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INTRODUCTION

Eli Fischer-Jgrgensen

This year we are celebrating the tenth anniversary of our
institute, and this is our report No. 10, - a suitable occasion
for looking back, tracing some lines of development and taking
stock of the situation. A further reason is that our institute
has now found a more permanent home in the new campus of the
university, and our moving about from one unsatisfactory location
to another has come to an end.

In the introduction to the first report, in 1966, I sketched
the prehistory of the institute. As that report was issued only
in a limited number, and since the introduction will not be re-
printed in re-issues of ARIPUC 1, the main points are included in
the present survey.

The teaching of phonetics has a long tradition at the Uni-

versity of Copenhagen. Vilhelm Thomsen lectured on general phon-
etics from 1881, and Otto Jespersen took up the subject repeatedly
during the years 1895-1905. It is also due to Jespersen that the
phonetics of modern languages has been taught regularly since the
beginning of this century, and was part of the requirements for
the MA in modern languages. Courses in general phonetics were,
however, not resumed until 1939, by Louis Hjelmslev. From 1943,
when a lectureship in phonetics was established, these courses
were given every year as a preliminary to the courses in foreign
languages ,which were administered by the various language depart-
ments. The number of students attending these courses augmented
slowly, from three in 1943 to about 800 in 1975. However, for

some languages the general phonetics courses and the courses in
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the phonetics of the foreign language are now more or less
integrated (from 1976 the general course for students of English
has been drastically cut down and will mainly be given within
the department of English).

Apart from the elementary courses special courses for ad-
vanced students were given from 1943 onwards. In 1960 a diploma
of general phonetics, based on a two years' curriculum, was
established. It has, up till now, been taken by 22 students.
From 1967 it has also been possible to take a master's degree in
phonetics, based on a four years' curriculum. This degree has .
been taken by four students, and another four are presently pre-
paring for it. ;

Until 1963 there was only one permanent post in phonetics,
but during the latter part of the sixties the staff was rapidly
increased. 1In 1966 a chair in phonetics was founded, and from
1970 the staff counted seven phoneticians in all. This develop-
ment has now come to a standstill.

The possibilitjes for phonetic research developed more

slowly although the research was initiated earlier than the teach-
ing. The first vowel synthesizer was built in Copenhagen as early
as 1781 by C.G. Kratzenstein, and about a century later the famous
comparatist Karl Verner constructed an ingenious instrument for
enlarging the traces of the Edison phonograph. At the same time
Georg Forchhammer worked with a phonoscope, and in the early thir-
ties of this century Poul Andersen and Svend Smith received a
grant from the Carlsberg Foundation for a kymograph and a Meyer-
Schneider pitchmeter. Otto Jespersen, however, was not interested
in experimental phonetics (although he worked for a time with
Rousselot), and this was probably the main reason why the University
did not obtain a phonetics laboratory. It is true that in 1933

we got a small "room for phonetic exercises", later called the
"phonetics laboratory", but it was equipped only with an old

gramophone and a modest collection of gramophone records.
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In 1956 an Institute of Linguistics and Phonetics was
established, directed by professor Louis Hjelmslev, but still
there was no room for instrumental phonetics, and the Kay Elec-
tric Sonagraph which we had received in 1953 from the Rocke-
feller Foundation had to be stationed in the Institute for Speech
Pathology. That institute had had a laboratory of experimental
phonetics since 1943, and some research could be undertaken
there as well as in various medical clinics, but mostly at night
when the laboratories were not in normal use. In 1961 we
acquired a kind of laboratory of our own: a minor set of instru-
ments were placed in a room connected with the Institute, which
was then housed in St. Kannikestrade 13. The room could not be
heated, however, and it needed repair very badly. A sheepskin
coat had to serve as "sound treated room".

It was not until 1966 that six small rooms in the basement
(which, for a change, were always overheated) could be taken in
use as a laboratory of experimental phonetics. In the same year
the Institute of Linguistics and Phonetics was divided into two
separate institutes, and in 1968 we were granted a full-time
secretary.

In 1971 the laboratory was moved to much ampler premises
in S8kindergade 3, which, however, had the drawback that they were
not in immediate vicinity of the rest of the institute. At the
same time the technical staff expanded. Since 1972 it has con-
sisted of two engineers and one technician.

Finally, in the summer of 1975, the whole institute moved
to the new University buildings in Njalsgade on Amager, thus
being situated for the first time in premises which had been
built specifically for .our purpose and which we could organize
and equip to fit our needs. We expect to stéy here for many
years to come,

During the whole period from 1966 till now the instrumental
equipment of the laboratory has been gradually increased, partly

through University grants, partly through subventions from the
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Research Council of the Humanities and the Technical Research
Council, so that now we are rather content with our research
possibilities. Some of the instruments, like the synthesizer
and the Segmentator, have been built in our laboratory, others
have been acquired commercially. The most important acquisitions
have consisted in extensions of our EDB-system,

With our present staff and equipment we are able to take
care of the instruction of students as well as research in a
tolerably satisfactory way, and we have had quite a number of
guest research workers both from other Danish institutions and
from abroad. We have a particularly close cooperation with the
Research Laboratory of Teletechnics and with the Institute of
Phonetics in Lund (Sweden).

At present we try to centre most of our research around
the following subjects: The function of the larynx in speech,
mainly by means of EMG and fiberoptics; perception of speech,
mainly based on experiments with synthetic speech; and (quite
recently) the teachiﬁé of pronunciation and the basic research
which that entails. But there is also a good deal of activity
within phonology, particularly the phonology of Danish and Green-
landic and within various other areas. A list of papers pub-
lished in ARIPUC 1-9 is included in the present volume.

We are glad that we were able to profit from the expansion
of the sixties. That era has now come to an end. We can only
hope that we shall still be able to keep up most of our activi-

ties in the years to come,.




PERSONNEL OF THE INSTITUTE OF PHONETICS IN 1975

Professor: Eli Fischer-Jgrgensen (director of the institute)

Associate professors:

Bgrge Frgkjzr-Jensen, cand.mag. (seconded to the Audiologo-

pedics Research Group from September 1) ‘
Jgrgen Rischel, dr.phil. (on leave until September 1)
Oluf Thorsen, cand.mag.

Assistant professors:

Steffen Heger, cand.mag. (until September 1, temporarily
appointed)

Peter Holtse, cand.phil.

