYNTHESIZER

Jg¢rgen Rischel and Svend-Erik Lystlund

1% Introduction

The speech synthesizer of the Institute of Phonetics has
been completed in all essentials according to the design plan
outlined some years ago (see the brief mention in Lystlund and
Rischel 1968). It may be expedient, therefore, to give a
survey of the apparatus, and the reasoning behind its design.

The synthesizer is a formant-coded device controlled by
means of a set of time-varying DC-voltages. At present, these

parameters are supplied by a function generator.

2. The synthesizer proper

2.1. Phonetic strategy

The phonetically interesting aspects of the synthesizer
layout are shown in Fig. 1. It is seen that there is a genera-
tor of quasi-periodic pulses which functions as a voice source,
and a generator of random noise. The transfer function of the
vocal tract is approximated by a system of resonators all
coupled in parallel. Each of these resonators (henceforth
referred to as formant filters) takes care of a local section
of the spectrum, comprising one formant peak.

The repetition rate of the voice pulses (Fo) can be varied
over a wider or narrower range according to the compromise
between requirements on intonation range and accuracy of reso-
lution which seems preferable in each case.

The contributions from the voice and noise sources are led
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via gates (providing a continuous amplitude control) to each
formant filter, and the contributions from these filters are
combined by a summation. The individual contribution of each
formant filter can be varied continuously (and independently
of the other filters) in terms of resonant frequency, band-
width, and level. The ranges of variation are chosen empiri-
cally to be suitable for synthesis of various sound types,
but since they can be modified to satisfy special needs there
is no point in lisfing them here.

There is a total of nine formant filters in the system.

Five of these are intended to imitate the five lowest resonant

modes of the vocal tract, viz. Fl to FS' In addition there is
a low frequency pole, "Fsub" serving to shape the spectral
region below Fl’ and another pole, "Fnas"' Both of these can

be used to improve the match of natural sounds which have an
excess of formant peaks compared to ideal vowels, e.g. vowels
with "split" formants or nasal consonants. However, FSub is
constantly employed to approximate the low frequency boost of
the human voice, which is thus contained conceptually in the ‘
transfer function as a low frequency pole.

In addition to the formant filters mentioned so far, there
is a separate configuration of two high-frequency formants,
nominally F6vand F7. In contradistinction to the lower formants,
which can be supplied with voice pulses (via the A0~gate) or
noise (via the Acl—gate), or both, the two highest formants can
be supplied with noise only, which is introduced via a separate
gate common to them (Acz). F6 and F7 are coupled in such a way
that they form a block of energy in the upper part of the
spectrum, the upper and lower limits of this region being
determined by the frequency locations of the resonant peaks.

The spectral contribution of this subsystem falls off very rapid-
ly below the lower resonance, so that it can be used to give a
rough approximation of the high-frequency characteristics of
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fricatives, whereas the fine structure of the lower frequency
region, i.e. roughly below 4500 cps, is represented more faith-
fully by the lower formants.

The parallel arrangement of formant filters has an impor-
tant consequence in vowel synthesis: the residue of a formant
at the frequencies of other formants is (almost) negligible on
a summation basis, i.e. changes in formant frequencies will
not automatically provide the changes of formant levels inher-
ent in human speech. Without such level variations the quality
of synthetic speech is quite poor and unsuitable for many re-
search purposes. Recent synthesizers intended for high-quality
speech are mostly of the. series coupled type (i.e. with a
cascade arrangement of the formant filters), which automatically
provides the level variations desired. If, however, the ampli-
tude of each formant is controlled, and if the circuits are
given appropriate frequency and phase characteristics, vowels of
high quality can be produced on a parallel coupled synthesizer,
as we have experienced over the last years (also see Fig. 2).
For various reasons we have found it worth while to try out the
potentialities of such a device for phonetic research purposes.

The predictability of formant levels from formant frequen-
cies should clearly be made use of in a synthesizer designed to
produce high quality speech in an economic way. From this point
of view the series coupled synthesizer is preferable since the
parameters required to operate it contain less redundancy (cf.
Fant 1959 p. 47). It is worth noting, however, that this argu-
ment applies only with essential reservations. Nasal coupling,
leakage through the glottis, and local constrictions in the
oral cavity may introduce anti-resonances and additional re-
sonances which considerably influence the relative prominence
of different parts of the sound spectrum. This effect can,
at least to some extent, be approximated in a parallel connected
synthesizer simply by adjusting the formant levels, whereas the
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series coupled synthesizer is less versatile in this respect
(the approaches available with the latter, e.g. a change of
formant bandwidths or a modification of the voice source
spectrum, are of course equally available with the parallel
connected device). Hence, for research on the fine structure
of human speech sounds, and its relevance to perception, the
parallel coupled synthesizer may be a useful tool.

If we turn now to consonants, a transfer function in-
volving poles only is disputable for liquids and entirely
inadequate for fricatives and stops. A series coupled
synthesizer must, therefore, be composed of several parallel
branches, e.g. one for vowellike sounds and [h], one for nasals,
and one for friction noise, as in the Swedish Ove II and Ove
III. In the parallel coupled synthesizer one single system
can, in principle, be used for the different sound types since
formants can emerge or vanish according to the settings of
their individual level controls. By strongly attenuating some
of the lower formants, for example, One can approximate the
transmission characteristics of voiceless fricatives. This
means that there is no discontinuity in the formant specifica-
tion of the spectral properties of adjacent sounds. Thus F2
of a vowel may (with appropriate bending, and with addition of
noise or replacement of voice by noise) continue as F2 of an
adjacent fricative without any switch of parameter, F, of a

3
vowel may (with appropriate weakening) continue as F3 or.F

of an adjacent nasal, etc. Formants may be suppressed or :
emerge from nothing, but the formants which are continuous in
the sonagram will be controlled consistently by the same set
of parameters.

This means that the synthesizer can be operated rather
directly from sonagrams by simple spectrum imitation (note
that formants which are invisible on sonagrams will be largely
negligible in parallel synthesis, since their frequency loca-

tion does not influence the general shape of the spectrum).
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This may be a useful feature in connection with experiments
where the perceptual importance of spectral details are at
issue.

As a systematic approach to speech synthesis we do, how-
ever, employ pre-calculation of sound spectra on the basis of
the theory of speech production.

Synthesis by means of a parallel arrangement of formant
filters poses a major problem with regard to voiced fricatives.
A sound like [z] requires a vowellike formant filtering of the
contribution from the voice source (with a strong predominance
of Fl' the higher formants being weakened because of the low
frequency of Fl)’ whereas the contribution from the noise
source should be characterized by an attenuation of lower
formants. This effect of having the voice and noise sources
located at different places in the human speech organs cannot
be imitated in a straightforward manner. There are two ways to
remedy the situation. One is to shape the spectrum of the noise
source before it is processed by the formant filters. Another'
possibility is to apply noise to higher formants only. In our
present setup we take both of these measures. The noise applied
to the lower formants is filtered in such a way that it is
strongly attenuated at very low frequencies, i.e. a low Fl has
practically no noise component in it. Moreover, the highest
formants are supplied with noise via a separate gate (the
strategy may have to be improved further on this point).
Finally, the low frequency boost of the voice source is enhanced
by the low-frequency pole (Fsub)’ which is located in a region
where the noise is maximally attenuated.

2.2, Electronic design

The synthesizer is based on the heterodyne principle pre-
sented in Rischel (1967). The pulses from the voice source are

processed by a system of filters and modulators which shifts the




useful frequency band from 0-5 kc to 8-13 kc (carrier frequency
8 kc), and back again. The formant filters are inserted into
this system at a point where the signal occurs with frequency
transposition (as the upper sideband from modulator I). The
noise signal is applied directly to the system of formant
filters, i.e. ffequency transposed only once, whereas the
voice signal must be frequency transposed twice in order to
ensure a preservation of the harmonic relationship among its
components.

Since the formant filters are tuned to much higher fre-
quencies by this technique than they would otherwise be, the
relative variation in formant frequencies is drastically re-
duced. This means that the formant levels vary very little
with frequency variation, because the Q, and hence the band-
width, remains practically constant. This is a necessary pre-
requisite for a calibration 'of the scales of the control system
(see 3. below). Moverover, we have found it possible and
expedient to accomplish the frequency variation by varying the
bias voltage applied to capacitance diodes in resonant circuits.
This is a very simple method (though it requires a resistance
network shaping the control voltage in order to get a reason-
able frequency scale). With the high-quality components (par-
ticularly inductances) now available, it has been no problem to
obtain sufficiently high Q's, i.e. formant bandwidths of the
order of 50 cps or less.

The design appears from Fig. 3, which is an elaborated
version of the block diagram of Fig. 1 (with inclusion of the
heterodyning system). A single formant circuit is shown in
Fig: 4.

The formant circuits are preceded by phase inverters (in
actual practice the phase correction is more complicated than
suggested in the blockldiagram), and moreover, the circuitry
includes extra lowpass filters. The reason for this increased

complexity is that a parallel arrangement of formant filters
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does not automatically ensure a faithful reproduction of the
spectrum in the valleys between the formants, even if the
formant levels are correct. Firstly, the phase relationships
among the contributions from the formant filters must be correct
(see Rischel 1967 with reference to Weibel's theoretical treat-
ment of this problem). This has been taken care of in our
synthesizer. More seriously, however, it may sometimes be
difficult to get a sufficient attenuation of harmonics in fre-
quency regions which are to have a very low level, e.g. the
upper frequency region in vowels like [u]. A synthesizer using
a flat voice source is especially vulnerable, since the residues
from the lower formants may override the contributions of higher
formants, so that an individual attenuation of these latter does
not suffice to lower the spectrum level sufficiently. We have
found it necessary, therefore, to use special filters for the
lowest formants in order to get an adequate attenuation at
higher frequencies. The resulting arrangement of the formant
circuitry is shown in Fig. 5. This makes it possible to get
quite satisfactory responses, as illustrated by the spectrum
envelopes shown in Fig. 2.

The extra filters for the lowest formants (one of which
processes the combined output from FSub and Fl’ whereas the
other takes care of F2) are third order lowpass filters which
provide a steep intensity roll-off above the formant peaks
(there being peaks of "infinite" attenuation some 1 kc above
the Fl and F2 peaks). The filters are tuned in accordance with
the tuning of Fl and F2, respectively, by means of capacitance
diodes. By careful matching of the input and output impedances
at an optimal frequency it has been possible to obtain a very
good response within the total formant ranges (the ripple in
the passband of the filters never exceeding 0,25 dB).

Formant levels are controlled by means of continuously

variable gates. Each such formant gate consists of a bridge
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circuit (see Fig. 4) one branch of which is represented by a
fixed capacitance whereas the other contains a configuration
of capacitance diodes. By varying.the bias voltage to the
diodes the contribution from the variable branch can be made
to cancel out that of the fixed branch, or to attenuate it
to varying degrees within a limited frequency band. The
variable branch contains diodes of opposite polarity. This
is necessary in order to ensure a low level of distortion,
since the capacitance of the diodes, and hence the amplitude,
is slightly modulated by the speech signal itself. With an
equal number of diodes of opposite polarities this effect is
practically eliminated.

Just as with the frequency controls, the use of capaci-
tance diodes in the gates creates problems of linear control.
In order to get a sufficiently linear scale calibrated in
decibels we have had to incorporate a voltage shaping network,
which is not shown in the diagram.

The overall gates preceding the formant filters are de-
signed in a different manner, viz. as diode ladders giving a
quasi-continuous variation of the voice source and noise
source levels. The gates proper are followed by highpass
filters to remove the bump effect of rapid changes in the
control voltage. This highpass filtering is of no consequence
for the speech signal because of the frequency transposition
of the heterodyning system, which places the formants well
above the cutoff frequency of the filters in question. - A
simplified diagram of an overall gate is shown in Fig. 6.

The contributions of the various formant filters are added
together in mixers, three in all in the present synthesizer
design. The mixer principle shown in Fig. 7 appears to combine
low distortion (even at high signal levels) with a tolerable

signal-to-noise ratio.
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The use of a heterodyning system poses various problems.
Theoretically, the single sideband approach with suppréssed
carrier which is used here, would seem to require a sideband
filter. However, the location of all formant filters in one
sideband (and the fact that their residues in the other side-
band are in opposite phase) appears to suppress the unwanted
sideband to such an extent that little is gained by introducing
additional filtering (this, however, is an unsettled question
as yet).

The input and output filters limit the frequency range to
0-5 kc, which is necessary in order to avoid unwanted products
of modulation and demodulation. Within this range, the fre-
quency response of the system (by-passing formant circuits) is
flat to within 0,25 dB. The filters are passive, seventh order
filters. The carrier oscillator is a Wien-bridge type.

The modulators I-II ("modulator" and "demodulator") in
such a system must have good amplitude and phase characteristics
down to very low frequencies, as well as good suppression of the
incoming signal. We designed a transformerless, double-balanced
modulator for this purpose. It is shown in Fig. 8.

Sentontrel

The formant bandwidths can only be set by hand. For general
purposes we have standardized some reasonable values, ranging
from 50 to 120 cps. All other parameters are controlled by DC
voltages. These can be given fixed values by means of a set of
potentiometers whose scales are calibrated in dB or cpé.' Since
the voice and noise sources are essentially flat, the formant
levels are uniquely determined by the level controls (i.e.
independent of frequency). Hence a relative calibration of
each formant level control in dB is possible.
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There are at present 20 parameters which can be controlled
in this way, viz. voice source frequency (Fo) and gate (AO),

noise source gates (A ACZ)' resonant frequencies of nine

'
formants, and levels g% seven formants (F6 and F7 sharing the

Ac2 control at present). Although the possibility of controlling
all of these parameters independently was introduced in order to
make the synthesizer versatile, it is clear that they need not
all be varied in order to synthesize some particular stretch of
speech. Parameters that are not varied within a stimulus can

be given a fixed value, while the others are controlled external-
ly. Moreover, each formant can be switched off separately, and
for measuring purposes the voice and noise sources can likewise
be disconnected from the system.

A dynamic control for the synthesis of connected speech is
obtained by means of a function generator constructed according
to the principles outlined in Rischel (1969). Since the said
paper gives a rather detailed account of the strategy, a brief
presentation may suffice here. 1In its present shape the
function generator supplies 16 time-varying voltages (para-
meters). Each of these varies in a piecewise linear fashion
(though with a slight smoothing). The parameter values are
specified in successive steps, 20 in total. For each such step
there is a column of potentiometers, one for each parameter.

Some parameters are used constantly for specific purposes (e.g.
Ao’ Fl, etc.); their scales are calibrated in cps or dB, so
that the parameter values can be set directly. Others are left
open for varying use. 'For each of the 20 successive steps the
duration can be varied in the range 5-100 ms. There is another
temporal parameter, viz. transition time, which specifies the
duration of a linear transition from the parameter value of the
preceding step to the value of the step under consideration.

If the transition time coincides with the duration of the step

we get a constant rate of change (or invariance if the two
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steps have similar settings). If, however, the transition
time is made shorter, we get a ramp followed by a steady-state
portion, the latter increasing in duration as the former is
shortened. In this way the duration of transitions can be
varied within a synthesized item without affecting its overall
duration. (Similarly, the durations of the steps can be in-
creased without affecting the transitions). If two formants
have different transition times (e.g. if F2 moves after Fl

has fulfilled its transition), a faithful reproduction of the
transitional stage requires two steps, the one transition
being completed in one step, whereas the other takes two.

The stability of the voltage levels produced by the
function generator is good. For precision work the settings
are controlled by means of external measuring apparatus, the
function generator being "locked" to keep the values of each
step as long as desired.

The main limitation of the function generator is that
there is a limit to the amount of speech that can be synthe-
sized in one sweep. The theoretical maximum is 2 seconds, the
practical limit being determined by the precision with which
the user wants to reproduce short-time temporal variations.
The synthesizer is intended primarily for synthesis of short
stimuli which are to be varied systematically with respect
to one or several parameters, i.e. vowels, syllables, single
words or very short phrases.

In future there will be another option, viz. to control
the synthesizer via a computer, which will make it possible

to synthesize longer stretches of connected speech.

4. Operation and applications

As mentioned above, the synthesizer can be set according
to spectrographic evidence. A useful shortcut can be obtained,
however, by having a set of standard sound types with pre-




XXIX

calculated data. Such a set of numerical data on vowels is
being generated by Mr. Peter Holtse.v

The synthesizer has been in use for some time for the
synthesis of speech-like stimuli of various kinds, as required
by researchers inside or outside the Institute of Phonetics.
It is presently being used particularly for research on thé
discrimination of vowels. There has been a set of pilot
experiments concerned with voice source characteristics,
including dynamic control of the waveshape of the voice
source, and shaping of the low frequency region by means of
filters. Such experiments will 'be taken up again in the near
future.
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SPECTROGRAPHIC ANALYSIS OF ENGLISH VOWELSl

Peter Holtse

. Introduction

The British English system of stressed vowels is gener-
ally agreed to consist of eleven phonologically distinctive
elements of relatively pure quality. These eleven mono-
phthongs are traditionally divided into two classes: one
comprising five relatively long vowels /i:, a:, o:, u:, a:/,
and one consisting of six short vowels /I, e, &, A, 2, U/.

It was, however, recognised quite early that the phono-
logical opposition between .any two vowel phonemes is never
dependent on a difference in duration alone. Thus the differ-
ence in duration is always accompanied by a certain difference
in quality. And it was in fact shown by Gimson (1945-49) that
of the two factors: qguality and duration, the former is pro-
bably the more important for the distinction between pairs of
vowels such as /i:/-/I/ and /u:/-/U/ which had otherwise been
considered to differ mainly in duration.

The quantitative differences between the English vowels
were measured as early as 1903 by E.A. Meyer. Meyer described
in details how the exact duration of a given vowel is not only
determined by the class to which it belongs (long or short)
but also by its quality (open vowels are longer than close
vowels), and by the nature of the following consonant (vowels
are longer before voiced than before voiceless consonants and

longer before e.g. fricatives than before stop consonants).

1) The contents of the article is part of a thesis work for
the degree of cand.phil.



Similar principles were later shown to be operating in
American English, first by R-M. S. Heffner in a number of
articles and later with improved experimental technique by
House and Fairbanks (1953), Peterson and Lehiste (1960), and
House (1961). It is true that Heffner fbund only slight indi-
cations of a difference between the so-called "long" and
"short" vowels. But Peterson and Lehiste found the vowels to
be clearly divided in two groups corresponding to the tradi-
tional division. The only exception was the vowel /&/ which
according to Petersoh and Lehiste, but contrary to traditional

descriptions, should be classified as "long".

The number of investigations dealing with the same prob-
lems in British English are surprisingly small. One finds re-
ferences to various kymographic experiments but no major study
before Wiik (1965). On the whole Wiik's results from five in-
formants are in good agreement with the findings of E. A.
Meyer except that Wiik classifies /®/ as neutral with respect
to the "long" "short" opposition.

As to the qualitative differences between the vowels
American English is again quite well provided with instrumen-
tal investigations (e.g. Peterson and Barney (1952), and
Fairbanks and Grubb (1961)). The British English vowels, how-
ever, have only been described in a short article by Wells
(1963) and in the more detailed study by Wiik (1965).

The aim of the present paper is to provide additional
analytical data on both the formant frequencies and the dura-
tion of British English vowels. This material should further
provide a useful basis for a discussion of how quality and
quantity may interact as factors distinguishing different
vowel phonemes.




2. Procedure

2.1l. Material

The material of the investigation consisted of the
following list of CVC-words:

[i:] heat heed s ] pot pod cod
BAC] ikt hid [o:] port pawed cord
[e] set head [U] put could hook
[2] hat had [u:] coot cooed hoop
[A] cut cud [2:] hurt heard

[a; ] heart hard

This list contains examples of each of the eleven monophthongs
before a voiced and a voiceless consonant: the environmental
factor which has the greatest influence on the duration of the
vowel .,

The effect of the initial consonant on the duration of
the vowel was considered to be negligible. Therefore only the
possible influence from the initial consonants on the vowel
formant frequencies was taken into consideration, and the test
words were chosen so as to minimize this influence as far as
possible.

2.2. Informants

Six male native speakers of Standard English2 acted as
informants. All six of them were judged by competent observ-
ers to speak a very close approximation to RP’.2 Three of them
were university students, two were university lecturers, and
one was a civil servant. One informant was 71 years of age,
the remaining five were between the age of 20 and 30.

2) Ccf. Abercrombie (1965) p. 10-16.




2.3. Recordings

The test words were arranged in six randomized lists of
isolated words which were read aloud by each of the informants.
Two of these read two of the lists twice. After mispronounced
words had been discarded the number of recorded words totalled
906.

The recordings of two informants were made in the re-
cording studio of the Department of Linguistics, University
of Edinburgh, using a Revox tape recorder and EMI Recording
Tape. The recordings of the other four informants were made
in the studio of the Institute of Phonetics, University of
Copenhagen, using a Lyrec Professional Recorder and Scotch
Magnetic Tape.

The recordings were analyzed on a Kay-Electric Sona-Graph.'
One wide band, one narrow band, and at least one cross section
spectrogram were made of each of the recorded words. At least
once every time the sound spectrograph had been used a cali-
bration was made using a 100 Hz and a 500 Hz tone.