Birgit Hutters, cand.mag. (from October 1)

Anders Lofqgvist, fil.lic. (until September 1, temporarily
appointed)

Nina Thorsen, cand.phil.

Senior research fellow: Hans Basbgll, cand.mag. (until

September 1)

Teaching assistants:

Peter Molbak Hansen, stud.mag,
Steffen Heger, cand.mag.

Birgit Hutters, stud.mag.

Mimi Jakobsen, stud.mag.

Ellen Pedersen, stud.mag.

Niels Reinholt Petersen, stud.mag.

Pia Riber Petersen, cand.mag.

Engineers:
Preben Dgmler, B.Sc. (on leave from February 23)

Mogens Mgller, M.Sc.
Jens Holger Stellinger, M.Sc. (from March 1, temporarily
appointed)
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Technician: Svend-Erik Lystlund

Secretary: Else Parkmann

Teachers from other institutes, lecturing at the Institute

of Phonetics:

Esther Dinsen, cand.mag.

(Institute for Applied and Mathe-

matical Linguistics)

Henning Spang-Hanssen, dr.phil. (Institute for Applied and

Mathematical Linguistics).

PUBLICATIONS BY STAFF MEMBERS 1IN 1975

Hans Basbgll

Eli Fischer~Jgrgensen

Anders LOofqgvist

"Det rigsdanske stgd i generativ be-
lysning", Selskab for nordisk filolo-

gi. Arsberetning for 1971-73, p.
17-22

"Grammatical boundaries in phonology",

Papers from the Second Scandinavian

Conference on Linguistics, Lysebu,

April 19-20, (ed.: Even Hovdhaugen),
p. 35-54

Trends in phonological theory,
(Akademisk Forlag) Kgbenhavn, 474pp

"Intrinsic and extrinsic FO variations
in Swedish tonal accents", Phonetica
31, p. 228-247

"Some phonetic correlates of emphatic

stress in Swedish", Working Papers,

Phonetics Laboratory, Lund University
10, p. 105-117
"A study of subglottal pressure during

the production of Swedish stops",
JPh 3,3, p. 175-189



Anders LOfqgvist and
Peter Kitzing

Jgrgen Rischel

Nina Thorsen and
Robert MacAllister

Nina Thorsen and

Oluf Thorsen

Oluf Thorsen, Ole
Kongsdal, and Karen
Landschultz

Oluf Thorsen, Ole Kongs-
dal and Isabelle Du-

rousseau

IX

"Subglottal and oral air pressures
during phonation - preliminary in-
vestigation using a miniature trans-

ducer system", Medical and Biological

Engineering 13, p. 644-648

"Problemer og perspektiver i Hjelmslevs
udtrykslere", Papir 1,3, p. 86-101
"Problemer ved en generativ beskrivel-

se af dansk tryk", Selskab for nordisk

filologi. Arsberetning for 1971-73,
p. 22-32

"Problems encountered in the teaching

of foreign language pronunciation",
Papers from the Institute of Linguis-

tics, University of Stockholm (Sympo-
sium maj 1975), p. 53-62
Lerebog i fonetik, Kgbenhavn, 161 pp

Fransk fonetik, 5th revised edition,
Kgbenhavn, 252 pp

Review of Martinet-Walther:
Dictionnaire de la prononciation
frangaise dans son usage réel,
France-Expansion, Paris 1973, 932 pp,
Revue Romane 10,2, p. 437-442.

LECTURES AND COURSES IN 1975

l. Elementary courses in general phonetics

One-semester courses (two hours a week) in elementary gen-

eral phonetics (intended

for all students of foreign languages,

except French) were given by Eli Fischer-Jg¢rgensen, Peter Mol-




bak Hansen, Steffen Heger, Peter Holtse, Birgit Hutters, Mimi
Jakobsen, Ellen Pedersen, Niels Reinholt Petersen, Pia Riber
Petersen, and Nina Thorsen. There was one class in the spring
semester, and 19 parallel classes in the autumn semester.
Courses in general and French phonetics, including prac-
tical exercises in the language laboratory (3 hours a week)

were given through 1975 by Oluf Thorsen.

2. Practical exercises in sound perception and transcription

Steffen Heger gave a course for beginners (two hours a
week) through 1975.

Oluf Thorsen gave a course for more advanced students
(two hours a week) in the autumn semester.

(These courses form a cycle of three semesters, and are

based on tape recordings, as well as work with informants.)

3. Phonology

Hans Basbgll gave a course in phonology for advanced
students (two hours a week) in the spring semester.

Eli Fischer-Jg¢rgensen gave a course in phonology for
beginners (two hours a week) on the topic: Problems in pho-
nology, in the spring semester.

Jprgen Rischel gave a course in phonology (two hours a
week) on the topic: Trends in phonological theory, in the

autumn semester.

4. The physiology of speech

Anders LO&fgvist gave a course in instrumental physiologic-
al phonetics (two hours a week, plus individual exercises).
Anders Lofquvist also gave a course in the physiology of speech
for advanced students and for teachers (two hours a week).

Both in the spring semester.
Birgit Hutters gave a course in the physiology of speech

(two hours a week) in the autumn semester.
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5. The acoustics of speech

Mogens Mgller and Nina Thorsen gave a course in the acous-
tics of speech and in elementary mathematics and electronics
(four hours a week) in the spring semester.

Peter Holtse and Nina Thorsen gave a course in instrument-
al acoustical phonetics (four hours a week, plus individual
exercises) in the autumn semester.

Nina Thorsen gave a course in the acoustics of speech

(two hours a week) in the autumn semester.

6. Other courses

Esther Dinsen (Institute for Applied and Mathematical
Linguistics) gave a course in the theory and practice of the
language laboratory (two hours a week) in the autumn semester.

Eli Fischer-J¢rgensen gave a course in German phonetics
(two hours a week) in the autumn semester and presided at sem-
inars on instrumental phonetics through 1975.

Peter Molbak Hansen gave a course in Russian phonetics
(two hours a week) in the spring semester.

Peter Holtse gave a course in English phonetics (two
hours a week) in the spring semester.

Jgrgen Rischel gave a course in Danish phonetics (with
emphasis on the phonological aspect) (two hours a week) in the
autumn semester.

Henning Spang-Hanssen (Institute for Applied and Mathemat-
ical Linguistics) gave a course in elementary statistics (two
hours a weeks) in the autumn semester.

Oluf Thorsen gave a course in French phonetics (two

hours a week) in the spring semester.

7 o Seminars

Students and staff gave an account of their research

projects.



Bgrge Frgkjer-Jensen presented two films by Minuru Hirano.

Nina Thorsen and Oluf Thorsen presented parts of the manu-
script for their text book on general phonetics.

Vivi Jeel presented her study: "An investigation of the
fundamental frequency of vowels after various consonants, in
particular stop consonants".

Eli Fischer-Jgrgensen gave a short account of Fowdifferenc-
es after voiced and unvoiced stops in Hindi and presided at a
discussion of possible explanations for these differences.

The participants in the Eighth International Congress
of Phonetic Sciences in Leeds, August 17-23, gave an account of
their impressions from the congress.

Eli Fischer-Jgrgensen gave an account of the symposium
on A Dynamic Aspect of Speech Perception in Eindhoven, August
4-6, and of the Phonetics Symposium in Colchester, August 25-27.

Jgrgen Rischel gave an account of the symposium on The
Physiology of Speech in Stockholm, August 25-26.

Nina Thorsen gave an account of the Fourth World Congress

for Applied Linguistics in Stuttgart, August 25-30.

8. Participation in congresses, symposiums, and meetings

The following staff members participated in the Eighth
International Congress of Phonetic Sciences, Leeds, August 17-
23, 1975: Eli Fischer-Jgrgensen, Bg¢rge Frgkjer-Jensen, Peter
Holtse, Birgit Hutters, Anders Lofgvist, Nina Thorsen, and
Oluf Thorsen.

Hans Basbgll gave a paper, "Danish diphthongs", at the
Institute of Linguistics, University of Aarhus, in March, and
a paper, "Grammatical -boundaries in phonology", at the 2nd
Meeting of Nordic Linguists in Lysebu in April and at the
Institute of Linguistics, University of Uppsala in May.

Eli Fischer-Jg¢rgensen participated in a symposium on A
Dynamic Aspect of Speech Perception in Eindhoven, August 4-6
and in a Phonetics Symposium in Colchester, August 25-27. She

gave a paper, "Perspectives in phonology", at the phonetics
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congress in Leeds.

Bprge Frgkj@ar-Jensen was on an extended tour to many
phonetics laboratories and speech research institutions in the
United States in June. He gave a paper, "Survey and demonstra-
tion of some instrumental possibilities in phoniatrics and pho-
netics", at the Centro Ricerche e Studi Amplifon at Milan in
October. He also gave a paper, "Registration of voice quality"
(in collaboration with Svend Prytz) at the phonetics congress
in Leeds.

Anders Lofgvist gave a paper, "On the control of aspira-
tion in Swedish", at the phonetics congress in Leeds.

Jgrgen Rischel participated in a symposium on The Physi-
ology of Speech in Stockholm, August 25-26. He presented an
introduction to and presided at a seminar on Productivity in
Phonology in the Linguistic Circle in Copenhagen in May.

Nina Thorsen gave a paper, "Problems encountered in the
teaching of foreign language pronunciation" (in collaboration
with Robert MacAllister) in a symposium on Phonetics and the
Teaching of Pronunciation in Stockholm, May 15-16 and at the
Fourth World Congress for Applied Linguistics in Stuttgart,
August 25-30.

Eli Fischer-Jgrgensen, Peter Holtse, Nina Thorsen, and
Oluf Thorsen and several students participated in the phonet-
ics symposium at the Institute of Linguistics, University of

Uppsala, November 27-28.
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INSTRUMENTAL EQUIPMENT OF THE LABORATORY
BY THE END OF 1975

1. Instrumentation for speech analysis

2 Sona-Graphs, Kay-Electric, type 6061 A

2 amplitude display/scale magnifier units,
Kay-Electric, type 6076 A

1 contour display unit, Kay-Electric, type 6070 A
1 fundamental frequency extractor ("Trans Pitchmeter")

1 intensity meter (dual channel, with active variable
highpass and lowpass filters)

1l electro aerometer (dual channel)

2 air-pressure manometers, Simonsen & Weel, type HB 66
(modified)

photo-electric glottograph

Fabre Glottograph

palatoscope with complete outfit for palatography
segmentator, model IPO (Eindhoven) -
Meyer-Schneider pitchmeter

stroboscope, Philips, type PR 9103

segmentator, type PT

electro-aerometer, four channel, type AM 508/4

audio frequency filter, type 445

e T e T e I =T =

vocal cords fiberscope, Olympus, type VF

2. Instrumentation for speech synthesis

1 formant-coded speech synthesizer
1 provisional vowel synthesizer
1 voice-source generator

1 larynx vibrator with power supply



XV

Filters

1

1

LC highpass filter (with stepwise variation of
cut-off frequency)

active RC lowpass filter

Instrumentation for visual recordings

1

T
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mingograph, Elema 42 (4 channels)
mingograph, Elema 800 (8 channels)
kymograph (with electro-motor)

automatic frequency response and spectrum recorder,

Briiel & Kjar, type 3332
oscilloscope, Telequipment (single beam)
oscilloscope, Tektronix, type 502 A

oscilloscope, Solartron, type CD 1400 (dual beam)

oscilloscopes, Tektronix, type 564 storage
dual-trace amplifier, Tektronix, type 3Al
four-trace amplifier, Tektronix, type 3A74

dual-trace differential amplifier, Tektronix,
type 3A3

time-base, Tektronix, type 3B3

time-base, Tektronix, type 2B67
oscilloscope, Tektronix, type 465
oscilloscope, Tektronix, type 5115
dual-trace amplifiers, Tektronix, type 5A18N
time-base, Tektronix, type 5B1ON

mingograph, Siemens-Elema, type 803

Tape recorders

- N W NN =

instrumentation recorder, Lyrec, type TR 86
professional recorder, Lyrec, type TR 42
professional recorders, Lyrec, type TR 20
semi-professional recorders, Revox, type G 36
semi-professional recorders, Revox, type A 77
professional recorder, Revox, type A 700
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1 portable semi-professional recorder, Uher, type 4000
4 recorders, Tandberg, type 92 SL
1l recorder, Tandberg, type 7

2 gramophones, Delphon (mono, Ortofon pick-up)

microphone, Neuman, type KM 56
dynamic microphone, Sennheiser, type MD 21 5
crystal microphones, of different brands

microphones, Altec ’