3. Formant Frequencies

3.1. Formant frequency measurements

The vowel formants were identified as the regions of re-
latively high intensity and the centre frequencies of these
regions were measured. Wherever possible four formants were
measured. But as could be expected, the back vowels proved
rather difficult in this respect, and in a number of cases
only formants one and two were in fact visible on the
spectrograms.

The formant frequencies were measured with an accuracy
of approximately 25 Hz. In view of the importance of very
small differences in the low frequency regions a not alto-




gether successful attempt was made to raise the accuracy of the
Fl-measurements to 10-15 Hz. This was done by using the in-
dividual harmonics of the narrow band spectrogram as a scaie
after the fundamental frequency at the point had been deter-
mined.

In all cases the formants were measured in the middle of
a period of relatively steady state.

The results were fed into a computer and run through a
standard program (XFON) which for each of the eleven vowels
calculated the arithmetic mean, standard deviation, standard
error of mean, and 95 and 99 pct. confidence limits.3

3.2. Vowel diagrams

A general idea of the auditory quality of a vowel is
provided by showing the two most important formants, Fl1 and
F2, in a two dimensional diagram. This is actually a very
crude representation, and we might wish to improve it by some-
how taking at least F3 into account as well. In the present
study this has been done in a few cases in the form of a
double-diagram with F1 as a common vertical axis to the two
horizontal axes F3 and F2 (see Figs. 2 and 3).

The other possible solution: computing a weighted aver-
age of F2 and F3, seemed less attractive since we have at the
time being no satisfactory way of taking both formant frequency
and formant intensity into account.

In all the diagrams the frequencies of the formants have
been given in Mels since this scale provides the best approxi-
mation so far to the way frequency is perceived by the ear. It
should, however, be borne in mind that the Mel scale has been

3) The computer programs were written by cand.scient. J. E.
Knudsen whose help is gratefully acknowledged.




found from experiments with simple sounds or narrow band noise
and we only assume that it is applicable to complex sounds as
well.

The vowel diagrams show the mean formant frequencies
marked with a cross. The dispersion of fhe individual measure-
ments of a given vowel is indicated by an ellipse drawn through
four points each lying at a distance of two standard deviations
from the mean, and measured along the Fl- and F2-dimensions.
Fig. 1 shows an example of the dispersion of a set of individu-
al measurements within their 2s-ellipses.

Since the scale of the diagrams was drawn in Mels the
standard deviations used to construct the 2s-ellipses had to
be expressed in Mels as well, Otherwise the ellipses would have
been skewed. Therefore all the individual measurements were
converted from Hz into the corresponding Mel-values and run
through the standard XFON-program once more. These calcula-
tions were used in drawing the vowel diagrams.

Traditionally the so-called "phoneme area" of a given
vowel has been represented in the vowel diagram simply by a
line drawn round all the individual measurements. It has,
however, always been a problem how far one or two extreme
values could be excluded from the envelope. Using the 2s-
ellipses appears to be a satisfactory way of solving this
problem. On the other hand the effect on the average of
extreme values is still quite marked as far as this is calcu-
lated as the arithmetic mean. And it has been suggested to
me by Eli Fischer-Jgrgensen that a possible solution to this
problem might be to use either the geometric mean or the
median and quartiles as a measure of central tendency instead
of the arithmetic mean.

One serious drawback in the use of 2s-ellipses is that
any tendency to correlation between the two formants is
completely obscured since it will only appear as an increase
of dispersion. Obviously this difficulty ought to be taken
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Fig.1. Example of the variation of individual measurements.
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of two standard deviations from the mean.




care of as well. In the present material, however, no such
instances of correlation have been observed.

3.3. Results

The mean formant frequencies and their standard deviations
for each of the six informants are listed in Tables I-VI, Ex-

amples of some typical vowel diagrams are given in Figs. 2 and
3.

3.3.1. Remarks on statistical treatment

In the tables all the recordings of a given vowel have
been treated as one group. In a few cases the vowels before
[-t] and before [-d] ought properly to have been treated se-
parately since they show slight systematic differences. This
is particularly the case with [e] where the recordings of four
of the six subjects have slightly highei F1l values and slight-
ly lower F2 values in [set] than in [hed]. However, the diffe-
rences are on the whole comparatively small and have been dis-
regarded in the statistical treatment. Only the recordings of
[o:] as pronounced by subject 5(DH) have been divided into two
groups. Apparently this informant distinguishes /oe/ from o :/,
and only the recordings of the second phoneme are included in
the overall calculations.

Sadids General problems in formant finding and measuring

Measuring formant frequencies presents various practical
problems. Ladefoged (1962) describes the general ones like
e.g. the difficulty in measuring very low first formants or
the problems caused by a high fundamental frequency etc.
Another kind of difficulty, also mentioned by Ladefoged, is
the appearance of so-called spurious formants at frequencies
where no formants should be or the possible absence of normal:
formants at other frequencies.



The present material shows many examples of these pheno-
mena. Thus subject 1(AW) consistently has what looks like two
first formants in the vowels [2] and [A], one at about 900 Hz
and another at 700 Hz. And in the same vowels subject 2 (GG)
has an extra F2: Besides the normal F2 at 1700 Hz in [2]
there is an extra formant at 13-1400 Hz. Similarly in [A],
where F2 is normally found at 1250 Hz, an extra formant
appears at 1700 Hz. The same tendency although less pro-
nounced is found in the vowels of the other four informants.

In view of the consistency with which these spurious
formants appear, it seems doubtful if they should be completely
disregarded. If, as appears to be the case, vowel quality is
perceived by some sort of weighting of frequency areas rather
than)by identification of specific formant frequencies, these
very strong extra formants must certainly have som influence
on the auditory quality of the vowels. Therefore the tradi-
tional vowel diagrams, which take into account only the
"official" formants, may give rather a distorted impression of
the auditory distances between the vowels. In the present
case [@] and [A] may in fact be perceived as much closer in
quality than is indicated by the vowel diagrams.

Another example of the same problem is found in [A] as
pronounced by informant 6(RD). In all his recordings of [A]
before [-d] an extra formant is found at about 500 Hz. 1If
this formant has any effect it must give the vowel a much more
centralised quality than we would expect from the normal
diagrams.

Furthermore, the apparently "split formants" provide some
interesting problems. Many recordings of subject 4 (DC) have
two distinct formants in the F3 area. Both of them take their
origin from the same frequency position and are clearly dis-
tinct from F4 and F2. In other cases, especialiy among the
back vowels, F3 is readily identified but a rather strong extra
formant may then appear at about 1500 Hz.
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TABLE I

Results of formant frequency measurements.
Informant 1(AW). The table shows mean values (X),
standard deviation (s), and number of tokens (N)
for each of the first four formants.

Fl F2 F3 F4 N
» X: 243 2419 2953 3666
[i:1 1 (26.8) (49.6) (61.8) (52.3) 16
[1] X: 394 2063 2745 3783 15
s: (21.9) (55.0) (48.3) (105.5)
X: 503 1873 2712 3975
S P S TG ) (50.8)  (126.8) 42
X: 740 1688 2542 3767
LEd b T D) (59.8) (69.9) (66.9) 16
fied X: 646 1234 2409 3545 16
s: (33.4) (32.7) (54.7) (70.8)
X X: 654 1070 2480 3506
bard - o (8t 6) (64.7) (95.4) (84.9) b
b9 X: 574 927 2520 3457 164
s: (45.7) (34.7) (50.2) (96.1)
$ X: 450 788 2368 3183 5
13 N (23.3) (62.6) (87.9) (78.6) 13
X: 432 1042 2281 3316
728 Ry T (84.5) (60.2) (80.0) 16
; X: 288 - 1131 2312 3383 6
fu:] S0 (26.7) (68.0) (56.6) (50.6) 16
tétd X: 503 1464 2539 3667 16
. s: (39.9) (38.7) (37.6) (48.9)

4) F4 only 15 ex.

5) F3 only 14 and F4 only 12 ex.
6) F3 and F4 only 15 ex.
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TABLE II

Results of formant frequency measurements.

Informant 2(GG).

The table shows mean values (%)

standard deviation(s), and number of tokens (N)

for each of the first four formants.

F1 F2 F3 F4 N
ETREa X: 241 2434 2933 3534 16
" s: (18.2) (139.3)  (128.4) (39.6)
X 377 2153 2700 3697
LI} = ot 123,50 (60.4) - (61.2)i  (82.0) P
iy s Xi . 682 1911 2622 3764 16
81 (47 . 5)-.... £107,2) (43.6) (134.5)
_ X: 887 1700 2680 3792
(] s: (35.0)  (47.4)  (81.2)  (106.3) e
EAg e Xt 789 1250 2533 3531 16
s: (67.9) (31.6) (73.4) (91.5)
]S4 £¢: 761 1038 2616 3515 167
: s:  (73.7) (36.5) (56.9) (87.5)
'[O] R C AR 936 2513 3515 168
s: (55.6) (30.2) (109.3) (69.3)
o T = X: 424 759 2321 3254 162
7 (28.8) (36.4) (107.6) . '{119.2)
[u] - X 402 1088 2299 3313 16
s: (20.7) (109.9) (116.2) = (124.8)
iy '] & HhT056 1091 2207 3483 1¢10
s s:  (17.7) (77.4) (85.8) (42.5)
b1 o Xt . 508 1377 2452 3420 16
: 8¢ 5{31.3) (23.2) (86.3)  (l0l1.3)
7) F4 only 15 ex. 8) F3 and F4 only 15 ex.
9) -F3 only 12 ex.,

F4 only 14 ex.

10) F3 only 15 ex.
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TABLE III

Results of formant frequency measurements.

Informant 3(CLB).

The table shows mean values (X),
standard deviation(s), and number of tokens (N) for
each of the first four formants.

Fl F2 F3 F4 N
5, . o | 2258 3208 3652
[i:] -3 (26.8) (54.7) (73.3) (94.8) 12
(] - X: 368 1983 2650 3690 12
s: (27.6) (61.5) (54.4) (58.8)
X 493 1881 2617 3835
LT = al 29.4) (57.5) (34.2)  (185.4) 12
0 X: 648 1842 2490 3807 1211
s: (46.3) (62.6) (55.97 :=4137:4)
X: 727 1402 2502 3865
[a] B:  (62.1) (62.6) (96.8) (97.4) e
Bt u X: - 672 1027 2607 3573 1212
: s: (62.7) (29.1) (152.9) (252.1)
B« X: 624 977 2573 3388 1213
s: (33.9) (27.1) (82.2) (195.5)
X: 489 727 2642 3458
Lot ] ® 2 F a8 .8) (60.7) (69.3) (92.5) 12
X: 411 1000 2204 3416
T e ey (50.0) (85.8) (61.3) Al
; X: 275 835 2158 3409 11
o i S PR (75.0) (49.2) (76.0) 12
o X 548 1360 2473 3579 12
& s: (21.8) (48.2) (37.6)  (152.9)
i1) .  F4 only 1l ex,
12) F3 only 11 ex., F4 only 10 ex.
13) F4 only 10 ex.
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Results of formant frequency measurements.
Informant 4(DC).
standard deviation (s), and number of tokens (N)

16

TABLE IV

The table shows mean values (X),

for each of the first four formants.

F1 F2 F3 F4 N
fEi] - X 274 2411 3218 3846 11
g g1 . 21 .2) SAX28.T) 5 {155.:4) (83.5)
(1] & X 421 2184 2809 3789 11
s:  (33.8) (88.9) (82.4) 7, (117 5)
X: 500 1928 2695 3758
la] “%, {32.2) 7 (116.4) (93.4) (80.8) i
et = X: 720 1739 2590 3729 1314
8t - {54.6)  .5{113.0) (78.8)  (169.8)
X: 660 1271 2633 3802
LAl Ci5, (55.8): . (42.4) - (88.8) . (86.8) 5
el e X: 642 1094 2756 3731 1215
: B . (334) {15.5) - {(145.4).1(111.9)
A X: 574 972 2588 3646 1216
s: (45.0) (34.5) (81.5) (70.6)
e 480 817 2635 3519
bot d g T (25.8) i (BALTY e (0RA0Y s (60.E) 3
X: 470 1142 2671 3602
bR Sy T8 ey sl (B0 8) A
08 A X: 306 1094 2248 3269 1214
: s:  (26.8) (91.2) (57.8) (74.7)
bei ] - X: 548 1360 2473 3579 12
: s: (21.,8) (48.2) (37.6)  (152.9)
14) F4 only 1l ex.

15)
16)

F3 only 11 ex., F4 only 10 ex.

F4 only 10 ex.



17

(0Q)Yy wubwlioju]

.o@®

)
'

wpibdip 19MoA ‘G ‘b1 4

O'l=y

3 =

- v
ZHAN .Mi!m

! iy

i N

R & i IO
50+ "

= \\\D+/~

\\\ a/r

n_ . !
10—
SO Zi 0l St 0'Z s . 0z ZRAN g2 0t St
r A A A - =B A A - 4 A A - A A - ;-y\. - e A .L - - A i A A - A - - Al Andh L-
]
Cf —> _q TN




18

TABLE V

Results of formant frequency measurements.
Informant 5(DH). The table shows mean values (f),
standard deviation (s), and number.of tokens (N)
for each of the first four formants.

F1 F2 F3 F4 N
- 243 2515 3373 3844

[1:0 - 50 17.1) (87.5) (199.0)  (79.9) i

[1] - X: 351 2146 2710 3815 12
s: (52.8) (99.3)  (111.0)  (138.4)

ba] - X1 475 1975 2635 3804 i2
g (39.8) N2124).] (147.5) = (238.4)
e 634 1815 2542 3688

2] -3 (3823 (55.9) (91.3) + (202.5) s

pat o s 680 1279 2450 3723 12
s:  (74.2) {97.6)  (157.8) % {179.0)

b e 686 1104 2535 3741 12
; s: (88.0) (53.1) (82.7)  (200.7)
X: 615 892 2350 3815

[a] -3: (8.9) (60.0) (91.4)  (113.7) "
gy X8 361 538 2306 3607

[o:] - 5. (75.9) (94.5) . (1i6.4) ) (R3T.5) ey

[u] - X 379 889 2227 3713 18
s: (35.0) (134.8) (lol.4) (166.9)

A, e X: 263 Y101 . 2235 3750 18
3 s: (16.9) (83.4) (102.9)  (162.8)

17) F4 only 10 ex.
18) F4 only 11 ex.
19) F3 only 10 ex., F4 only 1ll ex.
20) F3 only 17 ex., F4 only 15 ex.
2l) F3 only 16 ex., F4 only 14 ex.
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Results of formant frequency measurements.
Informant 6 (RD).

20

TABLE VI

The table shows mean values (X),

standard deviation (s), and number of tokens (N)

for each of the first four formants.

F1 F2 F3 F4 N
WS 245 2515 2808 3988
bied = gy @11y L 466.9) . (4683 90.1) ke
[1] - X: 414 2085 2725 3706 12
s:  (37.4) (74.2) (70.7) (70.0)
X: 526 1898 2708 3810
(el -4: (22.7) (69.5) (56.7) (65.2) As
TN (T 1773 2721 3802 e
s: (66.8) (56.9) (54.2) (67.5)
i B X: 842 1329 2498 3514 1222
s: (51.0) (41.0)  (141.2) (121.1)
fde] X: 840 1131 2456 3468 1222
4 s {65.3) (30.4) (139.0)  (145.4)
TR X: 565 1017 2333 3407 1823
s: (20.4) (38.3) (101.8) (128.0)
L4 bty 489 892 2435 3552
[o:] =g (19.4) (28.9) (50.5)  (95.0) e
[u] - X: 438 1018 2438 3280 1824
s: (32.5) (47.6) (92.6)  (107.4)
[as] ot 269 1244 2303 3354 1823
' s: (37.6) (82.9) (75.7) - (11276)
22) F4 only 1l ex.
23) F4 only 17 ex.
24) F3 only 16 ex., F4 only 15 ex.
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Apparently the extra formants are primarily associated with
the open vowels and may possibly be caused genetically by a
slight coupling to the nasal cavity. If they are found at all
their positions vary quite a lot from one person to the other,
and they must certainly be one feature of personal voice
quality. But it still remains to be investigated how far

their presence has any influence on the linguistic identity of
the vowels.

3.3.3. Overall mean of formant frequencies from six informants

The vowel systems of the six informants were judged to be
comparable to a reasonable degree. This is most clearly re-
vealed by Fig. 8 where the average formant frequencies of all
six subjects are shown together. The mean values of all six
systems are listed in Table VII. And in Fig. 9 these values
are shown in a diagram. The dispersions round the mean values
are approximately equal to the dispersions found within the
vowel system of a single informant.

3.3.4. OQualitative differences between the vowels

It is quite obvious from the vowel diagrams that there
is no tendency in English, as is the case in e.g. German, to
keep the relatively short vowels in a separate rather centra-
lised system. All the vowels, except /s:/ and possibly /U/,
are placed along the perifery of the vowel chart.

: The front vowels are well separated and show little or
no overlapping in quality. The exact position of /A/ is
somewhat doubtful. In the diagrams it is found closest to
/a:/ but the auditory quality may also depend on the extra
formants previously mentioned.

/2/ is quite close in quality to /a:/ while there is some
distance between />/ and /o:/. [/U/ seems to be closer in
quality to /o:/ than to /u:/.
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TABLE VII

Mean frequencies of Fl1l, F2 and F3. Based on

the individual means of six informants.25

F1 F2 F3

PHE 247 2422 3082

(1] 387 2102 2723

[e] 505 1911 2682

[2] 743 1756 2561

[A] 724 1294 2504

[a:] 709 . 1079 2573

[2] 595 954 2480

1 [o:] 465 767 2409
[u] 421 1030 2352
[u:] 276 1083 2243

[e:] 514 1401 2511

25) Only four examples of [a:].
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One remarkable feature of the vowel systems in the
present study is the very high F2 positions of /u:/ found
with five out of six informants.

In the greater part of the /u:/-material, containing
only the words "coot" and "cooed", the high position could
possibly have been caused by the initial [k-]. This
possibility seems, however, to be ruled out by the extra
-~ word "hoop" recorded by subjects 5(DH) and 6(RD). If F2
had been raised by the surrounding consonants in the two
first words we would expect the [h] and [p] of the latter
to be either neutral in this respect or to have exactly
the opposite effect on F2. However, no systematic differ-
ences can be found between the three words. It would seem
then that the unexpectedly high F2 reflects an unrounded and
rather advanced articulation: quite a common pronunciation
in the younger generation. This is further corroborated by
the fact that.the five informants with the very high F2 were
all under 30 years of age at the time of recording, while
informant 3(CLB), whose F2 in /u:/ is more in keeping with
what is normally expected in [u], was 71 years old.

4., Durations

4.,1. Measurements

The duration of the vowel was defined as the period
from the onset of voicing after the initial consonant‘to the
point of oral closure in the final consonant, i.e. any
transitions from or to the surrounding consonants are in-
cluded in the vowel.

In some cases, especially in the recordings of subject
2(GG), the initial [h] was partially voiced. 1In these cases
the vowel was measured from the point where periodic vibra-
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tions appeared in the higher formants since the energy of the
[h] appeared to be concentrated in the low frequency regions.

Before final voiceless consonants the oral.closure was
frequently obscured in the spectrograms by a rather strong
glottal stop. Segmenting these words pfoved quite difficult
since the glottal closure was often preceded by a period of
creaky voice. Generally the vowel was then measured to the
point when energy disappeared from the upper formants. But
in a few cases the result was not wholly .satisfactory.

The durations were measured with an accuracy of about
5 msec. And the results were run through the standard XFON-
program, each vowel before [t] and before [d] taken separate-
Lye

4.2, Results

The results of the measurements are listed in Tables VIII-
XIII for each of the six informants separately. The overall
averages are listed in Table XIV.

4.2.1. Division into long and short vowels

It is generally observed that there is no clearcut dif-
ference between English so-called long and short vowels.,
This is also true of the present material. Thus if all the
vowels before [ -t] are pooled (Fig.10a) ,the curve comes very
close to a normal distribution. Dividing the vowels into
traditionally long and short vowels produces two distinct
distributions but still leaves a considerable overlapping of
the two groups (Fig. 1lOb).

4.2.2. Normalising duration with respect to quality

Part of this overlapping is caused by the tendency of
close vowels to be shorter than open vowels. Therefore




TABLE VIII

Vowel durations in cs. Informant 1 (AW).

The table shows mean value, standard deviation

and number of tokens.

Vowel before [t]

Vowel before [d]

X s N X s N
[i:] 1242 1.41 8 27.4 1.02 8
[1] v 1.28 7 11.2 1.53 8
[e] 9.8 0.39 7 13.1 1.35 8
[2] 10.8 0.88 8 15.3 1.79 8
[A] 8.9 1.36 8 11.5 2.00 8
[a:] 17.5 1.04 8 29.0 1.91 8
[o] 9.5 1.49 8 14.9 2.23 8
[o:] 15.7 1.19 8 28.6 2.54 8
(U] 8.4 1.66 8 % 1.46 8
[u:] 12.1 1il6 8 28.3 2.36 8
[a:] 15.8 1.00 8 27.0 8

0.96




Vowel durations in cs.
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TABLE IX

Informant 2(GG)

The table shows mean value, standard deviation

and number of tokens.