1
1
2
2
1 1" microphone, Briiel & Kjer, type 4131/32
1 1/4" microphone, Briel & Kj®r, type 4135/36

1 larynx microphone

1 1" microphone, Briiel & Kjar, type 4145

1 microphone——péwer supply, Briiel & Kjar, type 2807

1

microphone — power supply, Telefunken

1 microphone amplifier, Briel & Kjar, type 2603

1 laboratory amplifier (mono/stereo, with matching
for different impedances)

1 power amplifier, Briiel & Kj@r, type 2706 .
1 microphone pre-amplifier, Briiel & Kjar, type 2627
1 measuring amplifier, Briiel & Kjar, type 2607 A

6. Gramophones
7. Microphones
8. Amplifiers
9

Loudspeakers/headpﬁones

7 different loudspeaker systems

5 headphones, AKG, type K 58

3 loudspeakers, Beovox, type 2600
10 headphones, Sennheiser, type 414
4 headphones, Sennheiser, type 424
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XVII

General-purpose electronic instrumentation
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oscillator, Hewlett & Paékard, type CD 200

function generator, Wavetec VGC III (0.003 c/s - 1 Mc/S)
frequency counter, Rochar, type A 1360 CH (5 digits)
vacuum-tube voltmeters, Briiel & Kjar,vtype 2409
vacuum-tube voltmeter, Heathkit, type V-7A
vacuum-tube voltmeter, Radiometer, type RV 23b

DC millivoltmeter, Danameter, type 205

DC nanoammeter, Danameter, type 206

universal meter, Philips, type P 817

transistor tester, Taylor, model 44

Piston-phone, Briiel & Kjer, type 4220

component bridge C/L/R, Wayne Kerr, type B 522

AC automatic voltage stabilizer, Claude Lyons,
type BTR-5F

resistance decades, Danbridge, type DR 4
condenser decade, Danbridge, type DK 4 AV
stabilized rectifiers

multi-generator, Exact, type 126 VCF
stabilized rectifiers, Danica, type TPS 1d
stabilized rectifier, Danica, type TPS 3c

impulse precision sound level meter, Briiel & Kjar,
type 2204

attenuator set, Hewlett Packard, type 350 D
band-pass filter set, Brilel & Kjer, type 1615
digital multimeter, Philips, type PM 2422
timer counter, Advance, type SC3

oscillator, Advance, type J2E

X-Y recorder, Hewlett & Packard, type 7044 A
noise generator,;Brﬁel & Kjer, type 1405

Additional oscillators, rectifiers, etc., for special
purposes.
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1 Minolta camera SR-1 (with various accessories)

1 complete outfit for reproduction (including 1

1 Telford oscilloscope camera, type "A" (polaroid)

11, Outfit for photography
Liesegang UNI-RAX with frame)
12. Equipment for EDP

A computer, Digital, PDP8/E, 8k

Al arithmetic unit, Digital, type KE 8-E
A2 bootstrap loader, Digital, type MR 8-EC
A3 add-on memory system 24k, Fabri-Tek, type 8/E
B dectape, Digital, type TD8-EM
B, tape reader, GNT, type 24
B2 tape punch, GNT, type 34
B3 decwriter, Digital, type LA 30P
B, teletype, Teletype, type ASR 33
B5 display terminal, Tektronix, type 4014-1
B6 real time clock, Digital, type DK8-EP
B7 a/d converter, Digital, type AB8-EA
Bg d/a converter, type PD
13. Projectors
1l Leitz projector for slides

1 Voigtlander Perkeo Automat - J 150

1 16 m/m tone film projector, Bell & Howell,

"Filmsound 644"

projector, Leitz, type Pradovit color 250
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INTRINSIC FUNDAMENTAL FREQUENCY OF DANISH VOWELS

Niels Reinholt Petersen

Abstract: In a number of languages the intrinsic F_ of vowels
has been reported to be positively corre?ated with
tongue height.
Measurements of the fundamental frequencies of Danish
vowels showed a similar correlation to exist in Danish.
The F_ differences between high and low vowels were
greatést in long vowels in stressed position, but also
short vowels in unstressed position differed with re-
spect to intrinsic F_, although to a much lesser degree.
The hypotheses advanced to account for the intrinsic
F_differences are briefly outlined, and discussed in
relation to the results of the present and other similar
experiments.

1o sIntroduction

There seems to be a tendency for the fundamental frequency
(Fo) of vowels to be correlated with their quality. Low vowels
have - other things being equal - a lower FO than high vowels.
This tendency has been reported e.g. for English by Black (1949),
Peterson and Barney (1952), House and Fairbanks (1953), Lehiste
and Peterson (1961), Peterson (1961), Mohr (1971), for Korean by
Kim (1968) (cited in Mohr 1971), for Serbo-croatian by Ivi& and
Lehiste (1963) (cited in Lehiste 1970).

Various hypotheses have been advanced to explain the con-
nection between tongue height and intrinsic Fo of vowels. The
most recent ones will be briefly outlined below:

Mohr (1971) assumes a pressure of air to be built up behind

the supraglottal constriction, which reduces the airflow through




the glottis and consequently the rate of vocal fold vibration.
According to Mohr's hypothesis it is so that the greater the
distance between the constriction and the glottis, the longer it
takes for the air pressure to be established behind the constric-
tion and hence for the fundamental frequency to drop. If this
explanation were true, a higher Fo should be expected in [1]
than in [u]. What is generally found, however, is that the Fo
of [u] is equal to or - more often - higher than that of [1].
Furthermore, vowels of medium tongue height in the front series
should have a higher Fo than [i], since their constriction is
less narrow than that of [i]. This prediction, however, is also
contradicted by data.

Another hypothesis rests on the assumption that the glottis
impedance is sufficiently low for some coupling to occur between
the vocal tract and the glottis (see e.g. Flanagan and Landgraf
1968, Lieberman 1970). If this is so the first resonance of the
vocal tract will cause a change, i.e. an increase, of the funda-
mental frequency. Since such an effect becomes greater the closer
the resonance in question is to the Fo range, vowels with low
first formants (e.g. [1] and [u]) will have a higher fundamental
frequency than low vowels (e.g. [a]), which have high first
formants.

The question whether the glottis impedance is sufficiently
low for this effect to be active seems still open for discussion.

Contradictory to this hypothesis, however, the findings re-
ported in Beil (1962) indicate that vowels spoken in a mixture of
atmospheric air and helium, which raises the formant frequencies
of all vowels, have essentially the same Fo relations as vowels
spoken in atmospheric air alone, although the coupling hypothesis
would predict smaller ¥ differences in "helium vowels" than in
"normal" vowels.

A third hypothesis which has been forwarded to explain the
intrinsic FO differences assumes that the tongue, when elevated
for the production of high vowels, pulls the hyoid bone and the



larynx upwards (Ladefoged 1964, Lehiste 1970). This vertical pull
is thought to be translated into an increased vocal cord tension,
which in turn leads to a higher Fo'

This explanation is contradicted by the fact that the hyoid/
larynx position always seems to be lower in [u] (and sometimes in
[i] as well) than in [a], although vowels having high tongue po-
sitions might be expected to have high larynx positions, since
larynx height and Fo are normally positively correlated. Ohala
(1973) points out, however, that the negative correlation between
tongue height and hyoid/larynx height need not invalidate the
tongue pull hypothesis; it merely suggests that the variations in
vocal cord tension, which may be assumed to underlie the intrinsic
FO differences are not likely to be due to changes of the larynx/
hyoid position. Ohala advances another explanation according to
which the increased tongue pull in high vowels gives rise to in-
creased vertical tension in the vocal folds. The vertical tension
can be established exclusively through the mucous membrane and
other soft tissues without involving the hyoid bone and the hard
tissues of the larynx. In support of this explanation Ohala
cites data on the size of Morgagni's ventricles (van den Berg
1955, and Shimizu 1961). It appears that there is a positive
correlation between ventricle size, which is assumed to reflect
vertical tension in the vocal cords, and tongue height and in-
trinsic FO of vowels.

The tongue pull hypothesis has been expanded by Ewan (1975).
Ewan suggests that in order for a sufficiently low first formant
to be produced in the vowel [u], the supralaryngeal cavities are
expanded by means of an active downward pull of the larynx. This
seems to account for the low larynx position of [u] in spite of
its high intrinsic Fo. Furthermore, since it may stretch the
soft tissues of the larynx and thus add to the tension created by
tongue pull, the active lowering of the larynx in [u] might also
explain why the intrinsic FO of that vowel is often found to be

higher than the intrinsic F_ of AR




In addition to tongue pull - or, rather, lack of tongue
pull - Ewan proposes a "tongue retraction/pharyngeal constric-
tion component" to account for the low intrinsic b of low
vowels. He builds upon data on Arabic, from which it appears
that the Fo of a vowel following a pharyngeal consonant (where
the retraction/constriction component is effective) is lower than
the e of a vowel following a stop consonant without any such
component. Ewan suggests that the low Fo of low vowels, which
are also assumed to involve a tongue retraction or pharyngeal
constriction component, is caused by the soft tissues being
pressed downwards in the direction of the larynx and thus in-
creasing the vibrating mass of the vocal folds, which results in
a decrease in Fo. The pressure of soft tissues behind the hyoid
bone may also push the hyoid bone slightly upward and forward
and thus explain the relatively high hyoid/larynx position of
low vowels.

Although it needs further substantiation, the tongue pull
theory as modified by Ohala and Ewan seems to be that one among
the current theories advanced to account for the intrinsic 59
differences among vowels which shows the best agreement with
available data.

- The main purpose of the experiments to be reported below
was to investigate whether Fo differences between high and low
vowels might also be found to exist in Danish, and to estimate
the order of magnitude of these differences. Such information
will be relevant to investigations of Danish intonation (cp.
Thorsen, this issue), as it may help to separate the FO variation
attributable to the intonation proper from variation conditioned
entirely by segmental factors - in this case tongue height.

Thus, although it was not the primary purpose of the present
investigation to obtain data to evaluate the hypotheses outlined
above, it will, of course, be examined whether or not the results

are in agreement with the predictions of the hypotheses.




2. Experimental procedure

2.1 Material

The material consisted of the Danish long vowels [i:, e,
€:, ®:, Q:, yi, @i, ®:, U, Q%, 2+:] (henceforth referred to as
fite: gy ©; &3 0, Yo S, ®, u, o, 5]) occurring in nonsense words

of the type phV'phV:phV, the vowel being identical in each of

the three syllables. The intention was primarily to carry out
measurements of the fundamental frequency of the long, stressed
vowels, but the type of words chosen made it possible to obtain
measurements from short vowels in pretonic and posttonic position
as well. The material also included words of the same type as
above, but having [p], [f], and [m] instead of [ph] (combined
with the vowels [i, a, u] only), so that the relation between

Fo in these vowels and the manner of articulation of the neigh-

bouring consonants might be examined. Thus the material comprised

20 different testwords, i.e. 11 "p-words", 3 "b-words", 3 "f-words",

and 3 "m-words". The words were embedded in the carrier sentence

"Stavelserne i ...... forkortes." ('The syllables of ...... are

shortened.').

In order to prevent a tendency towards rhythmicization
during the reading of the list, 20 "dummy-sentences" were incor-
porated in the material. The forty sentences were arranged in
five different randomizations in the reading list, the limitations
to the random order being, however, that no more than three test
sentences or dummy sentences should occur in immediate succession,
and that each page of the list should start and end with a dummy

sentence.

2.2 Recordings and speakers

The recordings took place in an anechoic chamber by means
of professional recording equipment. Two female subjects (BH and
JG) and three male subjects (JB, SH, and NRP) acted as speakers.
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They were all phoneticians, and all speakers of Advanced Standard
Copenhagen Danish (see Basbgll 1968). Each subject read the

list twice, at intervals between a few hours and a couple of days.

2.3 Registrations

The apparatus used for registration of the recorded material
was a semiprofessional tape recorder, an intensity-meter, a pitch-
meter, and a mingograph. The following acoustic curves were oOb-

tained:

1) duplex oscillogram

2) intensity curve, full frequency range
3) intensity curve, HP-filtered at 500 Hz.
4) Fo curve, normal scale

5) F_ curve, expanded scale (some 2 Hz per mm)

The oscillogram, the intensity curves and the ordinary FO curve
were used for segmentation, whereas Fo—measurements were made on
the expanded Fo curve. The curves of one testword are shown in

fig. #ds

2.4 Measurements

A preliminary examination of the FO curves was made in order
to establish a well defined point of measurement. It was found
that the long, stressed vowels in the p-, b- and f-words in almost
all cases had a falling-rising FO movement with a minimum in the
middle third of the vowel (see fig. 2a). This minimum was chosen
as the point of measurement, not only because it was clearly defined
but also because it occurred in a portion of the vowel where the
influence from surrounding consonants may be considered to be mini-
mal. In a few cases, however, the FO movement was either mono-
tonically rising (see fig. 2b), or (very rarely) falling during
the greater part of the vowel. Under these circumstances the

fundamental frequency was measured at a point corresponding
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Figure 2

Examples of F_ movements in long stressed vowels.
a) movement with a clear minimum point, b) mono-
tonically rising movement. The figures 1, 2,
and 3 refer to point of vowel start, point of
measurement, and point of vowel end, respectively.



approximately in time to the point chosen in cases where a clear
minimum could be seen.