Vowel before [t]

Vowel before [d]

X s N = s N
[i:] 12.17 1.19 8 21.3 1.39 8
[x] 10.2 0.84 8 12.8 1.69 8
[e] 1.7 0.53 8 14 .4 1.33 8
[2] 13.1 1.46 8 7.1 1,86 . 8
[A] 10.9 0.98 8 14.2 1.25 8
[a:] 17.4 0.35 8 23.5 1.25 8
[2] 12.3 1.60 8 17.6 1.62 7
[o:] 16.5 1.32 7 23.1 1.35 8
[ul 311 0.78 8 13.2 0.92 8
[u:] 1237 1.44 8 21.4 1.57 7
[a:] 1743 1.39 8 22.0 1.41 8




Vowel durations in cs.
The table shows mean value, standard
deviation and number of tokens

TABLE X

Informant 3(CLB).

Vowel before [t]

Vowel before [d]

X s N B s N
[i:] 133 C 1 6 33.8 2.04 6
[1] 7.8 0.82 6 12.9 1.59 6
[e] 10:2 1.03 6 15.6 0.59 6
[2] 12.6 0.59 6 20.9 1.83 6
[A] 9.2 1.63 6 14.9 1.20 6
[a:] 19.3 1.41 6 34.3 2.66 6
[2] 11.8 0.94 6 18.3 0.93 6
[o:] 18.0 1:52 6 35.3 3.31 6
[ul 8.3 1.25 6 14.9 153 6
[u:] 15.2 1.47 6 35.6 1.39 6
[o] 17,3 1.70 6 32.7 1.78 6
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TABLE XI

Vowel durations in cs. Informant 4(DC).
The table shows mean value, standard

deviation and number of tokens

Vowel before [t] Vowel before [d]
X s N X s

[i:] 16.0 2,21 6 32.8 1.68 5
[1] 12.4 0.74 5 20.8 1.99 6
[e] 17.3 1.86 5 24.5 5.08 4
[2] 19.3 2.28 5 25.0 2.88 6
[A] 13.0 2.55 6 21.1 1.28 6
[a:] 25.4 3.26 6 37.9 6.28 6
(o] 16.3 1,21 6 21.6 1.80 6
[o:] 2330 1.87 6 38.1 2.20 6
[ul 13.4 1.77 6 22,5 3.62 6
[u:] 15.5 1.61 6 35.7 2.81 6
[o:] 2243 2.21 6 6

39.1 2.08




32

TABLE XII

Vowel durations in cs.

Informant 5 (DH)

The table shows mean value, standard

deviation and number of tokens

Vowel before [t]

Vowel before [d]

X s N X s N
[i:] 9.8 1078 6 32.8 4.80 6
[1] 6.1 1.16 6 10.8 0.82 6
[e] 7.6 0.81 6 17.0 170 6
[2] 9.6 0.86 6 15.7 2.07 6
(Al 8.0 0.89 6 14.3 1.61 6
[a:] 17.3 1.78 6 34.8 2.75 6
[2] 7.9 0.67 6 15.0 0.84 6
[o:] 15.9 1:53 6 38.0 2417 6
(ul 5.9 0.67 6 11.8 a1l 6
[u:] 10.6 1.36 6 38.4 8.21 6
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TABLE XIII

Vowel durations in cs. Informant 6 (RD).
The table shows mean value, standard

deviation and number of tokens

Vowel before [t] ; Vowel before [d]
b3 s N X s

[i:] 12.9 153 6 24.7 3.68 6
[1] 9.3 0.98 6 16.1 1.43 6
[e] 10.5 0.89 6 15,4 1,93 6
[2] 14.2 121 6 20.1 1.07 6
4ad 11.0 1.48 6 18.5 2,32 6
[a:] 22,2 1.51 6 29.9 3.34 6
[2] 13.9 172 6 20.1 1.72 6
[o:] 21.8 1.51 6 - - 0
[ul 1.2 1.33 6 17.0 1.79 6
[us] 13.3 1.54 6 25.0 2.03 6




Mean vowel durations before [t] and [4].

TABLE XIV

Based on the individual mean wvalues

from six informants

Duration Duration
. before before

(4] [d]
[i:] o 128" 28.8
{11 8.9 14.1
[e] g gyl 16 .7
(2] 13:3 19.0
[Al 10.2 15.7
[a:] 19.8 31.6
(o] 11.9 17.9
To:1] 18.5 32.6
[ul 9.7 15.%
[u:] 13:8 30.7
[o:] 18.2 30.5%%
26) Only four examples of [a:].
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strictly speaking only vowels of the same quality are compar-
able. Since, however, no two vowels in English have the same
quality the two groups of vowels can only be compared after
they have been normalised with respect to their quality. In
Fig.ll an attempt at this process is sho&n. The upper half

of Fig.ll shows the mean duration of the vowels before [ t] as
a function of the frequency of Fl. The lower half shows the
same before [ d]. The axes have been turned so as to give easy
reference to the usual vowel diagrams.

From Fig. 1l it will be obvious that the vowels are divided
in two groups, and that within the groups the durations of the
vowels vary fairly systematically as a function of quality (in
this case expressed as Fl. Corresponding diagrams with dura-
tion versus F2 and F3 showed nothing of interest). Before [t]
all the short vowels, apart from /A/, fall roughly on a line
corresponding to 1.25 c¢s longer duration per 100 Hz higher F1.
Before [d] the line is 1.4 c¢s/100 Hz. The corresponding line
for the long vowels has an inclination of 1.5 ¢s/100 Hz before
[t] whereas all the long vowels before [d] have about the same
duration.

Only /A/ falls outside the system with about 3 cs shorter
duration than could be expected from its quality. Historically
/N/ is a close vowel and its rather short duration might re-
flect its earlier quality. If this holds true, however, the
correlation between duration and degree of opening cannot, as
it is generally assumed, be physiologically conditioned. This
point needs further investigation.

Wiik (1965) posits /2/ as a special category neutral with
respect to length., The present material does not confirm this
hypothesis. /2/ may well have a longer absolute duration than
the traditionally long vowel /i:/, but this appears to be a
function of its very open quality. However, the duration of
/®&/ is known to vary over quite a wide range, and the present
material may not be representative of more than a fraction of
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all the possible pronunciations. A more extensive investiga-

tion of this point is much needed.

4,2.3. Dependency of duration on quality and other factors

Figs.12-15show Fl/duration diagrams for each of the six
informants separately. Variations between the systems of in-
dividual informants are quite large but they all conform more
or less to the general tendency as it is shown in Fig. 1ll. The
best agreement between the informants is found before [t].
Before [d] the correlation between Fl1 and vowel duration is
visible among the short vowels of all six informants, but the
tendency is not as clear as before [t]. Among the long vowels
before [d] only informant 2(GG) has any correlation at all.

On the basis of these, observations it seems reasonable to
conclude that vowel duration is only influenced appreciabiy
by vowel quality when duration as determined by other and more
important factors is relatively short. Therefore the duration
of the shortest vowels before [t] will show the clearest signs
of influence from vowel quality since the vowels have their
shortest variants in this position.

Before voiced stops the vowels are somewhat longer, and the
influence of quality on the duration of the vowels will be
correspondingly smaller. This is manifested as more and greater
deviations from the general tendency. (Two informants, 4(DC)
and 6 (RD) , have practically no correlation between Fl1 and
duration in this position. These two informants have the
longest average duration of the short vowels before [d].)

The shortest variants of the long vowels, the variants
before [t], are just short enough for the influence of quality
on their durations to be visible. But at the same time the
tendency is less clear than among the short vowels in the same
position. However, the inter-informant variations of the long
vowels are comparable to the variations of the short vowels
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before [d]: 1In this position the average duration of the short
vowels is about equal to the average duration of the long vow-
els before [ t].

Finally the long vowels before [ d] are so long that any
influence from quality on vowel duration has disappeared. Only
the vowels of informant 2(GG), whose long vowels before [d] are
very short indeed, show traces of the tendency. .

4,2.4, Differences between long and short vowels

The mean duration of all the short vowels27 amounts to
10.9 cs before [t] and 16.4 cs before [d]. The mean duration
of the long vowels is 16.5 cs before [t] and 30.8 cs before
[d4].

These figures show that the two groups are not affected by
the surrounding consonants‘in the same way. Thus in the present
material the long vowels are 86.6 pct longer before [d] than
before [ t], while the short vowels are only 50.5 pct longer.

Another interesting point noticed by Wiik (1965) is that
the lengthening effect of the voicing in the final consonant is
of the same order of magnitude as the lengthening caused by the
opposition between long and short vowels. This is confirmed in
the present investigation. But it should be remembered that
this rule applies only to the mean values of short and long
vowels. Within these groups the durations of the individual
vowels vary as a function of quality, and therefore no general
percentage "lengthening" can be given which applies to all the
individual vowels. i

Thus it will be seen from Fig.11 that as long as the vowels
are short enough for the influence of quality to be noticable
the "lengthening effect" consists roughly of an added absolute
value, the magnitude of which is independent of the "normal"
duration of the vowel in question. For instance, the short
vowels are all about 5 cs longer before [d] than before [t].

27) Including /&/.
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Fig. 15. F1 vs. vowel duration before [d]
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On the other hand the long vowels before [d], where the effect
of quality is negligible, all appear to be lengthened to approx-
imately the same value, i.e. the close vowels are lengthened
more than the open vowels. This means, to take two extremes,
that /u:/ is 133 pct longer before [d] than before [t] while
[a:] is only 59 pct longer!

5. Summary and conclusions

The results from the spectrographic measurements confirm
the results from earlier perceptual experiments: All the
English vowels are different in quality and some of them
differ significantly in duration as well. Figure 16 summarises
the relationships between the individual vowels. The two
horizontal axes show the frequencies of Fl and F2 in the tradi-
tional vowel chart. The vertical axis shows the durations of
the vowels before [t].

The vowels are clearly divided in two groups: "long" and
"short". The frequently observed overlapping between long and
short vowels is shown to be caused mainly by the dependency
of duration upon vowel quality. Therefore it can be
reduced if the durations of the vowels are normalised with
respect to quality. This is done in a very crude manner in
figure 16 by tilting the Fl/F2-plane.

More detailed the shortest variants of the vowels are
shown to be 1.25 - 1.5 cs longer per 100 Hz higher Fl. The
duration-quality dependency appears to be operating mainly
among the shortest vowels. Thus no dependency is found among
phonologically long vowels before voiced consonants.
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FORMANT FREQUENCiES OF LONG AND SHORT DANISH VOWELS

Eli Fischer-Jgrgensen £

l. The material

The spectrograms on which the present formant measurements
are based were taken in MIT in 1952. They have since then been
amply used for teaching purposes, but the measurements have
never been published. - The material is very restricted, but
since there were nine speakers, who all show the same tenden-
cies, it may nevertheless be of some value. It consists of a
series of isolated long vowels i:, e:, €:, a:, y:, ¢:, ®:,

u:, o:, 9: and a word list containing these vowels and the
corresponding short vowels in similar surroundings, i.e. in the
stressed syllable of a dissyllabic word and, as far as possible,
preceded by /h/ or zero and followed by the consonant 1 (or at
least a dental), namely: ile, hele, hazle, hale, hyle, g¢gde,
hgne;, hule, Ole, &le, ilde, inde, halde, halve, hylde, ¢llet
(participle), hgnse, hulde, hullet (participle), holde; in

traditional phonemic transcription: / i:ls, he:le, he:ls,

ha:le, hy:le, ¢:0e, he:ns, hu:ls, o:le, o:ls, ils, ens, helos,
hals, hyls, ¢led, hense, hule, holed, hols /. (In the recordings:
of one of the subjects the words with back vowels had a labial
consonant after the vowel). Moreover the word hare, containing
the variant [a:] of /a:/ before /r/ was included.

The list was spoken only once by each informant, with the
exception of EFJ, who has spoken the list twice, and of JK and
VL, who have spoken the isolated vowels twice. In these cases
an average of the two recordings was taken. The informant PD
did not speak the words in isolation.

1) This paper is a shortened version of a paper which will
appear in a Festschrift in the autumn 1972.
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2. The speakers

The list was spoken by one female and eight male speakers
of Standard Danish, born between 1905 and 1930. The speech of
five of the informants can be characterized as Copenhagen
Standard, mainly on the basis of intonation features, one
speaker has certain Funish characteristics, and the speech of
the remaining three subjects has hardly any local features.

3; Recordings

The recordings were made on professional tape recorders.
In almost all cases both narrow and wide band spectrograms
were taken, and in half of the cases they were supplemented
by sections.

4, Results

The average frequencies of the first three formants of the
male speékers are given in the following table.

Formant frequencies of eight male speakers

1. isolated long vowels
2. long vowels in words, and
3. short vowels in words

4 ¥4 /e/ /e/
By ity o Py a0 G 5 Pa iy Byt R o
leiolge-18d 225 2197 3189 }.286 ..2186--2865] 371 2049 : 28635
25 -:1G5 W 219 2169 3238 286 2231 2922 373 2099 2722

3. sh. w. 239 .2208 - 307012957 :2200 2878 |"386 2007 2607

P T ks /%/ Joe/
Lo AGe £84 2351919 22351 289 1671 2107 | 402 1462 2208

2. lg. w. 240 1903 2234|283 1694 2131 | 384 1563 2137
3. sh. w. 256 1756 2105 | 303 1594 2113 | 403 1556 2278
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/u/ /o/ /2/
1 1ge 184 - 257 732 2117 | 323 623 :.2375].387 865 2392
2. 1lg. w. 254 781 2013 | 308 - - 659 - 2413 ] 376 9122333
3. sh. w. 273 819 2190 399 969 2207 | 588 112612298

/a/ /o/
1. 1lg. is. 630 1710 2490 | 696 1179 2632
2. 1lg. w. | 598 1831 2518 | 750 1185 2568
3. shi wi ] 734 18594 2446

Fig. 1 shows the distribution in an Fl-F2-plot of the long
vowels spoken in isolation by the male speakers. Fig. 2 gives a
similar diagram of long and short vowels spoken in words. The
points in Fig. 1 indicate the average values of each vowel, the
crosses indicéte the formant values of the female speaker. The
transcription, also in tables and figures, is the traditional
phonemic transcription because this brings out the phonetic
deviations.

The differences between the values for isolated long
vowels and vowels in words are insignificant, except that \
/oe:/ /a:/ and (to a smaller extent) /u:/ and /o2:/ show. a general 1
tendency to have a lower'FZ in isolation.

The long vowels in words can be compared to Frgkj@r-Jensen's
measurements of 10 male subjects (Frgkjazr-Jensen 1968, p. 35 and
diagram I). The relations are the same'except for F2 of /o:/
and /u:/. Frgkjer-Jensen's subjects have almost the same value
for the two vowels: Only 4 of his ten subjects have a lower
value in /o:/, whereas all subjects of this investigation have
a lower value for /o:/. On the whole Frgkjar-Jensen's subjects
have lower values for F2 and F3 in front vowels, particularly
front unrounded vowels, whereas the deviation for Fl are very
small, except for /a:/, which has a somewhat lower Fl.
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In both groups some subjects have a lower F2 in /i:/ than
in /e:/, but the tendency is somewhat stronger for the subjects
of the present investigation. F3 is always higher in /i:/ than
in /Je:/.

The crosses in Fig. 1 show that the female speaker has
higher F2 values in front unrounded vowels and a lower Fl in
/9:/. In Fig. 2 (vowels in words) the values of the female
speaker have not been indicated;only in /a:/, /a/, /a:/ and
/°/ do they fall outside the area of the male speakers.
Frgkjer-Jdensen's data for 9 female speakers also show the
greatest increase in formant frequency compared to the male
speakers for F2 of front unrounded vowels, (Frgkjar-Jensen
1967, 4 and p. 6).

The short vowels have on the whole a somewhat higher F1
and a slightly more centralized F2 than the long vowels, but
apart from /o/ and /a/ the differences are small and in-
consistent, and the formant frequency values overlap very
much. Some speakers have practically identical values for
/i-i:/ /e-e:/ and /e-¢:/. The differences are on the whole
much smaller than e.g. in North German, as can be seen by a
comparison with Hans Peter Jgrgensen's measurements of German
vowels (Jgrgensen 1967, p. 77 ff, e.g. Fig. 1). The difference
is also smaller than in Swedish and Norwegian (cp. the diagram
for Swedish vowels in Elert 1970 p. 67). There is no basis for
talking of tense and lax vowels in Danish.

Short /a/, /o/ and /o/ form exceptibns to this rule (short
/9/ also seems to make an exception, but this is probably due
to the example ¢gllet ('influenced by too much beer-drinking'),
which invites to affective pronunciation).

Short /o/ is of particular interest, since it coincides
more or less with long /o:/. It has even a higher F1 than /2:/
in the speech of 6 of the nine speakers and higher F2 in the
speech of 7 speakers. Three have a slightly lower Fl in /o/,
but their speech is rather conservative.
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The cross-over of short /o/ and long />:/ raises a phono-
logical problem. Short [o] might be identified with /o:/
rather than with /o:/. This problem, which is complicated by
the £act that short [o] is found in the cases of shortened [o:]
and in some foreign words, is treated by Jgrgen Rischel
(Rischel 1969, p. 180). He also treats the phonological problem
of describing the four degrees of aperture in Danish vowels.

The lowering and fronting of the short back vowels might
be considered as the result of a tendency to greater phonetic
distance between phonemes. But in this case one should also
expect a lowering of the long back vowels and of the front
vowels, and such a tendency is not found. On the contrary, in
modern Copenhagen pronunciation, long /e:/, /®:/ and /a:/ are
even more close than for most speakers in the present study.
(The youngest of the speakers shows a certain tendency in this
direction). But even these rather conservative speakers show
a conspicuous crowding of phonemes in the upper part of the
diagram. .

This can also be shown by placing the average values of
Danish long isolated vowels in an acoustic diagram of Jones'
cardinal vowels, obtained by calculating the average frequencies
of formant 1 and 2 in Ladefoged's measurements of the cardinal
vowels spoken by a number of British male phoneticians (Fig. 3).
It can be seen that almost all Danish vowels are placed in the
upper third of Jones' diagram, and according to IPA conventions
Danish /e:, ®:, 2:/ should thus be written [e:, #:, o0:], and
the long /a:/ should be written [e:], This crowding explains
why almost all foreigners find it difficult to distinguish the
various degrees of aperture in Danish vowels.

In Figs. 1, 2 and 3 the frequency values are indicated
in hz (cps), but the scale is the mel scale. This is in
accordance with normal conventions, and it facilitates a
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comparison with the diagrams in the papers by Frgkjar-Jdensen
and Hans Peter Jg¢rgensen. But tﬁere is some evidence that a
logarithmic scale would be in better accordance with the
auditory impression. The logarithmic scale (see Fig. 4) makes
the figure look more like the normal cardinal vowel quadrangle,
which is based more or less on auditory impressions of equal
distances, and more like the figures found in more recent
articles on auditory dimensions of vowels. Moreover, an audito-
ry similarity test applied to the six Danish vowels [i: y: u: €:
®: o:] presented in triads gave the result that the answer to
twelve out of 59 questions about relative similarity were in
better agreement with a logarithmic scale than with the mel
scale. There were no counter examples to this.
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KINESTHETIC JUDGEMENT OF EFFORT IN THE PRODUCTION
OF STOP CONSONANTS

N

Eli Fischer-Jg¢rgensen

15s 2 dnEroduction

Traditionally ptk are considered to be "stronger" than
bdg irrespectively of the dominant phonetic difference: (i)
voicelessness vs. voicing (in the narrow sense of vibrations
of the vocal chords), (ii) aspiration vs. lack of aspiration,
(iii) fortis vs. lenis (in the narrower sense of articulatory
force) or (iQ) a combination of two or all three of these
differences.

In agreement with this tradition Jakobson-Fant-Halle
(1952) and Jakobson-Halle (1956, 1962) combine the three
differences under one feature "tense-lax",whereas Chomsky-

Halle (1968) keep the three differences apart as three features,
but with somewhat dubious phonetic descriptions.

In an earlier volume of this report (EFJ 1968a) I have given
arguments for considering voicing, aspiration and tenseness (in
the sense of fortis-lenis) as three independent phonetic fea-
tures. According to this conception tense stops should be
characterized by a longer closure period and a stronger organic
pressure in the supraglottal cavity than lax stop consonants,
whereas intra-oral air pressure is considered to belong mainly
to the voicing feature.

Tenseness alone seems to be relevant in Swiss German stops,
and aspiration alone in Danish stops, but I am not sure that the
voicing opposition can be found without a concomitant difference
of fortis versus lenis. 'In French the latter seems to be the
primary feature (sée e.g. Malmberg 1943). But even if three
independent features must be recognized, the relations aspirated-
unaspirated and fortis-lenis might still have something in

{3y iThme
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common, which might be called "strength" in a vague sense.
It is evident that acoustically aspirated stops are strong.
Physiologically they are, however, not tense in the sense
used here. But how is it from the kinesthetic pbint of
view?

2. English stops

Malécot considers American English ptk to be stronger
than bdg, not only in the vaguer sense of "strong", but in
the more precise sense of "fortis", i.e. having a more tense
articulation in the supraglottal cavity, (Malécot 1955).

This assertion is based partly on a test in which 125 students
were asked to pronounce English consonants in pairs in the
environment a-a and decide which of the two (e.g. p or b)
required more effort (1955), partly on physiological measure-
ments.