In the m-words containing the narrow vowels [i] and [u],
it proved difficult, and in numerous cases impossible, to carry
out a reliable segmentation, and consequently to determine a point
of measurement with reasonable certainty. Therefore, it was de-
cided to exclude the m-words from the material to be measured.
Nor was the Fo of pretonic and posttonic vowels submitted to a
quantitative treatment, since these vowels showed FO movements
which did not make it possible to determine a reliable point of
measurement. Moreover, these Fo movements displayed considerable
variation in their position on the frequency scale (see figs.
9 and 10 below).

2.5 Statistical treatment

In the statistical computations the subjects were treated
individually, and for each subject the p-, b-, and f-words were
kept apart.

A t-test for correlated data was applied in order to deter-
mine whether the two readings for each speaker might be pooled.

If p > .05 the recordings were pooled, otherwise they were treated
separately.

By means of a one-way analysis of variance it was examined
whether the obtained Fo data for the different vowels might have
been drawn from same or different populations. Since, however,
the vowels differed not only in tongue height but also in place of
articulation and rounding, the analysis of variance had to be
supplemented by a multiple comparison procedure (Scheffé's method)
in which the mean FO of every vowel was compared with the mean

FO of every other vowel.
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3. Results

3.1 Comparison of the first and second recording

With two of the speakers (BH and JG) the t-test revealed
significant differences between the two recordings, the second
recording being lower than the first in all cases. The dif-
ferences were for BH 11.2 Hz in the p-words, 11.6 Hz in the b-
words, and 10.5 Hz in the f-words, and for JG 11.6 Hz, 5.6 Hz,
and 14.1 Hz, respectively.

The second recording of speaker NRP was slightly higher
than the first one for the p-words. Although the difference was
only 1.5 Hz it was statistically significant (p < .0l). For
the b- and f-words no significant-difference between recordings
could be shown with that subject.

The two recordings of the speakers SH and JB were not sig-
nificantly different (p > .05). This applies to all three types

of words.

3.2 Fundamental frequency versus vowel quality

3.2.1 p-words

The mean fundamental frequencies for each of the 11 vowels
in the p~-words are given in table 1 and are shown graphically in
fig. 3. The computed F-values (indicating the ratio of the
between group variance to the within group variance, sbz/swz)
shown in the bottom row of table 1 were in all cases statistically
significant (p < 0l).

It becomes evident from the multiple comparison results, as
summarized in fig. 4, that the Fo differences between the vowels
are due to tongue height rather than to place of articulation or
rounding. Here the number of significant differences (p < .05)
over all subjects are given for every vowel compared with every
other vowel. It is obvious that the number of significant dif-

ferences increases with the difference in tongue height between
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Average F_ in Hz for each of the 11 vowels in the p-words.
Open circles refer to the first recording, filled circles to
the second recording. Triangles represent the averages over
both recordings in the cases where they were pooled.
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the vowels compared, whereas vowels having the same tongue height
but differing in place of articulation or in rounding in no cases
are statistically different. It must be emphasized, however,
that the Scheffé method, which was the one employed here, is more
rigorous - i.e. leads to fewer significant differences - than any
other procedure for multiple comparison. With regard to the pre-
sent data this implies that more significant differences might
have been established, e.g. between [i] and [u] for subjects BH
and JG, if another procedure had been employed or a lower level
of significance had been demanded.

It appears from fig. 3 and table 1 that the intrinsic Fo dif=
ferences vary considerably between subjects. As an example the
differences between [a] and [i] are roughly 35 Hz for BH, 25 Hz for
JG and JB, 15 Hz for SH, and 10 Hz for NRP. There seems to be a
relationship between a subject's difference between [i] and [a]
and his general FO level: according to FO level the subjects can
be ranked (BH,JG) > JB > SH > NRP, and according to the magnitude
of the difference between the two vowels they can be ranked
BH > (JG,JB) > SH > NRP. The Spearman rank correlation coefficient
computed on these rankings is statistically significant (rS B

.95, p< .05). This suggests that the variation among speakers
might be reduced if the F0 differences were expressed in terms of
a relative rather than an absolute measure. The relative measure
used here was the Fo of a given vowel divided by the FO of the
vowel [a], Fo(V)/Fo([a])' The computed ratios are given in fig.
5, from which it appears that some variation among subjects still
exists, but the variation seems to be random in the sense that it
is not correlated with the subjects’ Fa level. Again with the
difference [i]-[a] as an example, the ratios can be ranked
JB>BH>JG>SH>NRP. This ranking could not be shown to be
significantly correlated with FO level (rS & BT, P O,

3.2.2 b-words and f-words

The mean fundamental frequencies of the three vowels i (i

u]) of the b- and f-words are given in table 2 and fig. 6. The

-
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computed F-values (bottom row in the table) were all statistically
significant (p < .0l). For both word types the multiple compari-
son procedure showed significant differences between [i] and [a]
and between [u] and [a] in all cases (p < .05). Furthermore, the
dif ference between [i] and [u] was significant in three cases for
both word types, namely in JG's first and second recordings and

in BH's first recording.

The difference between [i] and [u], which here proved to be
significant in some cases, is found as a tendency in the p-words
as well. The tendency is clearest with the subjects JG and BH
and less clear with the others, and it seems to include also the
other degrees of tongue height and the rounded front vowels, so
that the intrinsic FO at a given tongue height is lowest in an
unrounded front vowel, higher in a rounded front vowel, and highest
in a back vowel.