In the psychological test ptk were on the whole indicated
to require more effort than bdg. Malé&cot thinks that the
answers were based entirely on the action of the supraglottal
organs. He bases this hypothesis (1955) on measurements showing
a higher intra-oral air pressure in ptk than in bdg, and on the
finding of Rousselot that t has a higher tongue-pressure compared
to d. (Like Jespersen and others Malécot assumes that a highef
organic pressure is needed to maintain the hold against a |
stronger intra-oral pressure.) His hypothesis is supported by
later measurements of duration showing that ptk have a longer
duration of the closure than bdg, (Malécot 1966 ‘a and 1966 b),
and of organic pressure showing that pt have a tendency to
higher organic pressure than bd, although this latter difference
is not significant (1966 b). Similarly Harris-Lysaught-Schwey
(1965) found a tendency to stronger EMG-activity of the lips in
p than in b, but no stable difference. Lubker-Parris (1971) al-
so found a certain tendency to higher organic pressure and higher
EMG-activity-in p than in b, and, like Malécot, they found a
.constant difference in intra-oral air pressure.
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On the other hand Tatham-Morton (1968 a and b) did not
find any difference in thé activity of the orbicularis oris
between British English p and b and in Lisker's investigation
of American stop consonants a clear difference in intra-oral
air pressure and duration was found only in the position after
a stressed vowel, whereas there was hardly any difference
initially in the syllable before a stressed vowel (Lisker
1965 and 1966).

Probably Lisker's subjects had voiceless bdg in this posi-
tion, whereas Malécot's and Lubker-Parris' subjects had voiced
bdg. This is not stated clearly by any of the authors, but it
is true of the few curves they give as illustrations (Malécot
1966 a p. 68, Lisker 1966 5.4). It is well known that there
is great variability of voicing initially in English, and it
is important to know whether the stops in question were voiced,
since, as I have shown earlier (EFJ 1963 and 1968 a), there is
a close connection between intra-oral air pressure and voicing
(but not between intra-oral pressure and organic pressure).

The instability of the length difference also appears
from a small number of measurements of English stops which I
made some years ago. Four speakers, two British and two
Americans, spoke a series of words containing stop consonants
medially before stressed i a u (of the type "the part, the
peal, the pool, the bark, the bean, the boom"). Voicing and
duration were measured on mingograms. All had partly or fully
(75-100 %) but rather weakly voiced bdg in this position.

One of the British speakers (CB) spoke the list four times
in different order, which gives 12 examples of each consonant.
He had a significant difference of length between ptk and bdg
with a mean difference of 23 msec for p/b, 26 for t/d, and
32 for k/g. The other three speakers spoke only 6 examples
of each consonant. One of the American speakers had a mean
difference of 14 msec between the durations of the closures of
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Ptk and bdg, but complete overlapping. The two others had
practically no difference. (There was, by the way, a clear
tendency to have longer closures in labials than in dentals,
and longer in dentals than in velars).

Now, to return to Malécot's assumption, we do not know
whether the subjects used in his psychological test had
voiced or voiceless bdg, and consequently we do not know
whether they had higher air pressure in ptk than in bdg.
Moreover, as the differences in closure duration and organic
pressure are unstable, the conclusion that the subjects must
have based their impression on the action of the supraglottal
organs has very little foundation. On the other hand, we are
pretty sure that they had aspirated ptk, and we might just as
well draw the conclusion that their impression was based on
this difference. A similar experiment with Danish stops might
throw some light on this Question.

3. Danish stops

Danish ptk and bdg are distinguished in syllable initial
position only. Both are voiceless, but ptk are aspirated (and
t affricated) whereas bdg are unaspirated. As for the diffe-
rence fortis-lenis it is small and hardly of any perceptual
importance, but phonetically bdg are slightly more fortes than
ptk, in the sense that they have a tendency to higher organic
pressure than ptk (this difference is significant for some
subjects, but not for all)l and that there is a small, but
stable and significant difference in the duration of the
closure. As for intra-oral air pressure the pressure of ptk
is only about 5 % higher than that of bdg, and only at the end

1) An electromyographic investigation of the lip muscles is
in progress.
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2 which is less than the DL for kinesthetic

of the closure,
judgement of air pressure found'by Malécot (1966 a). There-
fore, if Danish subjects find that ptk reQuire more effort
than bdg, the impression cannot be based on the supraglotfal
cavities.

In the years 1959-62 192 Danish students of philology (in
their first term, before they had learnt anything about stop
consonants) were asked to answer a questionnaire containing

the following questions:

"I. Which of the two syllables in each pair requires
greater effort in pronunciation? (underline the one that
requires most effort, or put an equation mark if you can-
not feel any difference).

a) ba or pa, b) da or ta, c) ga or ka.

II. In which of the two syllables do you apply more force
to the.-airstream? (underline or put an equation mark)

a) ba or pa, b) "da or ta; c) ga or ka.

IITI a) Are the lips pressed together with more strength
and tension in ba or pa?

b) 1Is the tongue tip pressed against the upper part
of the mouth with more strength and tension in da or ta?

c) 1Is the dorsum of the tongue pressed against the
palate with more strength and tension in ga or ka?

(underline or put an equation mark)."

2) See e.g. EFJ (1968 a). The measurements have not been
published in detail, except for a bilingual subject (EFJ
1968 b). The difference of duration has been corroborated
by the measurements of Danish p and b in Frgkjer-Jensen-
Ludvigsen-Rischel (1971). Weaker organic pressure for
aspirated stops has already been found by Rousselot for
Armenian (1897 I p. 596), and the same was found for
Gujarati (EFJ 1968 a, p. 96).
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In an accompanying instruction it was emphasized that I
was interested in their personal impression only, not in any
prejudices or theories, which might probably be wrong, and
they were asked to pronounce the pairs, eg. ba-pa, ba-pa a
couple of times, and the same in inverseorder: pa-ba, pa-ba,
then papapapa and babababa at different speeds, and finally
some word pairs like pande-bande, before making any decision.

It was also emphasized that each question should be answered
without regard to the others, and that it was by no means
certain that the pairs would behave in a similar way. - Only
26 % gave the same answers to the labial, dental and velar
pairs, which shows that they have really tried to make a
personal judgement.

Two groups (60 subjects in all) were asked to answer some
more specific questions about the articulation of t“and d.-
As the answers to these questions required some phonetic
training, it may be more or less due to chance that 55 %
found that the tongue tip was more advanced in d than in t
(whereas 33 % found it more advanced in t), and that 64 %
found that the tip of the tongue was raised during the closure
of d (and 31 % that it was lowered), whereas the percentages
were equal for t (47-47). It can, however, not be due to
chance that 85 % found that the teeth were closer together
in t than in d.

The answers to the questions about effort gave the follow-
ing results:

I Greater general effort

p 64 % t 45 % k 58 %
b 29 % d 38 % g 27 %
= 7% =17 % = 15 %
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II More forceful airstream II Stronger organic pressure

p 83 % t 69 % k 76 % p 28 % t 17 ¢ k 20 %
b 11 % d 15 % g 11 % b 60 % d 78 % g 64 %
= 6 % = 16 % =13 % =12 % = 5 % = 16 3

In Fig. 1 the same information is given in graphical form.

It is evident that a great majority of the subjects feel
that the airstream is more forceful in ptk, and the organic
pressure stronger in bdg. In both cases there is a significant
difference between ptk and bdg. This is in good agreement with
physiological measurements of Danish stops. ' 4

Since ptk have a stronger airstream and bdg a stronger or-
ganic pressure, it is understandable that there is a less pro-
nounced majority in thg answers to question I about general
effort. Nevertheless the differences between the reactions to
P versus b and k versus g are significant. The uncertainty
about t-d can be explained by the strong affrication of t which
implies that it has a relatively weaker organic pressure and
less strong airstream, and this is also reflected in the answers
to questions II and III (t also has a shorter closure than p and
k). The answers show that the feeling of general effort is in-
fluenced both by organic pressure and by airstream, but more by
airstream. If the influence was about equal, we should expect
t to have less general effort than d, and p and k to have a
smaller majority for stronger effort.

In order to see whether there might be geographical differ-
ences in the answers, the subjects were divided into four groups
according to geographical origin: (i) Copenhagen and suburbs
(131), Zealand apart from Copenhagen (25), Funen (8), Jutland
(28) . The configurations were, however, almost the same in all
grdups with small variations only.
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The most prominent difference was in the answers to
question I. Only the Copenhagen group had a significant dif-
ference between k and g, and only Copenhagen and Zealand be-
tween p and b. A closer inspection of the Copenhagen group
showed a further difference between central Copenhagen + west-
ern suburbs and the northern suburbs of Copenhagen. I had ex-
pecfed the central Copenhagen group to be more different from
the rest because of the strong affrication of t, but, on the
contrary, the subjects from the northern suburbs differed most
from the rest.

In Fig. 2 the subjects have been divided into three
groups giving the most pronounced differences: (1) Northern
suburbs of Copenhagen, (2) Central Copenhagen and Ze land,

(3) Funen and Jutland. - It appears from the graphs that there
are hardly any differences to questions II and III, although
Funen and Jutland have a very slightly lower majority for bdg
with respect to organic pressure, and Copenhagen’+ Zealand

a slightly lower majority for ptk with respect to airstream.
There are,_ howevef, clear differences in the answers to ques-
tion I. Subjects from the northern suburbs have a clear and
significant majority for stronger effort in ptk; Copenhagen +
Zealand have a somewhat smaller difference, but it is still
significant for p and k, whereas the differences for Funen and
Jutland are small and reversed for t-d. - The differences can-
not be easily explained from the answers to the two other ques-
tions. For the first two groups (and particularly group 1)

the airstream has a stronger influence on the judgement of gen-
eral effort than the organic pressure, for group 3 (Funen and
Jutland) the airstream does not seem to have a decisive in-
fluence on the judgement of general effort, although it is felt
very clearly as a separate phenomenon (question II). Group 2
(central Copenhagen) has a strong affrication of t and partly
of k, which impedes the airstream, whereas members of group 1
have often less affrication and therefore a less impeded air-
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stream, which may have dominated the impression of general ef-
fort: The answers of gfoup i to.the question of overall ef-
fort may be taken as a support of the view that this group is
characterized by a reaction against the specific features of
Copenhagen speech (affrication, and also some features of vowel
quality) a view which is contended by some phoneficians. As
the consonants of the subjects have not been recorded, this

‘must remain a hypothesis.

4. General discussion

The main result of the experiment with Danish stops, i.e.
that most of the subjects consider ptk to require more effort
than bdg, and fhat this answer cannot be explained by any fortis
features of the supraglottal cavity, makes it very improbable
that Malécot's subjects should have reacted to the activity of
the supraglottal cavity only.

The result of the Danish test also gives some support to
the traditional designation of ptk as stronger than bdg, not
only acoustically, but also kinesthetically, even in cases
where they have less energy in the supraglottal cavities.

It is, however, a problem why the stronger airstream is
felt as an effort. 1In question II the subjects were asked to
indicate whether they put more force to the airstream in pa
than in ba etc. The answer "ptk" can, however, hardly be inter-
preted to indicate more than the feeling of a stronger airstream.
But question.l was a direct question concerning articulatory
effort, ahd, as dé%onstrated above, the answers to this question
were clearly influenced by the presence of a stronger airstream.
Now, if aspiration, as generally assumed, is only due to the
fact that the glottis is open during the closure and has not yet
been closed at the moment of explosion, then the feeling of ef-
fort should be due to laryngeal adjustments. Frgkjar-Jensen-
Ludvigsen-Rischel (1971) have brought evidence for the asSump-
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tion that the slight opening of the glottis in b can be ex-
plained by aerodynamic conditions, whereas the large opening

in p must require a new neural command. The former is called

a "passive opening-closing-gesture”, and the latter an "active
openihg-closing-gesture“. According to Rischel (personal com-
munication) the terms "active” and "passive" were meant to imply
only that p clearly involves a new neural command, whereas no
such assumption seemed necessary for b on the basis of the glot-
tographic material used in the said investigation. A very pre-
liminary proceséing of some limited electromyographic record-
ings, made in collaboration with H. Hirose at the Haskins labor-
atories, does not seem to corroborate the assumption of the pas-
sive b-gesture. Both p and b show a clear relaxation of the
interarytenoid muscle and an increased activity of the posterior
cricoarytenoid, although both phenomena are generally more pro-
nounced and of longer duration in p than in b (this is parti-
cularly true of the relaxation of the interarytenoid). The
difference between p and b is smaller and the difference be-
tween b and the surrounding vowels greater than in the English
examples described by Hirose (1970). It is not very probable
that this relatively modest difference of activity should be
felt as a clear difference in effort. Chomsky-Halle (1968)

make the assumption that aspirated stops have heightened sub-
glottal pressure, but I do not know of any physiological evi-
dence for this assumption. As there is hardly any resistance

in the glottis, the subglottal pressure must equal the supra-
glottal pressure in ptk, a pressure which is almost the same

as in bdg. It is di%ficult to see any reason why the pressure
below the glottis should be lower in bdg. But it is possible
that the simple fact that the speaker loses more breath in syl-
lables with ptk, particularly if they are repeated, is felt as
a strain and contributes to the impression of gffort. An in-
vestigation of respiratory muscles might perhaps throw some
light on'these problems.
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The experiments upon which these studies are based were
carried out in the years 1954-64, (mainly 1954-56), and most
of the material was processed at that time. The publication
was postponed because the studies were planned to form part
of a monograph on Danish stop consonants including acoustic,
physiological and perceptual descriptions, a plan which I
later had to give up. A summary of the acoustic results was
given in the paper "Acoustic Analysis of Stop Consonants"
Miscellanea Phonetica II, 1954, p.4;-59. The main part of
the perceptual results are published on the following pages,
and the results of the physiological measurements will be
published at a later date. .
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PERCEPTION OF FOREIGN STOP CONSONANTS BY DANISH LISTENERS

Eli Fischer-Jgrgensen

15 ‘Introduction

Danish ptk and bdg are distinguished only syllable
initially. Both sets are voiceless. ptk are articulated
with somewhat less energy in the supraglottal cavities than
bdg, but the main difference is one of aspiration. Earlier
measurements (EFJ 1954) of the duration of the open interval
(in the sense of the distance from the explosion to the begin-
- ning of the vowel, including affrication and aspiration) have
given the result that the average in stressed position is 66
ms for p, 79 for t and 74 for k (with individual averages
ranging from 53_for p to 98 for t) and 14, 17 and 23 ms for
b, d, g respectively. The open interval of t is slightly
longer than that of k in Danish because of the strong affrica-
tion of t. The order of the unaspirated stops (labial-dental-
velar) is more normal. As in other languages, the open inter-
val is normally somewhat longer before close vowels than before
open vowels. It is rarely longer than 35 ms in bdg and shorter
than 40 ms in ptk. :

It might be expected that these durations would influence
the perception of stops in foreign languages. This was tested
by experiments carried out in 1958 and 1961. The results have
not been published until now.



2. The material

The material used in the test consisted of 137 different
CV syllables (where C is a stop consonant, and the vowel mostly
i, a or u) cut out of words spoken by five Danish, one German,
two British English, one French, one Dutch, one Chinese, and
four spéakers of Indian languages, viz. Urdu, Hindi, Marathi,
and Malayalam. The recordihgs were made earlier for other
purposes. The words were chosen so as to be representative
of the languages (but the English speakers had relatively
short aspirations) and, as far as the Danish stops and the
Ifdian voiced aspiratgs are concerned, to cover a certain
range of variation. The voiced aspirated stops from Indian
languages represented various types. Most of them were totally
voiced (though often with a very short cessation of vibrations
at the explosion, a few had voiceless closure or voiceless
aspiration. Some of the Danish examples were chosen to re-
present unusually short aspirations (35 and 40 ms for p).

The English;, German and Danish words had been spoken in
a context consisting of a pfeceding word ending in an un-
stressed vowel. The English bdg-sounds were voiced, the Danish
and German ones voiceless. The different types of stops re-
presented were: (a) voiced bdg 23 (English, French, Dutch,
Indian), (b) voiceless ggg 29 (Danish, German), (c) un-
aspirated ptk 28 (French, Dutch, Indian, Chinese), (d) aspi-
rated ptk 55 (Danish, English, German, Indian, Chinese),

(e) voiced aspirated 18 (Indian), and, (f) aspirated affri-
cates 2 (Chinese).

These syllables were combined into a test tape (each
syllable was repeated three times). The signal to noise ratio
was not quite good in the Danish, German and some Indian
'examples, but this does not seem to have influenced the results.
The order was quasi-random. The French examples of ptk (nine
in all) were repeated in different environments, once after a




syllable with bdg, once after a syllable with aspirated ptk,
in-order to check the influence of the:context. There was a

slight influence in four of the nine examples, but only in one
case was the difference significant.

Spectrograms and mingograms (including intensity and
pitch curves) were taken of all examples. Moreover four phone-
ticians listened to the test and characterized the consonants
in terms of voicing, aspiration and impression of fortis=
lenis. '

3. The listeners

The test tape was played over a loudspeaker in a sound-
treated room to groups of listeners. The listeners, 82 in
total, were Danish students of philology in the beginning of
their first term. All of them were familiar with English,
and most of them with German and French, but they had not yet
learnt any phonetics. More naive subjects might have been

preferable, but as it can be seen from the results, they were
not much influenced by their knowledge of foreign languages.

They were asked to identify the initial consonants of the syl-
lables with one of the six Danish stops, and to write down the
result on answer sheets.

4., The results

The main results (apart from the answers to voiced aspi-
rates) can,Pe seen in Fig. 1. The examples with a majority

of bdg-answers are placed above the base line, the examples

with a majority of tk-answers below the line. The horizontal
scale indicates the duration of the open interval and the ver-
tical scale the number of examples. The various stop categories
are distinguished on the graph.



79

N
201 [
‘ - B2 voiced bdg
i et 16 22 [ voiceless bdg
4 B3 unaspirated ptk
More than 1 e aspirated ptk
50% bdg
8 7
4 ]
g N CcS
NN N N
More than 4 E&&§ §
50% ptk | N S
8<

0 * 2 3 4 5 6 7 & 9 10 1 12

!
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4.1. Voiced stops

All voiced stops were identified as Danish bdg with an
average majority of 99 %. If the horizontal scale of the
graph had been VOT-value instead of open interval, the ex-
amples of'vdiced'coﬁsonants,(indicatedlby a small oblique line)
should have been moved to the left of the zero point. But as
the voicing ranges from 30 to 195 ms this would have made it
necessary to compress the scale;, and the more interesting ex-
amples would have been less clear. It appears from the graph
that a removal of the voiced consonants would not have changed
the area of overlap, and it also appears from the graph that
the identification of them as Danish bdg may have been due
either to their voicing or to the shortness of their open
interval and the absence of aspiration noise.

4,2, Voiceless bdg

All voiceless bdg-stops were identified as Danish bdg.
The average for all examples was 93 % bdg (with the exception
ga left out it was 95 %). This means that voicing is not a
necessary cue; the small difference in open interval is suffi-
cient for explaining the slight difference in the majority
(99 and 95 %) for the two categories. If the voiceless bdg-
sounds are divided into two groups (5-20 ms and 25-35 ms) the
averages are 99 and 87 %, respectively.

The only exception to the bdg-answers is a Danish example
of ga (subject OT) with an open interval of 25 ms. We shall
return to this problem below.

4.3. Unaspirated ptk

The unaspirated ptk-sounds were heard by the majority as
Danish bdg in 24 out of 28 examples. It appears from the graph
that three of the four exceptions can be explained by a much
longer open interval. These were Dutch ki (65 msg, 99 % k),
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French ku (50 ms, 98 % k) and Indian ka (40 ms, 59 % k). Only
one example (French pu 25 ms, 77 % p) has overlapping with the
examples identified as bdg. The average majority for those
identified as bdg is 90 %. The average bdg-majority for all
unaspirated stops is 80 §&. ;

4.4, Aspirated ptk

All instances of aspirated ptk were identified with Danish
ptk, and as it can be seen in Fig. 1, their open interval in 48
out of 55 examples was longer than that of the other stops.
7 examples overlap with the stops heard as bdg. The two conso-
nants with 12 ms open interval were Chinese affricated aspirates.

4.5. Overlapping cases

The great majority of answers can be explained by the
length of the open interval. But there is a number of over-
lapping cases between 25 and 35 ms. The individual examples
are given together with the answers in tables I and II.

Table 1
Overlapping of Labials

answers 25 ms 30 ms 35 ms

(Da.) by 98 %
(G.). bu 65 %

(Fr.) pu 77 % (E) pi 100% (Da.) pi 82 %
P (E.) pa 70 ¢ (Da.) pa 1008 (Da.) pi 90 %
(Da.) pa 100%
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Table II
Overlapping of velars

answers 25 ms 30 ms 35 ms

g (E.) gi 94 % (E.) gu 82 % (G.) gu 95 %
(Da.) gy 76 % (Da.) ga 90 $% (Da.) gu 88 %
(G.) ga 71 % (G.) gi 96 %
(I.) ka 100%
(Ch.) ka 98 %
(Du.) ku 99
(Fr.) ka 81
(Fr.) ke 52

90 o0 oP

k (Da.) ga 74 % (E.) ka 93 %

The 15 consonants heard as b or g in this area are all
sounds generally characterized as bdg or unaspirated ptk. The
9 consonants heard as p and k are, with two exceptions,.sounds
normally characterized as aspirated ptk. This seems to indicate
that a supplementary criterium besides length of open interval
must be aspiration noise. It cannot be tenseness in the sense
of fortis articulation, since Danish ptk are not fortis in this
sence, whereas French ptk are, and since French ptk are normally
heard as bdg, whereas Danish ptk are heard as ptk.

As for the labials the Danish examples were chosen as
extreme values both of b and p, and I wanted to see whether
they were identified correctly. As a matter of fact they
were. A check on the stimuli by inspection of curves and by
listening reveals that the p-explosions are followed by a.
certain aspiration, whereas the Danish b-sounds are not (more-
over, by had some voicing at the beginning of the closure).
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The German bu has a very slight aspiration noise and has only
65 % majority. There is also aspiration noise after the two

English p-examples, and French pu. Labials outside the area

of overlap have normally more than 90 % majority in the answers.
There is however an example of Dutch pu (15 ms) with only 57 %
majority for b. Two Danish examples of pa (35 and 25 ms) were
left out because they were so weak that they were mostly heard
as f_./ '

There is no overlapping of t and d, which may partly be
due to the fact that there are no examples of 30 and 35 ms.
All answers ‘to dental stops below and above these values
show more than 90 % agreement on d and t respectively, excepﬁ
for French tu (25 ms, 52 % d), and French te (20 ms,52 % d).
There is one other example of unaspirated t at 20 ms (Chinese
ta heard as d with 91 % majority);it has a weaker explosion.

As for the velars, the boundary seems to be slightly
higher than for the labials (about 35 for velars and 25-30
for labials), which is in agreement with the difference ob-
served in the actual length of the open interval. English ka
(35 ms) has some aspiration. The Danish example ga (25 ms,

74 % k) is astonishing. It is not aspirated, but it has a
strong explosion and is characterized by the phoneticians as
fortis in contradistinction to ga (30 ms), spoken by a
different Danish speaker and heard as ﬁg. It has a pitch fall
in the start, but so has Dutch and Chinese ka, which are heard
as ga. Similarly, the Danish ga of 30 ms, heard as ga, has a
slight fall in pitch at the start. On the whole, it does not
seem possible to explain the overlapping cases on the basis of
pitch differences.

Only the French speaker has a clear difference. Nor can
they be explained by differences in formant transitions. 1In
the exceptional Danish ga-example the intensity of the explo-
sion may play a role. (But the explosion of German ga (25 ms)
heard as ga seems to be just as intense).




"4.6. The answers of the phoneticians

Four phoneticians listened to the test tape and charac-
terized all examples as ptkbdg and moreover as aspirated or
unaspirated, voiced or unvoiced and fortis or lenis. In view
of the small number of listeners it has no sense to give a
detailed account of the answers.

‘The most interesting question is whether the phoneticians
were able to distinguish between voiceless bdg and unaspirated
ptk. It turned out that they made a distinction, but it
coincided only partly with the expected distinction between
German and Danish bdg on one hand and French, Dutch, Indian,
and Chinese ptk on the other (the Chinese sounds are, by the
way, often described as voiceless bdg). Of the 112 answers
to Danish and German bdg there were 23 % ptk-answers and 77 %
bdg-answers, and of the 116 answers to unaspirated ptk there
were 53 % ptk-answers and 47 % bdg-answers (for the French stops
69 % ptk-answers). The answers to fortis-lenis were not quite
the same, since particularly one of the listeners often combined
bdg-answers with fortis-answers. There were 37 % fortis- and
62 % lenis-answers to German and Danish bdg, and 60 % fortis-
and 40 % lenis-answers to unaspirated ptk (for the French stops
there were 80 % fortis-answers). This means that there was a
difference in the answers to the two groups, both in the
designations as bdg or ptk and in the reaction to fortis-lenis,
and this difference is statistically significant, but there is
great overlapping.

As regards the designations as bdg or ptk the length of

the open interval has some influence. There are hardly any
ptk-answers to sounds with 5-10 ms open interval, and no bdg-
answers to the three sounds with 40, 50 and 65 ms open interval,
but from 15 to 35 ms there is complete overlapping for the un-
aspirated ptk, and from 25 to 35 for voiceless bdg. For the
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values 15 and 20 ms there are very few ptk-answers to voiceless
bdg, but many to unaspirated ptk. There must therefore be some
further criteria. On the whole, k-answers are more frequent than
p- and t-answers. This means that the longer open interval of
velars influences the judgémént. (One might have expected a
compensation in the perception because the longer duration of
the open interval in velars is a universal, mechanical phenome-
non) .

The answers to the fortis-lenis gquestion are much less
dependent on VOT-values for the consonants in question.1
There are evidently other cues. The number of examples and
listeners, and the irregularities in a material consisting of
natural speech do not permit any clear decision concerning
these cues. There do not seem to be differences in pitch
within the vowel or in formant transitions, corresponding to
the answers, but there seems to be a certain correlation with

the intensity of the explosion. This needs further inveétiga-
tion. )

4,7, Aspirated b d g

The answers to aspirated Indian bdg have not been included
in Fig. 1 because they would spoil the neat distribution.

There are 18 examples. Five of these were heard as bdg,
but not with a very great majority (from 51 to 79 % with an
average of 62 %). The remaining 13 were identified as Danish
ptk, with a majority varying from 56 to 100 and an average of
83 %).

The duration of the open interval (i.e. the aspiration) is
not decisive here. The five examples with a bdg-majority have

1) The aspirated stops are characterized as fortes. This may
depend on the VOT-value, but it is more probable that it is
due to the intensity of the aspiration noise.
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an aspiration ranging from 40 to 100 ms with an average of 77
ms, and the thirteen examples heard as ptk have an aspiration
ranging from 30 to 110 with an average of 64 ms. The two
examples with a clear bdg-majority have 100 and 40 ms aspira-
tion, the four with unanimous ptk-identification have 45, 60,
70 and 80 ms.

Voicing may be of some importance. The five examples
with a bdg-majority are fully voiced (except for an interval of
10 ms at the explosion in one of the examples). j

As for the 13 examples which gave ptk-answers, three are
fully voiced, six have a short voiceless pause at the explosion
of about 10-20 ms, three have voiceless closure, and one has
voiceless aspiration. But there is no evident correlation
between the degree of voicing and the percentage of bdg-answers.
There are seven examples with more than 88 per cent ptk-answers;
two of these are fully voiced.

The intensity of‘thé aspiration noise seems more important.
Of the seven examples with the highest number of ptk-answers
(above 88 %) six are characterized by strong noise, of the
other cases only one has strong noise. (The intenéity has not
been measured but only judged from spectrograms and intensity
curves.)

4,.8. Conclusion

When Danish listeners are asked to identify foreign stops
as Danish ptk or bdg, their main criterion is aspiration, which
plays a role both in terms of the duration of the open interval
and in terms of the degree of noisiness. Voicing plays a very
subordinate role, if any.

Apart from the Indian voiced stops, for which the aspira-
tion noise seems to be the most important cue, the duration of
the open interval shows a rather clear boundary, which is located
somewhere in the range 25«35 ms according to the place of
articulation. This is in agreement with measurements of natural
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Danish consonants. For voiceless sounds this measure is the
same as VOT-value, and the Danish values are in good agreement
with the VOT-values found by Lisker and Abramson for American
English in experiments with synthetic speech (see e.g. Abramson
and Lisker 1965 and Lisker-Abramson 1970). The phoneticians
were, partly, able to distinguish voiceless bdg and unaspirated

ptk.
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IDENTIFICATION OF UNRELEASED DANISH STOP CONSONANTS

Eli Fischer-Jdgrgensen

l. Experiments 1 A and B (1954-56)

'
1.1, Material and listeners

A series of Danish nonsense syllables of the structure VC
and CVC, where V was short i, €, a, u, and C was b, d or g,
were spoken by me and recorded on tape, in 1954. 1In experiment
1A there was one example of each of the four vowels before each
of the three consonants, thus 12 VC syllables in all. In ex-
periment 1B the same four vowels were found after and before
vthe same three consonants, which gives 36 different CVC sylla-
bles. Initial bdg were voiceless, final bdg almost voiceless,
with a few periods of weak voicing in the start. The vowel
length was mostly 90-100 ms, in a few cases of a 110-120, and
in some cases of i or u only 70-80 ms.

The syllables were combined into two tests (A (VC) and
B (CVC)), where each syllable was presented once. The order
of the syllables was random, and the distance between the sylla-
bles was 4-5 sec. The test was given to three groups of stu-
dents of philology in their first term in the years 1954, 1955
and 1956. There were 94 listeners in all. This means that
there were 94 answers to each vowel-consonant combination in
test A, and 282 in test B, i.e. 4512 answers in all..

The listeners were told that they were going to hear a
list of meaningless syllables containing the vowels i, a, u +
unreleased b, d or g in test A, and bdg + the same vowels +
unreleased bdg in test B. They were asked to write down what'
they heard and allowed to put a questionmark if they could not
identify the consonant. The syllables had been recorded on
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a professional tape recorder but were played back on a semi-
professional tape recorder via a loudspeaker. The quality was
not very good, but as a control the same listeners were asked
to identify three additional lists, viz. two CV lists contain-
ing ptk or bdg + the vowels i, €, a, u, and one VC list
containing the same vowels + released ptk. There were hardly
any mistakes in these lists, and it was also extremely rare
that there were mistakes in the initial consonants in test B.
The mistakes in the final consonants in test A and B must,
therefore, be due to the lack of explosions.

1.%. Results

The results of the two tests are given in Table I and
Table II and in graphical form in Fig. 1.

TABLE I

Answers (in percentage) to test 1 A (VC)

Answers: Y R ey T - B P cboad, . g w?
ib 90 3 S8 7 |1 34 do iy 35 |1g 43 G0 w4y
eb 65 a3 » 5 8 |ed 11 74 9 71 1¢¢ 9 L R £ 8
U P B TR L T L T el e
TR R R TR I R B TR S B T LR T
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TABLE II

Answers (in percentage) to test 1B (CVC)

13

Answers: b d g ? b ' d g ? b d g ?
35293 -2 1. B A RS eR0 8- 9 55" 46 - 16 2k
eb 75 12 4 9 led 31 33 21 12|eg 6 8 76 11
ab 60 7 24 9 |ad 19 40 32 9lag 7 1 86 6
ub 42 91 4 58 18

7 37 14 lud 2 9l 3 5 jug 20

"2% in the tables coversthe answers: questionmark, minus
sign, or no indication of the consonant in question or of
the whole syllable, e.g. bu?, bu+, bu or nothing for bud.

S;me subjects have written ptk finally instead of bdg. As
there was, of course, no aspiration at the end,’ this is simply an
influeﬁce from orthography. Phonologically there is no distinc-
tion between [p] and [b] fihally.

On the whole the answers to test A (the VC list) are better
than the answers to test B (the CVC list). The percentage of
correct answers for all environments taken together are in test
1ADb76 % d65% and g 63 %, in test 1B b 70 %, d 49 % and
g 62 3. The difference is small for b and g, but considerable
for d. Particularly the syllables with d-d are heard in-
correctly in test 1 B (only 36 % correct answers). One of the
purposes of list B was to find out whether there would be per-
ceptual dissimilations in the answers. This seems to be the
case for d-d, but there is no clear tendency for the syllables
with b-b and g-g. This difference may, of course, be due to
chance, but the question deserves further investigation. :

b after u is heard better in test A than in test B. 1In test
B it is often heard as g, whereas in test A g is often heard as
b in this environment.
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Apart from these differences the answers to test A and B
have many features in common. The main tendencies common to
both are that b is identified most correctly after i, d after
v and g after ¢ and a.

Repeated listening has revealed a very slight explosion
noise in id and ud in test A, but not in test B. id is heard
somewhat better in test A, but there is no difference between
the answers to ud in test A and B. This slight explosion noise
can therefore not have improved the tendencies found in the
answers.

The differences just mentioned between b, d and g can be
easily explained when the extent of the transitions is taken
into account. The transitions of F2 and F3 are particularly
clear in ib and almost non-existent in ub (which has the
lowesg percentage in test B). Before d, on the other hand,
the vowel u has an extensive transition, but i veryvlittle,
and before g, € and a have a characteristic converging transi-
tion of F2 and F3, whereas the transitions are slight in u and
i.

The high number of correct g-answers after a is not
astonishing, since the quality of the whole vowel is influenced
in this case (a is more retracted). For this reason &€ has been
included in the test as a better representative of open vowels,
but the answers to gg are not much poorer than the answers to
ag. a is also somewhat more retracted before b than before d,
not so much in my speech as in Copenhagen speech, but clearly
visible in the spectrograms.

If the examples with a are kept aside, the percentage of
correct answers for g are somewhat lower: 54 and 53 % instead
of 63 and 62 in tests A and B.

The confusion between b and g after u is explicable from
the fact that they have a similar and very small transition of

F2. After i and to a lesser extent after ¢, d is often heard
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as b. This can be explained by the common direction of their
F2 transition. As the extent of this transition is larger in
b than in d, it is possible to hear b for d rather than the
opposite. Such an explanation can, however, not be given for
the cases of g heard as b after i. On the whole, it seems that
the labial is often chosen in cases of doubt. It is, in some
sense, the most neutral consonant.

2. Experiments 2 A and B (1964)

In 1964 I undertook a new experiment with VC syllables,
€ ® 2 a. Each of the syllables with these vowel; EoIl;Q;d-by
unreleased b, d and g were spoken twice by me and by the
speaker JR. The tests were run in the same way as in experi-
ment I. My recording (A) was played to two groups, one con-
sisting of 20 students in their first term, and the other of
10 phoneticians. The recording of JR (B) was only played to
the 10 phoneticians. The number of correct answers to test A
was for the student group b 67%, d 64% and g 48%, which was not
quite as good as test 1. For the phoneticians the number of
correct answers was higher: b 79%, d 78% and g 58%. 1In test
2 B (spoken by JR and played to the phoneticians only) the
number of correct answers was still higher: b 76%, 4 82% and
g 88%. The difference is very large for g. One of the
reasons why JR's recording gave more correct answers is that
he spoke somewhat more slowly than I did:. His vowels were
10-20 ms longer, and he had a less steep rise and decay of the
intensity. Spectrograms of the syllables with g show more
pronohnced transitions in some cases.

The answers to the syllables with 1 € a u can be compared
with test 1. 1In Fig. 2 the percentage of correct answers to
the syllables with these four vowels are given for all the
tests. The stimuli for tests 1 A and B and test 2 A were
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spoken by me. There is quite good agreement between the
answers. As for b, ib has the highest percentage in all cases
and ub thé lowest (in 1 A it is at any rate close to the mini-
mum) . In the syllables with -d, on the other hand, ud has the
highest percentage correct answers and id the lowest. As for
g, ig has the lowest percentage in all cases, and ug has the
next lowest values except in test 2 A, where the phoneticians
(but not the students) have 90% correct answers to ug. The
reason for this discrepancy is not clear. The answers to

test 2 B (JR) are in quite good agreement with the others

in the case of b and d (except that ad is identified much
better) but in the case of g all answers are so good that

an order cannot be established.

If all vowel combinations in 2 A and B are set up in
this manner, the picture gets rather confused, but a compa-
rison of the mistakes shows quite good agreement of the gene-
ral tendencies. The answers to all the syllables are given
graphically in Figs. 3a and 3b for test 2 A, and in Fig. 4
for test 2 B. The main differences between 2 A and B are
that b is heard better after u and o in 2 A, d is heard better
after ® in 2 A, whereas the opposite is ttue of b after c.

g is on the whole heard better in 2 B. The mistakes are, how-
ever, roughly the same.

It is possible to set up the following rules:

(1) after unrounded vowels

(la) b and d are often mistaken for each other, but the
mistake b for d is much more frequent than the mis-
take d for b.

This confusion can be explained by the fact that
unrounded front vowels have negative Fz-transitions
both before b and d, and that i and e have negative
F3-transitions as well in both cases. As the transi-
tions after d is less pronounced than those after b,

it is not astonishing that d is heard as b more often
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(2) after
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than the opposite. A further reason is general

tendency,mentioned above, to choose labial in case
of doubt.

g is heard either as b or d (it seems to be heard
more often as d after i and a, and more often as
b after e and g, but these differences may be due
to chance. They are difficult to explain).

rounded vowels

(2a)

(2b)

b and g are often confounded. The mistakes go both
ways, except after y and o where g heard as b is
much more common than the opposite.

It is easy to understand that b and g are confounded
after rounded back vowels, since they have almost
identical transitions (straight or slightly positive
Fz—transitions, straight or negative F3-transitions);
It is not quite as evident why they are confounded
after rounded front vowels; but it may be explained
by the fact that they have similar transitions of F
and that both may have negative F,-transitions, al-
though this is more stable in combination with labials
than in combination with velars.

3'

d is often heard correctly after rounded vowels,

if not, it is heard as b.

It is easy to understand that d is heard correctly
after rounded back vowels (u and o), but more diffi-
cult to understand why it is often heard as b after
rounded front vowels and after 2. Here again, the
main reason may be that the labial is the neutral
consonant, most often heard when there is no reason
to hear others. The transitions may be fairly level
in rounded front vowels in combination with d.
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The tendencies found in test 2 are in agreement with
the results of test 1, and they are for the main part con-
firmed by experiments with removal of initial explosions
(see the article on "Tape cutting experiments with Danish
stop consonants" later in this volume).

3. Comparison with other investigations

Since the experiments described here were started, a good
deal of perceptual tests with unreleased stop consonants have
been carried out, e.g. Halle-Hughes-Radley (1957), Householder
(1956) , Malécot (1958), Wang (1959), (all based on American
English), Andresen (1960) (British English), Malécot-Lindheimer
(1966) (French) and Kurt Johansen (1969) (Swedish).

The main result of the present investigation, i.e. that
unreleased stop consonants are more easily identified when the
transitions are extensive (e.g. ib, ud, ag) than when they
are small (e.g. id, ig, ug), appears as a tendency in many of
the above mentioned studies. In Halle-Hughes-Radley's test
labial stops are identified better after i than after u, alve-
olar stops better after u than after i, and velars have a parti-
cularly high degree of correct identification after I and A
- (which have pronounced formant transitions), and a low degree
of correct identification after i: and u:. Andresen finds
that p and k are identified better after I than after 2, t better
after o than after I, and Malécot finds the same for ¢ and o,
although the answers to 2d and 2t are only clear in the test with
French listeners. Householder's results are not very clear.
Wang-Fillmore examined consonant perception in noise and found
that initial bilabials are identified with much higher correct-
ness before i than before u, alveolars better before u than be-
fore i, and velars very poorly both before i and u, whereas all
have relatively high percentages of correct identification be-
fore a and g.
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Both Wang-Fillmore and Halle et al. mention that an ex-
tensive transition may be more important for perception than
a small transition. This has been contended by Delattre (1958),
who maintains that the decisive thing is that the transition

points to the locus of the consonant, and this is true of most ~
transitions, with the exception of the transitions of rounded

back vowels in combination with velars; in this combination
the explosion is necessary for the identification. Delattre
tries to interpret Householder's and Halle's results in ac-
cordance with this view, but he can only do so by leaving out
i as "a special case". Malécot's result can be quoted in sup-
port of Delattre (o + velar was difficult to recognize without
release), but his material is too restricted. The present in-
vestigation demonstrates (i) that velars can be recognized with-
out release after u o o (cp. test 2 B) and (ii) that other com-
binations may be more difficult (e.g. id, ig). It is thus not
sufficient that the transition points to the 1écus.

As for the mistakes made in identification, rule la
(confusion of labial and alveolar after unrounded vowels) is
on the whole supported by the results of Householder, Halle et
al. and Malécot. Rule 1lb (g is heard either as b or d) is not
really a rule but rather lack of a rule, but .the same irregula-
rity can be seen in other investigations. Rule 2a (b and g are
often confounded after rounded vowels) is only partly confirmed;
velars are often heard as labials in Halle's and Householder's
material, but not often vice versa.

' Rule 2b (d is often heard correctly after rounded vowels;
if not, it is heard as b) is true of long vowels in Householder's
material, after short vowels t is heard either as p or k.

It can be concluded that whereas the absolute number of
mistakes is evidently dependent on the precision with which the
speaker articulates, the relative number in different combina-

tions is subjected to some more general tendencies which are



not in agreement with Delattre's hypothesis, and that there

are also certain common traits in the type of mistakes made.
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TAPE CUTTING EXPERIMENTS WITH DANISH STOP CONSONANTS IN INITIAL
POSITION

Eli Fischer-Jgrgensen

l. Introduction

The experiments described in the present paper were in-
spired by the perceptual tests with stop consonants carried out
by the Haskins group in the early fifties (e.g. Liberman et al.
1952, Cooper et al. 1952, Liberman et al. 1954) and by the tape
cutting experiments of Carol Schatz (1954). I decided to work
with natural speech, not only because we had at that time no
synthesizer in Denmark, but also because it migh; be of inter-
est as a necessary supplement to the work with synthetic speech.
Most of the experiments were carried out in 1954-55, but they
were supplemented at some points in 1972 (particularly con-
cerning removal of explosions and transitions of bdg). The
purpose was to find out what part of the acoustic sequence,
bursts or aspirations and transitions, was the most important
for the perception, and I wanted to use at least three differ-
ent vowels, because I had a suspicion that the results might
differ for different vowels. Some of the results were mentioned
very briefly in a paper on the commutation test (1956), but a
more detailed report has not been given until now. In the mean-
time others - and particularly the Haskins group - have worked
with similar questions, but the results of the present experi-
ments may still be of interest; not only because of the specific
information they give about a language of the Danish type, but
also because they throw some light on more general problems,
particularly the importance of vowel transitions and some aspects
of the locus theory.