3.2.3 m—-words

As mentioned above, measurements were not carried out in the
m-words. But the tracings shown in figs. 7 and 8 may give an idea
of the fundamental frequencies in these words. Because of the

problems of segmentation the whole sequence [AnsimV'mV:mV] (i.e.

the underlined portion of the sentence ['sda:ulsanaimV'mVimV

fA'th:gas] - "Stavelserne i mV'mV:mV forkortes") was traced, the

line-up point being the start of the vowel [A]. 1In the words con-
taining the vowel [a] the minimum point of the FO movement always
coincided with the middle portion of the long, stressed vowel, as
determined from the oscillogram and the intensity curves. If this
applies to the words with [i] and [u] as well (from the few cases
where the segmentation could be guessed at, it seems to do so),
the FO movement in the m-words appear to be in good agreement with
the movement in the word types where reliable measurements could
be carried out. But, of course, a more thorough examination is

needed before any safe conclusions can be drawn.
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3.2.4 Vowels in pretonic and posttonic position

No measurements were made of the fundamental frequency in
pretonic and posttonic syllables. But in figs. 9 and 10 tracings
are given of the FO movements in f-words in one recording of the
subjects JG and NRP. The beginning of each vowel was used as
line-up point here. The data are summarized in fig. 11 where
the average fundamental frequencies (estimated by eye from the
tracings) are set up as a function of the position in the word.

There seems to be a clear tendency for the intrinsic FO
differences to be considerably smaller in unstressed syllables
than in stressed ones, and even to be almost eliminated in pre-
tonic position. This reduction of the intrinsic s, differences
appears to be due mainly to an increase in the Fo of the vowel
[a], whereas the vowels [i] and [u] seem to be less influenced

by the position within the word.

4. Discussion

The results described in the preceding paragraphs clearly
show that the correlation between tongue height and intrinsic FO
of vowels found in other languages exists in Danish as well.

The differences found in the present experiment seem to be larger
than the differences reported elsewhere. This is illustrated in
fig. 12, which depicts the mean ratios of [a] to [i] and [u] as
established in the present study and in a number of other investi-
gations.

The discrepancy between the present data and those found in
other experiments may be explained by differences in measuring
procedures. In House and Fairbanks (1953) and in Black (1949)

Fj is determined from the number of glottal pulses in the vowel.
In Mohr (1971) it is defined as the mean of the FO values measured
at the beginning, at the minimum point (lowest FO), and at the

end of the vowel.
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The data from Kim (1968) were available to me only in the
form of illustrations in Mohr (1971). 1In that paper (fig. 3) the
Fo movements were given as straight lines connecting the Fo values
at the beginning and end of the vowels. The points in fig. 12
were computed from the values reached at the mid point of the
vowels. In Peterson and Barney (1952), in Peterson (1961), and
in Ivi€ and Lehiste (1963) (cited in Lehiste 1970) there are no
descriptions of the procedure. In Lehiste and Peterson (1961) it
is said that the fundamental was "measured at the peak of the
intonation contour" and that the peak occurred in the testword,
but it is not stated exactly where the peak was within that word.

In the cases in which there is explicit information on the
procedure of measurement the reported Fo data seem to represent
some sort of average, reflecting not only the intrinsic Fo of
vowels but also the influence from surrounding consonants, where-
as the results of the present experiment are based on measure-
ments taken in the central portion of the vowels where the in-
fluence from the surrounding consonants may be assumed to be
minimal.

The data reported in the present paper do not contribute
anything new to the discussion of the hypotheses advanced to
account for the intrinsic Fo differences among vowels. Like the
results of other experiments they are inconsistent with Mohr's
"pressure hypothesis" which predicts higher pitch in [i] than in
[u] and higher pitch in mid vowels than in high vowels.

There is better agreement between empirical data and the
source/tract coupling hypothesis. However, the relationship be-
tween [i] and [u] stands out as a crux. The intrinsic F_ of [i]
is generally lower than that of [u]. Now, since the hypothesis
predicts an inverse correlation between F, and F_, [i] should be
expected to have higher Fl than [u]. Nevertheless, we normally
find the opposite relation, viz. a higher F; in [u] than in [1].
It may be assumed, therefore, that the intrinsic FO differences
cannot be fully accounted for by the source/tract coupling hypo-

thesis alone.



As pointed out in section 1 of this paper, the modified
tongue pull hypothesis seems to provide the best explanation of
available data on the intrinsic Fo of vowels, particularly of
the relation between the vowels [i] and [u]. Since the results
of the present investigation are in good agreement with data
obtained in other experiments, they may be considered to speak
in favour of the tongue pull hypothesis. It must be emphasized,
however, that the data reported here do not provide conclusive
evidence. Such evidence will have to be based on physiological

rather than acoustic data.
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SPECTRAL PROPERTIES OF GERMAN AND DANISH SIBILANTS

Preben Andersen

Abstract: The Danish sibilants s and [ are normally placed audi-
torily between German s and | in regard to clearness
versus darkness. This distribution also seems to be
meaningful as regards their acoustic properties.

A partial overlapping is often observed between spectra
of Danish s and |, whereas the German spectra are al-
ways clearly discernible. The spectral shape of the
Danish sibilants, especially that of s, seems to be
very sensitive to the parameter rounding/non-rounding
of a preceding vowel, and occasionally these spectral
differences are greater than those between sibilants
belonging to different phonemic categories. Danish and
German sibilants can be distinguished by their spectral
composition. The Danish sibilant spectra normally show
two energy maxima, one in the lower and one in the upper
part of the frequency range. German spectra normally
show but one energy maximum located in the middle of
the frequency range for s and in the lower fifth of the
frequency range for |[.

1. Introduction

Compared to the large number of contributions to the audi-
tory and acoustic description of vowels and stop consonants, very
little has been published on fricative consonants. The previous
descriptions of the fricative sibilants [s] and [ [] have been
concentrated either on acoustic cues for auditory recognition of
the sibilants or on acoustic descriptions of their spectral com-
positions, and on a specification of the most simple general
parameters needed for a satisfactory generation of synthetic

sibilant stimuli.
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As for the investigation of perceptual cues of American-
English and Swedish fricatives, K.S. Harris (1958) and J. Martony
(1962) found that the perception of sibilants depends on the
shape of the noise spectrum, not on the variation in vowel transi-
tions, in contradistinction to the perception of other fricative
consonants (for instance [f, ©6]), which depends mainly on the
adjacent vowel transitions. Martony further observed that a
typical [ f ]-spectrum with a 20 dB amplification of its overall
intensity was perceived as [s].