05

2. Material and listeners

2.1l. The material

The material consisted of Danish words with initial stop or
fricative consonant followed by either a,i or u, viz. the words
[pane, tane, kane, kalé, bans, dans, gale, bas, das, gas, pi:ls,
ti:le, ki:ls, kile, bile, dils, gils, pu:s, tu:s, kuse, bu:s, du:s,
gu:ls, - fanan, sans, hans, hals, fi:ls, si:le, hi:ls, hila, fu:s,
sute, hute, hu:ls]. They are all existing Danish words, with
the exception of [hi:les]; two cases ([hane] and [ti:le]).are names.

The tests with fricatives will 6n1y be mentioned here in so
far as they form part of the investigation of stop consonants.
Only initial consonants were investigéﬁed, since Danish ptk
and bdg are only distinguished in syllable initial position.

The words were spoken by me on tape several times, so that
typical examples could be chosen for the tests on the basis of
'spectrograms. Two or three examples of each word were used in
the test.

Fig. 1 shows schematic spectrograms of the stop consonants
used in the teét including the transition part of the following
vowel. It appears from the figure that Danish ptk are strongly
aspirated, and that t is affricated (more so before close than
before open vowels, and particularly before i). It is possible
to distinguish burst (in the following called explosion) from
aspiration in p and k, and often explosion, fricative phase (with
high frequency noise) and aspiration phase in t,.e.g. in ta.

But the two latter segments were not separated in the experiments,
and they will be combined under the designation "aspiration" in
this report. It may be difficult to separate the explosion of t
from the following fricative phase, but in my pronunciation it is
possible. The explosion is somewhat lower in frequency than the
fricative phase and very weak. It should be borne in mind that
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in languages where t is unaffricated, a segmentation into a re-
latively short explosion noise (corresponding in frequency to
the fricative phase of Danish t) and an aspiration phase (or
nothing, if the consonant is unaspirated) will be more natural,
and the removal of the explosion will not give the same result
in these languages as in Danish. The duration of the aspira-
tion in the words with ptk utilized in the experiment was (in
ms) pa 60-80, ta 70-85, ka 60-70, pi 50-75, ti 75-90, ki 60-70,
pu 55-70, tu 70-75, ku 55-65. The duration of the open interval
in the words with bdg was (in ms) ba 5-10, da 10, ga 10-20, bi
10, di 10-15, gi 15-20, bu 10-15, du 10-15, gu 10-20. Exchanges
of explosions may have involved small changes in the open inter-
vals of bdg, of 5-10 ms, but this has hardly influenced the
identificationbof the place of articulation, and the differences
were too small to influence the distinction between ptk and bdg.

There is very little transition to be seen after ptk because
most of the movements of the speech organs from the consonant to
the vowel take place during the aspiration phase (this is clearly
seen, e.g. in tu). After the strongly affricated t in ti there
is, however, a pronounced transition of F3, because the constric-
tion of the vocal tract continues during the fricative phase, so
that the movement to the vowel starts later than after p or k.
Danish i is very. fronted, so that the front cavity may become
responsible for F3, and this formant shows often more extensive
transitions than FZ' The velars are more strongly influenced by
the place of articulation of the following vowel than in English;
for this reason there are hardly any vowel transitions in i and
u after velars. ‘

The fact that bdg are voiceless simplifies the cutting ex-
periments.

The experiments consisted in removal of explosions, aspira-
tions and transitions, and exchange of these segments, but always
before the same vowel (in this respect the tests differ from
those of Carol Schatz). All'cutting and splicing was done by
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hand in 1954. For the supplementary test in 1972, some cutting
was done by means of an electronic segmentator, but the'splicing
had to be done by hand anyway; Some cuttings done'by hand were
repeated by means of the segmentator. The two methods gave the
same results. In all cases the cutting was sharp. Spectrograms
were taken before and after each cutting and splicing.

The test played in 1954-55 consisted of 500 different items,
the supplementary test 1972 contained 92 items. There were, how-
ever, only 1—3'examp1es of each single phenomenon (e.g. b-explo-
sion removed before i), and the results must therefore be taken
with some reservation. It would also have been'preferable to have
more than one speaker. ‘But 592 words and 21 (20) listeners gave
12,340 answers, and without access to a computer the processing
was rather time consuming.

2.2. Listeners and testing procedure

Each word was repeated three times on the test tape with
half a second between the repetitions, and there was a pause of
five seconds before the next test word. The tape was played
over a loudspeaker in 1955 to a group af 21 listeners and over
headphones in 1972 to a group of 20 listeners. They were all
phoneticians or dialectologists. The listeners were asked to
identify the words as existing (or at least possible) Danish
words, and to make a note if they found the pronunciation ab-
normal. It has not been possible to find any differences in
the answers indicating that the frequency of the word or even
its existence played a role. On the contrary, although the
subjects were asked to use normal Danish spelling, they sometimes
made spelling mistakes showing that they had heard a Danish pho-
neme sequence and written it down in a way which was possible
according to Danish spelling rules, but not the one used for
the word in queétion.




109

In a certain number of cases they indicated that ptk were
unaspirated. Less sophisticated listeners would probabiy have
written bdg instead (cp. the paper on the identification of
foreign stops by Danish listeners in this volume). But the
answers given in this test have the advantage of giving some
indication of cues that may be used in distinguishing voice-
less bdg from unaspirated ptk.

Unfortunately there was some low-frequency noise on the
tape on which the test words were recorded in 1955, but none
on the tape used for intervals betweén the words. This had
the result that the listeners sometimes heard an h or an f
(particularly before u) where an initial consonant had been
cut off, whereas the listeners to the supplementary test in
1972 more often heard ? or nothing.

3. Results concerning the distinction between ptk and bdg

In this section we are only concerned with the distinction
between the two categories ptk and bdg, and not with possible
mistakes in place of articulation within these two categories.

3.1. Identification of bdg after removal of explosions and/or

transitions

In Table I the percentual identifications of bdg before i, u
and a are indicated for four conditions: (1) unchanged, (2) both
explgsion and transition removed, (3) explosion removed, and (4)
transition removed. The same is given in graphical form in Fig. 2.
There were 6-9 different examples in each case, and as there were
20 or 21 listeners, the possible number of answers reach from 120
to 189. The actual numbers are indicated in the table.
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TABLE I 1

Identification (in %) of bdg, unchanged and
after removal of transition and/or explosion

1 a \—1 b
ptk bdg x ptk bdg x ptk bdg x
N N N
l.+ex.+tr.
BVV 144 | .« .22 1 (186 ] 1 gg 1l (186 ] - 21 3
2.-ex.-tr.
(BV)V 180 |11 14 _§§ 140} - 149911834225 Tk

J.—ex.+tr.
(B)!V 144°1.1: .48, 51 ‘1186 | 3. 86. 1) 1862 56> 42

4.+ex.-tr. 4
B(V)V 120v = 97 3 1183 2 42 56, .1120] :=. 9% 9

(1) bdg are identified almost 100 % correctly in the un-
changed words. Most exceptions are due to one example of
[bu: e lwith very weak explosion, which has sometimes been heard
as tfu:a] because of the noise on the tape, and to one example
of [dile], sometimes heard as [gile].

(2) If both explosions and transitions are removed, no
stop consonant is heard before a, and only a small number before
the other vowels. 25 % before u is however somewhat surprising.
The consonant heard here is always b, and most examples belong
to three individual words from the supplementary test, where
the cutting has produced a slight click.

l) Here and in the following tables and figureé the following
abbreviations are used: B = bdg, P = ptk, V = vowel, V = vowel
transition, H = aspiration, x = 0,?, h or £, () = removed,

/ = splicing between sounds from different words.
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identification of bdg aofter removal of explosion




(3) 1If only the explosion is removed, there are still 86 %

bdg-answers before a;, but less (about 50 %) before i and u, with
some differences according to the consonant. In the words with
di and gi there were fewer consonant-responses than in the words
with bi, bu, du, gu. (We will return to this question in sec-
tion 4).

(4) If only the transition is removed, and the explosion

moved so as to join the vowel, we find the opposite result: more
than 90 % bdg-responses before i and u, and only 42 % before a.
If bdg-explosions are substituted for ptk-explosions + aspiration
the situation is almost ®' the same, since the vowels have very
little transition after the aspiration. The results are also the
same for i and u (100 and 90 % bdg-answers). The percentage bdg
before a is 43 % (almost as in (3)), but instead of zero there
‘are 50 % ptk-answers. We will return to this question in 3.7.

On the whole, the result of these tests is that the transi-
tion is sufficient to identify a consonant of the bdg-category
before a, but not in all cases before i and u. On the other
hand,the explosion is sufficient before i and u, but not before
a.

In a separate test the listeners were asked to identify
isolated transitions as syllables. These short syllables (40 -
80 ﬁs) might be expected to be more difficult than words with the
initial explosion cut out. a-transitions gave also a smaller
number of bdg-responses, but u-transitions and (to a lesser ex-
tent) i-transitions gave more bdg-responses than whole words
without explosions. The u-transitions were somewhat longer than
the others.

The results are given in Table I a.
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TABLE I a

Identification of stop consonant on
the basis of isolated bdg-transitions

| =
IR
(=

N ptk bdg x N, ptk bdg x N, ptk bdg x
i L L w63 30 P BAl e TP cAL ber) s 6L ae

3.2, Identification of ptk after removal of explosions
“and/or aspirations

In table II and in Fig.3 the perceptual identification of
ptk before i, a and u is indicated for four conditions: (1) un-
changed, (2) both explosion and aspiration removed, (3) explo-
sion removed, and (4) aspiration removed. The same is given in
graphical form in Fig.3. There were from 3 to 9 different examples
of each case, and 21 listeners, which gives from 63 to 189 an-
swers, as indicated in the table.

TABLE II

Identification (in %) of ptk, unchanged
and after removal of explosion and/or aspiration

i g 2
N ptk bdg x N Ptk bdg x N ptk bdg x
l.+ex.+asp,
PHV 126 99 - ) § 189 88 . - 2 126 | GO0 7 5
2.-ex.-asp(
(PH)V 63 potire 4 M 6 63 6L’ X7 . 22 63 2. 83 33
3.-ex.+asp;
(P)HV 63 | 100 - e 126 ] 2 189 74 Rs
4.+ex.-asp, ‘-
P(H)V 63 - 97 3 63 27.: 79 3 63 = 100 g
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Fig. 3. ldentification of ptk, unchanged and after
removal of explosion and/or aspiration.
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(1) Unchanged words are heard correctly in almost 100 %

of the cases. The very few exceptions concern the word
[kanse], sometimes heard as [pans]. "

When both explosion and aspiration are present, the start
of the following vowel is not very important. Substitution of
ph, th and kh for bdg + transition has been tried before a
only. The result was 93 % ptk. Substitution of ph, th, kh
for bdg-explosions (i.e. with the transitions retained) before
i and u gave almost the same result (97 %), when one example
is kept aside, namely kh for g in gglde, which gives only 52 %
k. (This k had a rather weak aspiration, and ga had a strong
transition). ph, th, kh can also be identified in isolation.

(2) When both explosion and aspiration are removed, the

result is in most cases zero before i, as might be expected,
‘but there are 65 % bdg-answers before u (almost exclusively b),
and before a there are 61 % p-answers and 17 % b-answers. An
. abrupt vowel start without pronounced transition is often inter-
preted as labial + vowel.

The labial seems to be the most neutral of the stops. ( See
also the paper on unreleased stop consonants in this volume ).
But a labial before an i involves an extensive transition of
F2 or F3,and it is understandable that no consonant is heard

when such transitions are absent. There are also more b-
answers before u than before i when both explosions and transi-
tions are removed from words with -bdg (see 3.1), though the
difference is less pronounced in this case. The problem of
p-answers before a will be tréated in 3.7.

(3) If only the explosions are removed, the words are
still heard as starting with ptk in 90 % of the cases. And
if one example of pu with a very weak aspiration is kept apart,
the percentage ptk-answers is 97. This means that the aspira-
tion is sufficient for the identific??ion of the ptk-category.

(ka is heard as pa, however).
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(4) If only the aspiration is removed, and the explosion
moved so as to join the vowel, the normal response is bdg, with
a few exceptions before a.

The conclusion is that the aspiration is very important,
whereas the explosion without aspiration is not sufficient to
evoke ptk-responses. ‘

3.3. Pause or aspiration noise?

The question may be raised whether a pause between explo-
sion and vowel start is sufficient for the identification of
ptk, or whether aspiration noise is necessary.

In order to investigate this question, the aspiration was
removed in some cases and the explosion placed at a distance
of 60-70 ms from the start of the vowel. The results are'given
in table III.

TABLE III

Identification (in %) of
ptk-explosion + pause + vowel

i |63 38 29 33
a |63] 65 28 7
u | 63| 33 41 26

aver. 45 33, .22

A comparison with table II, 4 shows that the introduction
of a pause of 60-70 ms between exglosion and vowel start in-
creases the ptk-responses considerably, but there is also an
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increase in zero-responses, and a majority of ptk-answers is
only found before a. Before i and u the answer depends on
the consonant-vowel combination. i, ki, ku have 62 % ptk-
answers, pu, tu, ti only 10 %. This means that, on the whole,
the poorest ptk-identifications are found with consonants
having a weak explosion and requiring a strong aspiration in
normal speech (tu, ti), - whereas consonants with stronger
explosions and a normally weak aspiration (ku, ka) are identi-
fied more easily as ptk under these conditions. 1In ki the
strong explosion may be the only cause for the good identifi-
cation.

The general conclusion is that a simple pause is not
sufficient for the identification of Danish ptk.

Before u a distance of 30 ms was also tried out. Although
60-70 ms should be the optimal distance, there were, on the aver-
age, almost as many ptk-answers when the distance was 30 ms
(36 %). This apparent similarity is, however, due to an in-
crease of pt-answers and a decrease in k-answers accompanied by
an increase of g-answers. The explanation is probably that if
weak explosions (as in pu, tu) are removed far from the vowel,
tﬁey do not fuse with it to form a syllabic unit, and sometimes
they are not heard at all.

3.4. Aspiration noise replaced by fricative noise from f£,s,h

In order to see how critical the type of noise is, an ex-
periment was carried out consisting in replacing the aspiration
noise by approximately 50 ms fricative noise cut out of s, £, h
taken from the.same vowel environment; £ from fi was thus sub-
stituted for the aspiration of pi, ti, ki etc.

The results are given in table 1IV.
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TABLE IV

f, s, h substituted for aspiration

in ptk (answers in %)

N Ptk bdg affr. X

£ 63 |49 |9 13 | 29
s | 63 | 99 " 1 -
h|63 |8 [13 | - 7

It can be seen from the table that s-noise evokes the
highest number of ptk-answers, f-noise the lowest number. It
should be remembered that in this section we are not concerned
with the place of articulation, only with the difference be-
tween ptk and bdg. As a matter of fact s-noise gives t-re-
sponses in 92 % of all cases. - Without a preceding explosion
an abruptly starting s-noise of 40-70 ms is heard 100 % as t.
The explosion is thus of no importance here.

As for the effect of f-noise it depends chiefly on the
following vowel. There are 8l % ptk-answers before u and only
34 § ptk-answers before a and i. The lower part of the f-
noise is apparently related to the aspiration noise before u.
Differences according to preceding consonant are less pro-
nounced. The highest percentage is reached after k (68), the
lowest after t (30), probably because a stronger explosion is
needed, when the noise of the aspiration is not quite appro-
priate. The extremes are k/f/u (95 % k) and t/f/i (O % ptk).
‘p/f/u gives only 71 % pu (the other answers are fu and pfu).
Abruptly starting f-noise without explosion gave f£ in almost
all cases. The noise is apparently not strong enough to give
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the impression of a stop consonant until just before the vowel
(25 ms £ gives Q); h substituted for aspiration noise gives ptk-
responses in most cases, the exceptions are k/h/i and t/h/i, 4
which are heard as gi, because they require a stronger noise.

An abruptly starting h without preceding explosion may be
heard as p before a, but before i and u it is rarely heard as
a stop.

3.5. The importance of the duration of the aspiration

A certain number of test words, both words with initial
Ptk and words with initial fricatives, had been cut off at
d}gferent distances. from the vowel start; but the number of
examples is not sufficient and the cutting points not suffi-
ciently parallel to allow precise conclusions. Shortening of
the aspiration with retained explosion has not been tried. If
my tests had been conducted after the appearance of the papers
of Lisker and Abramson on VOT-value, I would have given more
consideration to this problem. Moreover, cutting of natural

sounds will give less clear results than synthetic sounds, be-
cause the aspiration noise is not homogenous in the time domain.
The noise has, for instance, very often increasing intensity in .
pa and (rather suddenly) decreasing intensity in ta. And if the
cutting point lies after the fricative phase of ta, the result
is pa.

As mentioned above, only short durations of f-noise give
stop-answers. Durations of 75,70 and 50 ms give f-answers, 15,
20 and 25 ms give b-answers for fi and fa, but f for fu. (Here
the noise of the tape may have played a role). = Cuttings of
h give very irregular results, from which no conclusions can be
drawn.

The fricative s and the stop consonants give relatively
clear results, but the number of examples are too small. 1In
table V the answers of the majority for each consonant and dura-
tion is given. Underlining indicates a majority of more than
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90%. - The answer f for pu is due to an example with very weak
aspiration. :

TABLE V

Answers to p, t, k and s cut off at
different distances from the vowel start

10 15 20 25 30135 40 45 50 60 65 70 ms
|
pi g . 2
pu g : £ £
|
pa ] P P . P
|
ti d {7 t £
tu d £ t t t
ta : t t Eivk
|
ki g/0 | k k
ku b/f : P k k
ka  k p/k k
|
si d ; k
su d ; t ol
sa- d : t
1

In spite of the restricted number of examples a pretty
clear. dividing line appears between 30 and 35 ms for g/k and

between 25 and 35 ms for b/p and d/t. This is in complete agree-
ment with the results from identification of foreign stop con-
sonants by Danish listeners (see the report in this volume). But
alghough a dividing line can be found for the majority of an-

swers, there are still ptk-answers at much shorter VOT-values
(see 3.7).
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3.6. Influence of explosion type (ptk or bdg)

The explosions of ptk and bdg are not very different. The
only relatively stable difference seems to be that the explo-
sion of k is somewhat stronger than that of g and that the ex-
plosion of t is somewhat weaker and lower in frequency than
that of d. .

Thus it is not astonishing that it makes no great difference
to the identifications whether the explosions belong to one or
the other type. Other cues are much stronger and override the
small differences which may exist between the explosions.

This appears from a great number of identifications, which
are combined in table VI. The exampleé are ordered in comparable
pairs, where the only difference lies in the explosions. Only
ptk- and ggg—ansﬁers are included, not zero, h etc.

TABLE VI

Comparison between answers (in %)
to stimuli with ptk- and bdg-explosions.

N ptk bdg
la BVV 516 =, .28
1b P/(B)VV | 189 4 96
2a PHV 441 | 99 =
2b  B/(P)HV | 189 | 98 -
3a P(H)V 189 7 90
3b B/(PH)V | 189 | 17 78
-4a P/£/V 189 | 49 9
4b B/f/V 231 3 5 11
5a P/s/V 189 929 -
5b B/s/V 189 92 -
6a P/h/V 189 | 80 16
6b B/h/V 231 | 8o 11
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It is evident from the responses listed in table VI that
the type of.explosion has been without any influence. The same
appears from three other cases (all with 126 answers), viz. (1)
substitution of aspiration for transition in bdg-words, which
gives 99% ptk-answers, (2) substitution of transition for aspi-
ration in ptk-words, which gives 100% bdg-answers, and (3) aspi-
ration placed before the transition in' bdg-words, which gives
98% ptk-answers.

In all these cases the difference between the explosions
has been overridden by the strong cue: aspiration/lack of aspi-
ration, or there has been fricative noise.

If there is only a pause between the explosion and the vowel
start, the type of explosion has some effect. As mentioned in
3.3., some of the stimuli consisted in explosion noise + pause
+ vowel. If ptk-explosions are replaced by bdg-explosions in this
context, there is a small decrease of ptk-answers. It has, how-
ever, only been tried before the vowel u. The results are given
in table VII.

TABLE VII

Substitution of bdg for ptk before

pause with aspiration removed. (Answers in %)

N ptk bdg X

l. 60-70ms P-(H)u 63 33 41 26
pause B-(PH)u 63 19 37 44

2. 30-40ms P-(Hu) B3 il 537 49 14
pause B- (PH)u 63 33 33 33
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The difference is appreciable only with the longer pause,
and here it is only due to the difference between g and k. In
the case of the shorter pause, both p- and k-explosions give
some more ptk-answers than b- and g-exélosions, but for d/t
the opposite is the case.

If the explosions in words with bdg are moved the same
distances away from the vowel,there are more bdg-answers, but

this depends primarily on the character of the vowel start (see
3.7.).

3.7. Importance of the vowel start

Aithough stimuli with a short open interval are normally
heard as bdg, there is a good number of cases with ptk-answers.
They are somewhat more common with velars than with alveolars and
labials. This may be due to the stronger explosion of velars,
since cases without explosion show the same number of ptk-an-
swers for alveolars and velarsMuch more evident is a difference
according to the nature of the following vowel: ptk-answers are
almost exclusively found in words with a and hardly ever in words
with i and u. Finally ptk-answers are only found in cases where
an aspiration has been cut off, not in cases where the vowel ori-
ginated from a bdg-word. In table VIII ,and in Fig.4 the different
types of stimuli without aspiration are indicated with the per-
centages of ptk- and bdg-answers (only the stimuli with a are
considered, since the others show none or at most 3% ptk-answers).
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100.{. 100:1/. ey
1.(PH)a ! 4.(Ba)a
; 1
50 50 -
1 1
0 0
P B X P BX
1001/' 1002
2.P(H)a ~ 5.B(2)a -
50 - 50 - I l
E 4
0. 0.
P BX P BX
1004 100 1
3. 8/P(H)a 6.(B)aa 1

PBX

7.P/(B)aa

50 1 : 50 - %
0- e

P BX

Fig. 4. Answers to stimuli with the vowel a without
aspiration, 1-3 in original ptk-words,
4-7 in original bdg-words.
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TABLE VIII

Answers (in %) to stimuli with the vowel a

without aspiration. 1-3 original ptk-words,

4-7 original bdg-words.

N ptk bdg b
1. (PH)a 63 61 17 21
2. P(H)a 63 22 73
3. B/(PH)a| 63 50 43
4. (Ba)a 140 - 1 99
5. B(a)a 183 2 42 56
6. (B)aa [186 3 86 11
7. P/(B)aa|186 5

It appears from table VIII that only the cases where an aspi-
ration has been removed show a considerable number of ptk-answers,
whereas the number of ptk-answers is insignificant ifzthe vowel has
followed a bdg-stop. A comparison betweeh e.g. 3 and 7 shows that
the explosion is irrelevant (there are 50% ptk-answers after a bdg-
explosion, and only 5 after a ptk-explosion). The duration of the
open interval is at most 35 ms.A closer inspection of the words
with velars shows the intervals 20 ,25 and 35 ms in the words with a
majority of k-answers, and 10, 25, 30 and 35 in words with g-an-
swers. Thus, the difference in the responses cannot be due to dif-
ferences in open interval. Moreover, in (1) there is no explosion,
and consequently no interval.

Two other explanations are possible: (a) The presence of transi-
tions favours bdg-answers, whereas lack of transitions or rudimen-
tary transitions favour ptk-answers. This would also explain why
only the vowel a is involved. F; of a has a more pronounéed transi-
tion than F; in i and 4,and these may be necessary for the identifi-
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cation of bdg. However, this explanation is hardly sufficient.

It is true that (1), (2) and (3), which have many égg—
answers, are characterized by very rudimentary transitions be-
cause of the original aspiration, and that, on the other hand,
(6) and (7), which show a majority of bdg-answers have full
transitions. But (2) has a majority of bdg-answers in spite of
its very slight transitions, and in (4) and (5), where the -
transitions have been removed altogether, there are no ptk-
answers, but (in 5) some bdg-answers.

(b) The ptk-answers in (1-3) must therefore be due to a
different cue in the vowel start. An inspection of spectrograms
revealed that the vowel start after aspirated stops, particu-
larly in the vowel a, is more irregular than after unaspirated
stops. There are often one or two vibrations at a very low fre-
quency before the start of the first formant, and at the same
time there may be noise at the frequency of FZ_F4' and these
formants may continue to be somewhat noisy after the start of
the first formant. This can be explained physiologically by the
fact that the vocal chords are wide open at the explosion and
may start to vibrate before they have reached complete closure.
The early start may be more frequent before open vowels than be-
fore close vowels because the free passage in open vowels will
cause the pressure above the vocal chords to drop more quickly.
In Danish bdg, on the other hand, the vocal chords are close to~
gether already at the explosion, and a breathy start should not
be expected (see Frgkjar et al. 1971).

The hypothesié that this vowel start is of importance for
the identification is corroborated by a closer inspection of
(1) and (2) and of individual examples of (2). At first sight
it seems paradoxical that there are 61% ptk-responses to stimuli
where both explosion and aspiration have been removed, and only
27% ptk-responses to stimuli where the explosion has been retained.
But the cuts were slightly different in the two cases. In the
latter case the cuts were closer to the vowels, in the former the
cuts were placed a little earlier, and the irregular start with
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low frequency vibrations was retained. Moreover, besides the
examples with the cut close to the vowel, experiment (2) con-
tained two other examples of the same words where the cuts were
placed 15 ms earlier in ta and 10 msearlier in ka. This addition
of 15 and 10 ms changed the responses drastically.The ptk-answers
for ta were changed from 19 to 43% and for ka from 52 to 95%. The
same words were cut 20 ms later with the result that the ptk-an-
swers decreased to 14% both for ta and ka. (Only the words with
the middle position of the cuts were includéd in the averages).
The spectrograms (Fig.5) of the three different cuts show that it
is not a question of vowel transitions. There are no transitions
in the examples (c) heard as bdg by the majdrity of the listeners.
- The very start of the vowel thus seems to be crucial.

In about half of the cases of ptk-answers to stimuli with re-
moved aspiration, the subjects designatéd the consonants as unaspi-
rated ptk, not normal Danish ptk-sounds. An inspection of some
spectrograms, however, did not reveal a similar start of the un-
aspirated French and Dutch stops. Probably the glottis is less o-
pen in unaspirated stops than in aspirated stops, and a breathy
start of the vowel is less probable, cp. that Slis and Damsté
(1967) have found a wider glottis opening in voiceless fricatives
than in voiceless stops in Dutch, whereas no such difference is
seen in Danish.

The stimuli with pause between the explosion and the vowel
are of interest in this connection. Unfortunately only words with
u and i were used both with ptk- and bdg-stops and substitutions
of bdg-explosions for ptk-explosions was only tried with u. But a
comparison of individual words confirms the influence of the vowel
start for these vowels, although less clearly than in the case of
a. The answers are given in table IX. The alveolars are left out
because the very weak t-explosion is only able to evoke a few ptk-
responses under these conditions.




(b)

(c)

Fig. 5. Spectrograms of [t(h)ane] and [k(h)ana] with aspiration cut
out (female voice, played at half speed, with expanded scale):
{a) cut at start of vibrations: I, 43% ptk, 48% bdg:1l, 95% ptk, 5% bdyg.
(b) 15 and 10 ms more cut off:1,19% », 81% © ill, 52% ~ , 48% " .
(¢) further 20 ms cut off : 1,14% =, 81% ¢« iIl,14% * , 57T% * .
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TABLE IX

Answers (in %) to different types of words

with pause (60-70 ms) between explosion and
vowel start (N=21)

ptk bdg X ptk bdg X
p-(h)i 71 5 24 k-(h)i 43 38 19
p-(b)i 52 48 - k-(g)i - 95 5
b-i 43 57 - g-i 19 76 5
p-(h)u 9 48 43 k=(h)u 71 29 -
b-(ph)u 14 29 .57 g-(kh)u 38 38 24
b-u ;- 81 19 - g-u 29 62 9

The answers to the words with i show that stimuli with ori-
ginal aspiration have a relatively high percentage of p- and k-
answers, and words without original aspiration have a relatively
high percentage of bdg-answers, whereas the ‘difference in explo=~
sion type is almost irrelevant.

The words with u show that a high percentage of bdg-answers
is found only in words without original aspiration, and that the
explosion type has some effect for the velars (k is stronger than

q).
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4, Identification of place of articulation

4.1. Identification of place of articulation in bdg

4.1.1. Identification of unchanged bdg

In 3.1. it was mentioned that the identification of un-
changed bdg-words was almost 100% correct, as far as the ca-
tegory of stops was concerned. As for the place of articula-
tion, it is 100% correctly identified for b and g (there are
a few f-answers for b), for d it is correctly identified in
92% of the cases. The mistakes for d are: 2% p before a, 6%

b before u, and 17% g before i. The number of answers were 165
for b and d, and 186 for g.

4,1.2. Identification of bdg-words after removal or exchange

of both explosion and transition

A. It was mentioned in 3.1. that when both explosion and

transition are removed the most common answer was zero or ?.

There were, however, a certain number of bdg-ansﬁers. The place
of articulation heard in these cases is indicated in table X.1

1) Here, and in the following tables, a few ptk-answers are
included in the bdg-answers, since only the place of ar-
ticulation is relevant. x covers 0, ?, and sometimes h
and f. Since the f-answers were caused by noise on the
tape they are not counted as correct answers for labial
place of articulation.
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TABLE X

Identification (in %) of place of articula-

tion after removal of explosion and transi-
tion

{

fi=
[
I

N pbypd g % |IN |'b agPFelgflb 4. g%
DIV L 60 =T B aT100 60 | 302 T3 fae ] 3 0 2. el
(Vv | 40| 3 = «-97160| 8 4 S|83fex}33 & Sugl
W)V do’] « "= "2 1007160{23 ' 4 5|J8} 8L}A8 ' - <83

It appears from the table that in the cases where a stop
consonant is heard it is in most cases a labial, irrespective-
ly of the place of articulation of the consonant removed. Most
b-answers are found before u, and hardly any are found before
i. This problem was discussed in 3.2., where the hypothesis was
advanced that an identification of a labial before i would pro-

bably reqhire a transition of F2 or F3.

B. Interchange of explosion + transition was tried before
i and u only,with one example of each (i.e. 21 answers). As might
be expected, the substituted unit determines the identification

in 100% of the cases, except for du (EE) where the percentage is
95.

4.1.3. Identification of bdg-words with removed explosion

The results of presenting bdg-words with removed explosions

to the listeners are given in table XI and in graphical form in Fig.#§
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TABLE XI

Identification (in %) of bdg-words
after removal of the explosion

[
I
e

N B8 g% FNCled g g RN b :d g
(HOVE: [ 621871 'S ~ “BlA2|86 - @14 62( 52 aiua
(A)vv | 62|24 10 - 648231 60 - 9|62]| 44 40 -
(g)vv [ 61 8 - 12 80|62|19 7 64-10|62| 29 - 7

The table and Fig.6 show that when the vowel is a, it is
in most cases possible to remove the explosion and still get
correct answers. Before i only b is heard correctly, before u
b and d are recognized in about 50% of the cases, whereas g
cannot be identified. '

If the transition is cut out of words and presented alone,
it is still possible to hear stops in many cases. The results
are given in table XII.

TABLE XII

Identification (in %) of transitions
cut out of bdg-words (N=40)

|
o
Ie

b- ¢ g «% - b d: G- %o b Eigi 8
(b)V(V) 90 - - .10 70 - - 30 82 ~- 5 13
(d)V{V) 42 = -3 55 15 38 % 3:47° 25 60, =.'18
(Q)V(V) 7 3 43 47 12 3 45 40 45 -
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A compérison with table XI shows certain deviations.
da and ga are perceived less correctly, bu, du, and gi bet-
ter than in words. This I cannot explain. Perhaps short
transitions are heard better in isolation.

On the other hand the agreement is quite good between
the test with removal of explosions in words and the test with
unreleasedkggg (see the report in this ;olume). In table XIII
the two tests are compared. The percentages given for unreleased
bdg are averages of the VC and the CVC test.

TABLE XIII

Comparison between correct identifications

of words with removed initial bdg and words

with unreleased final bdg

(b)i 87 i(b) 91 (d)i 10 i44) ; 35 {grd .22 idg) . 45
(b)a 86 a(b) 69 (d)a 60 a(d) 57 (g)a 64 a(g) 89
(b)u 52 u(b) 56 (d)u 40 u(d) 90 (g)u 7 u(g) 51

On the whole, the identification is better in final than
in initial position. This is not surprising since the open in-
terval of 10-30ms in initial bdg cuts off part of the\transition.
Both finally and initially b is identified more correctly in com-
bination with i and a than with u, d more correctly in combina-
tion with u and a than with i, and g more correctly in combina-
tion with a than with i and u.

As for mistakes, the number of zero-answers is greatest in
the test with initial bdg. In most of the remaining mistakes a
labial was heard. This was also the most common mistake in the
test with final unreleased stops, but in some cases b was heard
as g after a rounded vowel.
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4.1.4. Identification of bdg-words after removal of the
transition

°

The result of removing the transition in bdg-words is
seen in table XIV and in Fig. 7.

TABLE XIV

Identification of bdg-words after

removal of the transition

Ay

[
o
s

N b d g x|N b d g x|N b 4 !

b(v)v | 4070 8 10 12 |61|18 - - 82|40 |82 - - 18
d(v)v | 40| - 80 20 ~-|61|23 21 - 56|40|60 35 - 5
g(v)v | 40|13 5 82 -|61|25 - 44 31|40| 5 - 90 5

A comparison between Figs. 6 and 7 shows striking differen-
ces between the results of removing the explosion and of remo-
ving the transition. In the first case all consonants were i-
dentified pretty well before a, in the second case they are
identified most poorly before a. The opposite is true of i and
u, except that bi was also identified well without explosion,
and du is not heard better with explosion than with transition.
The percentages of correct identifications for the different
vowels with removed explosions are: a 70%, i 36%, and u 34%,
with removed transitions a 24%, i 77%, u 69%.

A glance at the schematic spectrograms in Fig.8 will give
an explanation to these differences. In ba, da, and ga the transi-
tions are clearly different, and the explosions very similar.
Therefore the transitions are more important for the perception,




b(v)Vv

Fig.7.

136

a u
: % % %
100 §00 + {00 -
SOI 50 *50
0 - o-] 0 -
bdgx b dgx b dg x
% Y% °
100 — o0 4 {00
o
:
J
50 — 50 [ 50
p
o] 4 o_% 0 -
b d g x bdgx b dgx
% % %
{00 A 00 {00 4
50 - 50— 50~
4 : 4
- - J
E - g
OJ 0 - 0 -
bdgx b dg x bdgx

Identification of bdg + iau after removal

of the transition.
V = transition, X = 0 (h, f)



131

e ol (1) -explosion
¢ L5 il ) . i a u
| b b
R l () [o] 4 [p]d
| | o l
11 : y
~ s (2) -transition
b i ba bu i a u
(b). b el
KHz
¥ (d) = d Q]
- P . (g) g g/[__Q] g
e
3 |/"'
o - (3) exchange of explosion
i - decisive for perception:
: N explosion
\\ O transition
s ’_ ‘ O neither
o i a u
e yt ld) b @ @
sy u blg) b b@ b
‘ i “d/(b) ®
3 | — V.. d/(g) d ® (0]
3 ’ - r g/td) g (B g
P - g/ld) g g
21 e '\
14
o ~ ‘: «~=only 50-70% majority
g ¢4
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and the words can be identified without explpsions but not
without transitions. In bi the transition of the third for-
mant is very pronounced, and therefore bi is heard correctly
without explosion. But the explosion (which is somewhat lower
than in di and gi) also gives a fairly high number of correct
answers without transition. The transitions in i after 4 and
g are very small, therefore when the explosions are removed
no consonant is heard. On the other hand the explosions are
sufficiently different to be decisive (the g-explosion is of
longer duration than the d-explosion).

As for ‘the vowel u, it has hardly any transitions after
b and g. Without explosions they are therefore heard as zero
or as b; d has a clear transition of F,, but as the formant is
rather weak, it is not quite sufficient to allow identification.
The transition is, however, of some importance, and when it is
cut out,"d is mostly heard as b. The explosion of g before u
is quite different from that of b and d (it is much lower) and
it is therefore sufficient for the recognition of gu. The ex-
plosions of b and d are very similar, and without transition b
is the most common answer in both cases.

The place of articulation of isolated explosions is rarely
identified correctly. The percentages of correct identifications
were: 29% for g(u), 33% for b(i), 30% for d(i), the rest were be-
low 12%.

4.1.5. Interchange of explosions and of transitions

When both explosions and transitions are present, but one
of them taken from a different consonant, it is possible to throw
more light on their relative importance.
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A. Interchange of explosions

The result of interchanging explosions in bdg-words is
given in table XV and in graphical form in Fig.9.

TABLE XV

Identification (in %) of bdg-words after
interchange of explosions (N=21 for i and

a, 42 for u)

|+
v
s

b d g x| b 4 g x| b 4 g x
b(d) | 71 24 5 =-| 5 95 - -|33 64 - 2
b(g) | 80 10 10 =-|57 5 38 ~-|8 - - 14
d(b) -100 - =-[100 - - -[68 10 = 21
d(g) - 76 24 ~-| - 19 8 =-[95 5 - =
|
| g(b) | 29 10 57 5|76 10 14 ~-| - =100 -
g(d) - 10 9 - ~ 8 19 =-| - 29 71 -

It is possible to summarize the results in a few simple

rules:
(1) Before i the explosion is decisive
' (2) Before a the transition is decisive, except for b(g)

(3) Before u the results are different according to the
individual combinations.
These rules are given in schematic form in table XVI
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y a u
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Fig.9. Identification of bdg after interchange of explosions.
B = explosion, = transition,
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TABLE XVI

The relative importance of explosions and

transitions when explosions are interchanged

in bdg-words (+=decisive, - not decisive)

i a ..
expl. trans. expl. trans. expl. trans.
b/ (d) + - i + - +
b/ (g) + " + % + 4
d/ (b) + - - - - +
a/(g) | + - - + - -
g/ (b) + e . + b
g/ (d) * - " + + .

The schematic spectrograms in Fig.8 can again ﬁe used to
explain the results.

: As for the vowel i, di and gi have very small transi-
tions and therefore the explosion must be decisive. This is
also in agreement with the results from removing explosion or
transition (Figs.6 and 7). One might have expected the strong
transition in bi to have influenced the perception of d/(b)
and g/ (b) before i, but the explosions of d and g have probably
been too high and too strong to allow interpretation as b.

The vowel a has different transitions after b, 4, and g,
whereas the explosions are not very different. Therefore the
transitions determine the responses. This is in agreement with
the results of removing explosions or transitions (Figs.6-7),
where the transitions alone were found to be sufficient, but
not the explosions. The exception b/(g) heard as b is somewhat
éstoniéhing;
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As far as u is concerned, g has a characteristic explosion
which must be decisive for g/(b) and g/(d), although the transi-
tion after d diminishes the majority for g somewhat. In b/(g)
the explosion must also be decisive, because the explosions of
b and g are very different and the transitions very similar. On
the other hand;, when b and d are interchanged, the transitions
must be decisive because they are rather different, whereas the
explosions are very similar. Finally, when a d-explosion is
placed before a gu-transitionghe result is b. This is not as
surprising as it may look at first sight. The d-explosion is si-
milar to the b-explosion. Thus it could be either d or b (but
not g). The g-transition is similar to that of b, but different
from the d-transition. Thus it could be g or b (but not d). The
remaining possibility is b.

B. Interchange of transitions

An interchange of transitions should give the same re-
sult as an interchange of explosions, but the operation is
somewhat more complicated and requires very precise splicing.
It was only carried out for the vowel u, and it gave the same
result as the interchange of explosions (table XV), but with
less pronounced majorities and a small deviation for b/(d)
which had the same number of b- and d-answers. The percen-

tages are given in table XVII.

TABLE XVII

Identification (in %) of bdg before u
after interchange of transitions (N=21)

b d g X
b/ (d) 38 38 5 19
b/ (g) 67 - 10 24
d/ (b) 52 48 - -
d/ (g) ¥ 19 - -
g/ (b) o - A00 "
g/(a) - 10 20 -
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4.2. Identification of place of articulation in ptk

ptk are more complicated than bdg, because the aspira-
tion covers most of the transition time, so that there is
very‘little vowel transition, and because of the affrica-
tioﬁ of t. The answers therefore cannot be compared direct-
ly with those given to bdg-words, and the results apply more
particularly to the Danish language than the results for bdg
which can probably be generalized to other languages as well.

4.2.1. Identification of unchanged ptk

There were 21 unchanged ptk-words in the test, and thus
441 answers. The words with t were heard 100 % correctly,
those with p 99 % (there was one k-answer for pa). For the
k-words the percentage was 91. There were 8 % p-answers (all
for ka) and 1 % zero (for ku).

4.2.2; Identification of ptk-words after removal or exchange

of both explosion and aspiration

A. When both explosion and aspiration are removed there

are still a good number of ptk-answers before a and of bdg-
answers before u (see 3.2.). But the place of articulation is
identified only in some examples of (th)i in which the opening
movement starts rather late because of the strong affrication and
which, therefore, have vowel transitions in F3. Otherwise al-
most all stops heard are identified as labials. The results

for the single consonant-vowel-combinations are seen in table
XVIII.
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TABLE XVIII

Identification (in %) of ptk-words with
both explosion and aspiration removed (N=21)

i a u
lab.alv.vel. x | lab.alv.vel. x| lab.alv.vel. x
(ph)V 5 - - 95| 76 - - 24| 62 - - 38
(th)V | 14 19" = 671 86 <+ 5 9} 43 4.9 48
(kh)V } 19 = -8 76l 61 = "~ .33] 8 &~ 5 14

’

Sincé labials are heard just as frequently when the removed
consonant was alveolar or velar as when it was labial, it would
be misleading to say that the labials were correctly identified
before a and u. If the vowel starts abruptly and there are some
rudimentary transitions indicating a preceding consonant, but no
clear indications of the place of articulation, the normal an-
swer is apparently "labial". The exception before i may, as pro-
posed above (3.2. and 4.1.2.), be due to the fact that labials
before i require extensive transitions of F, or Fj.

On the other hand, the isolated segments consisting of ex-
plosion + aspiration can on the whole be identified as far as
the labials and alveolars are concerned, whereas the velars are
badly identified. This was only tried before the vowels i and a.
The percentage correct answers were :

ph(i) 67%, th(i) 90%, kh(i) 33%

ph(a) 100%, th(a) 90%, kh(a) 24%

kh(i) was often heard as t, kh(a) as indefinite noise. This
k had a relativeiy weak aspiration. :

B. Interchange of explosion and aspiration as a whole gives
the result that the substituted segment determines the identifica-
tion. This is true in 96-100 $ of the cases with the exception of
kh/(th)i which gave 81 % k, and 19 % p.
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Fig. 10. Identification of ptk + /au after removal
of explosion.
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4.2.3. Identification of ptk-words with removed explosion

A. The perceptual effect of removing the explosion in

ptk-words is seen in table XIX and in graphical form in Fig.
10.

TABLE XIX

Identification (in %) of ptk-words
after removal of explosion

[
I
Ie

N P t k x|N . £ kK AN 1P L k X%
(p)HV 21 100 - - =-|63]90 104243 - - 57
(¢)RBV 21 -100 - ~-|63| -2100 - -|42| -1200 - -
(MY 21 19710 71 —~ledloz - 8 fAl 7 s 93 e

Removing the explosion makes no difference at all for t,
and p is also identified correctly in most cases. The only ex-
ception: pu is due to the fact. that one of the two examples had
a wvery weak aspiration which, in combination with the noise on
the tape, was heard as fu (only 10 % heard pu). However, a re-
newed seghentation of a copy of this word on the electronic seg-
mentator gave the result pu (informal listening by a few per-
sons) . The other example was identified as pu by 76 % of the
listeners. The broken line in Fig.lo indicates that the result
was probably not typical. '

k is identified correctly in most cases before i and u, but
it is heard as p before a. This answer, which is identical for
all three examples, can be explained by the fact that the aspi-
rations of p and k are very similar, whereas the explosions are
- different. The explosion of k is normally stronger, of longer du-
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ration (it often contains two maxima at a short distance) and
somewhat more concentrated in frequency than that of p. When
this characteristic explosion is lacking and only the aspira-
tion is left, the listeners hear a p (see also Fig.l2, where:,

the main results of the tests with ptk can be compared with
schematic spectrograms).

B. Interchange of aspirations (with removed explosions)

was tried with p-, t and k-aspirations (one example of each
before i a and u),The aspirations were interchanged before the
same vowel; thus there were 18 different items. In practically
all cases the identification was determined by the substituted
segment (100 % for p and t, 95 % for k). The pu-explosion was
identical with the one which gave 76 % pu-answers before the
interchanges. When substituted for (t)h and (k)h, it was heard
100 % as pu. )

The aspiration is thus sufficient for the identification
of ptk in all cases except for ka, and it does not matter if the
following short vowel transitions are taken from other conso-

nants.

4.2.4. Identification of ptk-words after removal of the aspi-

ration

If the aspiration is removed and the explosion moved so as
to join the vowel, most listeners hear bdg (with some ptk-an-
swers before a, cp.3.2.5.fThe same result is obtained when ptk-
explosions are replaced‘by bdg-explosions (see 3.6. and e o 1
In table XX and Fig.ll the answers are distributed according to
place of articulation.
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survey of the most frequent answers to stimuli with
(1) removed explosions, (2) removed aspirations and
(3) interchanged explosions,




150

TABLE XX

Identification (in %) of ptk-words after

removal of aspiration (A) and subsequent

substitution of bdg-explosions for ptk-
explosions (B).(B(PH) 42, otherwise N=21)

i a u

lab.alv.vel. x |lab.alv.vel. x |lab.alv.vel. x
p(h)¥V .| 2005 =4 = =] 90 sl 5 5 1 FOH G A 0wl e
t(h)Vv BatE7 i 28 1071 81 14 .7 .48 58 . = e
k(h)V B oghint -l 24 tRsT6 A - =100 -
BRIV [ BE 197 &5 4] 9f T alhea TRG ENGE L < S
d(th)Vv = 108 & =] 55 337 w12 GSRLRS o =R
glkh)v| - <10 -] 55 - 38 7 - -100 -

Before i the explosion is sufficient for the identifica-
tion. This is what should be expected since the bdg-explosions
were found sufficient with removed transition (see 4.4. table
XIII and Fig.7)and were even able to override differences in
transitions (see 4.1.5., table XIV and Fig.9). However, the ma-
jority is small for t before i (57 %), whereas d-explosion gives

100 % d. This difference can be explained by the weak explosion
of t, particularly before i. i
Before a most explosions are heard as labial. This is in
accordance with the answers to bdg-explosions with removal of
transitions in so far as the number of  correct responses is
approximately the same, but in the case of bdg-words the most

common answer was zero, whereas in the present case it is p or

b. This can be explained by the presence of rudimentary transi-
tions and the particular vowel start after aspiration (see 3.7.).




151

Only the k-explosion is sufficiently strong to cause a majority
of k-answers (see also Fig.12). The d-explosion is somewhat
more efficient than the t-explosion because it is stronger.

Before u labial and velar explosions are sufficient. This
is what could be expected on the basis of the experiments with
bdg-words (table XIV and Fig.7). But in this case the t-explo-
sion is superior to the d-explosion (the t in question had a
relatively strong explosion, and the d-explosion contained e-
nergy at relatively low frequencies).

Before u the ptk-explosions were interchanged. But they
were still decisive for the identification in 90-100 % of the
answers. This also shows that the rudimentary vowel transitions
are of very little importance.

4.2.5. Interchange of explosions and of aspirations

In the preceding sections we have seen that the aspiration
alone (including affrication) is sufficient to allow identifica-
tion of ptk, with the exception of ka, and that the explosion
alone is sufficient to allow identification of the place of arti-
culation except for ta and partly ti (ggg-exélosions were not
sufficient for da, du and ga).

Now the question is what happens when explosion and aspira-
tion are in conflict. This question was investigated by inter-
changing explosions (this was done before i, a, and u) and aspi-
rations (before i and u only).

The results of these two experimepts are given in table XXI.
Fig.1l3 contains a graphical representation of the former experi-
ment (XXI,A). ’




A. Interchange of explosions in ptk (N=21)
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TABLE XXI
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The answers are - with one exception - in good agree-
ment in the two experiments, and the results can be described
in relatively simple terms (cp. also the schematic spectro-
grams in Fig.l2): (1) The characteristic affrication is neces-
sary and sufficient for the identification of t.When it is
present, the listeners hear a t irrespectively of the prece-
ding explosion. The majority is large except for k-explosion
+ t-aspiration before a (57 %). Here the k-explosion is so
strong that some listeners (19 %) hear a k and others (24 %
of the 29 listed under x) hear the consonant cluster kt. When
the t-affrication is absent, listeners fail to identify the t,
i.e. the explosion is not sufficient. The only exception is
t-explosion + p-aspiration + u in experiment B, which has a
small majority for t (in experiment A there are 33 % t-answers.
The t-explosion before u was relatively strong, and the p-aspi-
ration looks like the later (low) part of the t-aspiration
(see also Fig. 12)).

(2) In the other cases, i.e. in the examples with p- or
k-aspiration, the explosion is decisive in the sense that p-
and t-explosions give p, and k-explosion gives k. The only ex-
ception is t-explosion + k-aspiration before i, which gives k.
The explanation of these answers is that‘g- and k-aspirations
are relatively similar (see Fig.l1l2), therefore the distinction
between p and k must depend mainly on the explosions. k-explo-
sions are characteristically different from both p- and t-ex-
plosions by being longer and stronger and (particularly before
u) more concentrated. This explosion is necessary for the iden-
tification of k. p- and E—explosions are more similar to each
other and might both give p or t. Since identification as t is
excluded because the characteristic t-affrication is absent, it
follows that not only must p-explosion + k-aspiration give p-
responses, but so must t-explosion + p- and k-aspirations. The
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exception t-explosion + k-aspiration before i heard as ki
can be explained by the fact that pi requires either the ex-
plosion or the aspiration to begin at a rather low frequency.

The only evident case of conflict between the two experi-
ments (A and B) is k-explosion + p-aspiration + i. In A there
is a clear majority for k, which is in accordance with the
rules given above. In B, however, there is a clear majority
for p. The spectrograms look very similar, and when I listen-
ed to them again, I found that they also sounded alike;both
of them gave the impression of a sound somewhere between p and
K. In such a case the environment in the test may have played
a role. The example heard as ki came (with one word between)
after a clear example of pi, the example heard as pi came
(with one word between) after a clear gi. But such a context
effect in consonant perception with another word in between,
is not very probable. Another explanation may be sought in the
intensity level. The example heard as ki had a somewhat higher
level than the other. Some informal experiments with changes
of intensity level showed that this might have an effect on
the identification as k or p.- Reéctions to stimuli with two
conflicting cues are, on the whole, subject to variations.

The importance of the affrication phase for the identifi-
cation of t, also appears from the fact that a t-explosion put
before h + vowel does not give t, but either a labial (before
a and u) or a velar (before i). ° ( p- or and k-explosions be-
fore h are heard as p and k respectively in almost all cases),
Similarly, if explosion and affrication is cut off in ta 4o ms
before the vowel start (i.e. after the affrication phase), the
listeners hear a labial.
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5. Summary of results

5.1. Summary of the results concerning the difference between

the ptk- and the bdg-category

The primary cue for distinguishing between Danish ptk and
bdg is the pfesence or absence of aspiration. ptk normally can-
not be identified without aspiration, whereas the explosion
noise is of very little importance (3.2.). It does not matter
whether the explosion is a ptk- or a bdg-explosion (3.6.) or
whether it is there at all (3.1.).The aspiration phase must con-
‘tain noise; a simple pause is not sufficient (3.3.). The dura-
tion of the aspiration noise must exceed 30 ms to give a majori-
ty of ptk-answers, and a high percentage of ptk-answers is not
reached until about 45-50 ms (3.4.).

A secondary cue is the vowel start, at any rate for the
vowel a (3.7.). After an aspiration there may be some weak low
frequency vibrations accompanied by somewhat noisy second and
third formants. This breathy start may give a relatively high
percentage of ptk-answers even at very short distances from the
explosion (e.g. 20 ms). These ptk-sounds are, however, often
described as "unaspirated ptk", i.e. not as normal Danish ptk-
sounds,but different from bdg. ’

Lack of aspiration is insufficient for the identification
of bdg. This requires the presence of explosion and/or vowel
transitions (3.1.). The relative importance of explosion and
transition depends on the vowel. Before i and u the explosions
are necessary and sufficient, and the transitions’ constitute a
secondary cue. (Transitions alone give only about 50 % bdg-an-
swers) . Before a the explosion is not sufficient and of minor
iﬁportance.Here transitions alone give 86 % identification. The
rudimentary transitions found after ptk may give some imprer-
ment compared to absence of transition (3.2.), but they are un-

.
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able to give a majority of bdg-answers.

The aspiration-cue of ptk is much stronger than the
transition-cue of bdg. If both are combined, the result is
ptk (3.2.).

5.2. Summary of the results concerning place of articulation

The contributions of explosions, aspirations and transi-
tions to the identification of place of articulation when each
of them is the only present cue is indicated in schematic form
in table XXII.

TABLE XXII

Contribution of explosions, transitions

and aspirations to the identification of

place of articulation (+= more than 70 %
identification, +=50-70 '% identification,
-=less than 50 % identification)

i a u
bdg trans. * > " + * - » - iy
i a u

expl. + + + + - el + + +
EEE asp.

+
+
+
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In the case of ptk both explosions and aspirations were
found to be sufficient in most cases (but without aspiration
the sounds were heard as bdg). The only exceptions were ka
without explosion heard as pa, ta without aspiration heard as
pa, and ti without aspiration which was often heard as gi.

For the identification of bdg the explosions were found
to be sufficient before i and u (with the exception of du) but
not before a. The somewhat lower efficiency of explosions in
bdg-words than in ptk-words is probably partly due to the
fact that g normally has a somewhat weaker explosion than k,
and that b before a has a particularly weak explosion; an ad-
ditional reason is that the explosions in ptk-words are pro-
bably supported by rudimentary vowel transitions. Why the d-
explosion before u should be inferior to the t-explosion, is
not quite clear. It may not have been typical (it contained
rather low frequency noise).

The vowel transitions in bdg constitute a weaker cue than
the aspirations in ptk, also for the place of articulation.
They are, however, important in bi and in ba da ga (but not
quite sufficient in da andﬂég). In bu the identification with-
out explosion is just above 50 %, in du just below 50 %.

Figs. 8 and 12 give a survey of a somewhat different kind.
Here the most frequent answers to stimuli with removed explo-
sions or transitions (aspirations) are given together with the
answers to exchange of explosions. Schematic spectrograms have
been added as a visual support to the explanations.

Detailed explénations have been given in the preceding sec-
tions, see particularly 4.1.4. and 4.1.5. for bdg and 4.2.3. -
4.2.5. for ptk. Most identifications can be explained when it is
assumed that extensive transitions and strong explosions (and aspi-
rations) are more efficient than small transitions and weak ex-
plosions, and that transitions, aspirations, and explosions of




a given consonant which differ characteristically in frequen-
cy or intensity from those of other consonants before the
same vowel are more efficient than those which differ little
from one consonant to the other before the same vowel.

Thus velar explosions differ from labial and alveolar ex-
plosions in being stronger, of longer duration, and with a con-
centration of energy close to F2 of the vowel. They are there-
fore relatively strong cues; an exception is the explosion of
ga which is less concentrated and more similar to that of d.
Similarly the strong affrication of t makes it easily recogni-
zable from p and k, which have mutually similar aspirations.
The relatively pronounced and mutually different transitions
of ba da ga constitute a better cue than the relatively similar
explosions. As for i and u, on the other hand, only bi and du
have extensive transitions. Therefore the transition is suffi-
cient in bi and of some importance in du, though not sufficient
in the latter case because the formant in question is weak.

The answer b for d-explosion + g-transition before u and
the answer p for t-explosion + k-aspiration before a and u can
also be explained in this way. These stimuli lack the charac-
teristic velar explosion and the alveolar transition (or affri-
cation), and the remaining possibility is thus a labial. On the

whole, there is a.tendency to hear labials when no other strong
cues are present.

5.3. The reliability of the results

I have not found it worth while to test all the results men-
tioned in the preceding sections for significance. As each table
contains information both about the percentual identifications
and about the number of responses upon which the calculations
are based, the reader will be able to judge about the reliability
for himself. Moreover, in the cases with several examples the
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7
significance is often quite evident. This is particularly

true of the responses to the categories ptk and bdg. In

other cases,where sometimes only one example has been used
(e.g. in some tests: about place of articulation),a signi-
ficance test might be misleading. If there is a high degree
of unaminity among the 21 listeners, the identification may
well be statistically significant in the sense that this un-
aminity cannot be due to chance. It might, however, be due

to some atypical characteristics of the example in question,
which does not allow of any generalisation. I have therefore
found it more important to point to consistencies among dif-
ferent tests and to find explanations of the responses based
on the typical features of the sounds in question. If such
consistencies are found and such explanations can be given,
the probability that the results can be generalized and that
they tell something about the perceptual cues, is relatively
high. Examples of consistencies are the dominance of the t-
affrication before all vowels irrespectively of preceding ex-
plqsioné, or the weakness of the explosion as a cue for bdg
before a, both when the transitions are removed, and when ex-
plosions are interchanged, also the importance of the transi-
tions in the same cases. Examples of plausible explanations
are the specific cparacter of velar explosions, the similar
and strong affrication noise after t before all vowels, and
the extensive transitions in ba da ga bi.

6. Comparison with the results of other investigations

6.1, The distinction between ptk and bdg

In the literature on stop consonants there has been a
certain tendency to talk about the various acoustic charac-
teristics and perceptual cues without reference to any speci-
ficxlanguage. But ptk and bdg are labels covering rather dif-
ferent sound types, and the different cues and their relative
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importance must be described for different languages or
language types separately. The confusion is considerably
increased by .the use of the terms "voiced" and "voiceless"
in the same sense as bdg and ptk, i.e. as vague labels for
a variety of sound types. bdg may not be voiced in the nar-
rower sense of the word; they are voiceless in Danish, and
may be voiceless initially for instance in English and Ger-
man. The results found for Danish stops cannot be directly
compared with the results of tests with French and Dutch
stops, which are of quite a different type, but they can
partly be compared with the reshlts for English, since in
both languages the main difference between ptk and bdg ini-
tially is one of aspiration. The aspiration is, however, on
the whole somewhat longer in Danish, anq the strong affrica-

tion of Danish t

t, involving a short and weak explosion fol-

lowed by a long fricative phase gives some specific results
which cannot be generalized to languages without affrication,
(with a different segmentation, for instance the first 20 ms
counted as explosion, the explosion phase would have been more
like that of English t, but the "aspiration" phase would have
been different anyway).

The importance of the aspiration cue for the identifica-
tion of Danish ptk is in good agreement with the results of
perceptual tests @ith English listeners. Aspiration is practi-
cally the same as “F1 cut back" (Liberman et al. 1958) or "voi-
cing lag", which has found to be the most important cue for the
distinction between bdg and ptk in English ( e.g. Lisker
and Abramson 1964). Only it should be emphasized that pure voi-
cing lag is not sufficient; there must be noise at the frequen-
cies of the higher formants in the interval, as is also the

case in the expefiments by Lisker and Abramson.
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There is also good agreement between the crossing
point found in the experiment with English listeners and
the approximate crossing found in the present experiment
and in the experiment with identification of foreign stops.

= I'do not know of any experiments with breathy start of
the vowel.

6.1l. Identification of place of articulation

The Haskins group have made extensive investigations by
means of synthetic stimuli in order to throw light on the im-
portance of explosions and transitions in stop-consonant:per-
ception. They have been able to synthesize stimuli heard as
labial, alveolar and velar stops both by means of explosions
alone (Liberman et al. 1952, Cooper et al. 1952) and transi-
tions alone (Liberman et al. 1954). :

There is, however, particulagiy in the cases with explo-
sion alone,a good deal of overlapping between the answers. The
result of the present experiment, i.e. that the explosions are
more important before i and u and the transitions in the case
of a, does not appear from the experiments of the Haskins group.
But a comparison between synthetic and natural sounds is not
quite straightforward. The experiment with synthetic ekplosions
may, for instance, have given relatively many velar responses
because the noise employed as a stop cue was of relatively long”*
duration (15 ms) and of concentrated frequency, and therefore
more like a velar explosion than like an alveolar or labial ex-
plosion. The experiment with synthetic formant transitions shows
better discrimination for a than for i and u in the section with
F, transition and bdg-answers, but not in the section with ptk-
answers. di gives a particularly bad result (like in our experi-
ment), but it is improved by the addition of F3 (Harris et al.
1958 and Hoffman 1958). Also ga gives an unsatisfactory result,
but it is improved by adding a third formant (cp. the results
Harris et al. for ga).
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On the whole, the transitions in natural Danish words
do not seem as efficient as the synthetic transitions, and
there is a certain contradiction between our results and the
formulation of the locus theory found in the later writings
of P. Delattre (e.g. 1958 and 1969). According to Delattre the
locus is the frequency toward which the formant transitions
must point in order to contribute maximally to the perception
of a given place of articulation as found in experiments with
synthetic speech. In natural speech the formant transitions do
not point to the locus in the case of velars before rounded
vowels because the coarticulation, involving rounding already
in the consonants,lowers the resonance. Therefore.explosions
are needed in this case, but not in others. Delattre critisizes
Halle and Householder who have assumed that an extensive transi-
tion contributes more to perception, and states that the exten-
sion of the transition is irrelevant; it may be straight.What
matters is that it points to the locus. Delattre's own experi-
ments seem to corroborate this assumption (Delattre 1969), but
the results obtained with Dénish stops confirm the hypothesis
of Halle and Householder (cp. also Wang and Fillmore 1961): that
it does matter whether the transition is extensive or not. And
this)seems quite natural. If the transition is straight, the
listener cannot know whether it points to a consonant locus or
to nothing. It must have a certain extension in order to be an
efficient cue. The results of the experiments with Danish stops
show, for instance, that the explosion is not only necessary in
the case of velars in combination with rounded vowels, but also
in di, gi, bu, and du. In di and gi the transitions alone give
only about 10 % d- and g-answers, in bu and du around 50 %. Even
in da and ga the percentage reaches only 60 and 64 % without ex-
plosion. But the more extensive the transit%phs are the more they
contribute to the identification.
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The importance of explosion was also emphasized in
Malécot's experiments with English and French final stops
(Malécot 1958, Malécot and Lindheimer 1966), but transitions
alone gave also a relatively high percentage of identific<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>