In descriptions of the spectral characteristics of sibilants
the greatest importance has been attached to the lower part of
the spectrum. Jassem (1962 and 1968) and Katarzyna (1968) define
four fricative formants, three of which appear in sibilants within
the following frequency ranges: F2 about 1-2 kHz, F3 about 2-3
kHz, F4 about 3-5 kHz. The intensity relations and the density
of location of these formants are decisive for the distinction
between [s] and [[]. Dense formant locations are seen in [[],
whereas dispersed formant locations are characteristic of [s].
Jassem gives the formulae: F4 - F22_1.8 kHz = ['s71, F4 - F2( 1,8
kHz = [[].

Peter Strevens (1960) identifies 1 kHz as the line of de-
marcation between formant location density for [s] and [[]. As
for intensity levels, Jassem finds that F4 normally has the highest
level, F2 the lowest, and F3 is the varying formant in regard to
intensity level; in most cases [s] had an F3 with almost the same
level as F2, while F3 of [[] had a level close to that of F4.

A lower frequency limit is described as the lowest point on the
frequency scale at which the energy reaches a level of 20 dB

below the maximum level of the spectrum; this gives [[] a low (not
more than 2 kHz), alveolar [s] a medium (2 - 3 kHz), and dental
[s] a high (more than 3 kHz) lower frequency limit. No unambigu-
ous tendencies were found for the upper frequency limit. The
energy of [ [] often decreases abruptly at about 7 kHz, but the
spectra of some subjects exhibited intensity peaks up to 12 kHz.
[s] always had continuous energy up to 12 kHz.
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In several reports on synthetic sibilant production the
authors start with 4 - 5 poles and 3 - 4 zeroes but find that
auditorily acceptable sibilants can be obtained with only 2 poles
and 1 zero. Martony, Cederlund, Liljencrants, and Lindblom (1961)
mention for [s] a zero at about 3.4 kHz and poles at about 4.2
kHz and 5.3 kHz, for [[] a zero at 1.4 kHz and poles at about 2.1
kHz and 3.1 kHz. Heinz and Stevens (1961) differ by using a
second pole in [s] with the center frequency 8 - 8.4 kHz and by
giving the zero in [[] a center frequency of 3.4 - 4.4 kHz.
Martony also synthesized acceptable [s]-stimuli with one pole
at about 3.5 kHz and 2 zeroes at 3 kHz and 5.9 kHz.

It is evident that the details of these results depend on
the languages involved, and the more general characteristics must

be found in the relative differences between [s] and [[].

2. Recording of the material for the present study

2.1 Choice of material

The present paper is concerned with an acoustic analysis of
the spectral properties of German and Danish sibilant fricatives.
On the basis of measurements of sections from sonagrams an attempt
was made to reveal some differential spectral properties, partly
among German and Danish sibilants and partly among sibilants within
each of the two languages. The latter type of comparison not
only applied to the phonemes /s/ and /[/ but also comprised dif-
ferences among variants of each of these phonemes -in different
environments. Needless to say, a considerable individual varia-
tion was supposed to occur.

The main part of the material consisted of one list of Danish
and one of German words. The words had the structure

(crL(cyv(:)1[[,s1(a) (n)

and preconsonantal vowels comprised all the important categories,

rounded-unrounded, front-back, and open-close.
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It was attempted to find similar words of German and Danish in
order to equalize the experimental conditions. The Danish list
was spoken by 3 male persons speaking Standard Copenhagen Danish
and the German list by 4 male persons, who spoke Standard German
(Hochsprache) or an approximation-to Standard German.

2.2 Recording procedure

The recordings of the Danish words were made in the studio
of the Institute of Phonetics in Copenhagen. The instrumental
equipment used was a Briiel & Kjer Condenser Microphone, type 4145,
connected with a Briiel & Kjar Microphone Amplifier, type 2603,
and the recordings were played on a Lyrec TR 47-2 professional
recorder. ‘

The German words were recorded in Cologne at the Institut
fiir Phonetik. The recordings were made in a studio with a Studio
Magnetofon M10 taperecorder (Studio-Mischpulteinrichtung) from
Telefunken.

Subsequently, sonagrams were made of the words from the
list. Equipment used was a Revox A 77 semiprofessional recorder
and a Kay-Electric Sonagraph 7027. Two sets of wide band spectro-
grams were produced: One set with a frequency range of 160 - 16000
Hz (filter width 600 Hz), from which the sections were taken
(one section approximately at the middle of each sibilant), and
another set with a frequency range of 40 - 4000 Hz. Some uncer-
tainty might be expected in the measurements of frequencies higher
than 7 kHz.

3. Preliminary descriptions as a basis for the measuring procedure

3.1 Spectral composition as basis of description

A comparison between the continuous sonagrams and the sections

showed that the sections gave a more detailed impression of the




33

locations of the energy concentrations and the intensity relations
between the single peaks, whereas the continuous sonagrams, and
especially those with the frequency range of 40 - 4000 Hz, gave a
more exact information about the lower frequency limits of the
sibilants and their relation to the preceding vowel. F3 of the
preceding vowel often continued as a prolonged noise formant

into the sibilant spectrum; this noise formant often represented

a lower frequency limit, varying with the presence or absence of
rounding in the vowel. On some sonagrams even prolongations of

F2 were seen, especially from preceding rounded vowels, but the
difference front - back in the preceding vowel showed no general
influence on the lower limit of the fricative spectrum. The best
information on context dependency. and especially on the phonemic
and language-specific differences between the sibilants still
seemed to be obtained from the general composition of the spectra,
namely the interrelations among the various peaks both with regard
to frequency locations and intensity levels. Accordingly, the

sections were chosen as basis for the measuring procedure.

3.2 Preliminary information about spectral differences

An evideﬁtly language-specific characteristic of the sibi-
lants was observed by comparing the sections. German [s] starts
at a relatively high frequency, Danish [s] and [[] have medium
lower limits, while German [ [] has the lowest limit. Accordingly,
German [s] and [[] are clearly distinct, whereas there is more
overlapping between Danish [s] and [[] and a considerable indi-
vidual variation.

Fig. 1 shows a representative example of the spectral shapes
of the German and Danish sibilants. Most of the spectra of Danish
sibilants seem to consist of two energy concentrations with a zero
in between; each of these humps of energy, henceforth called
maxima, consists of various peaks, more or less fused. The sibi-
lants of the subject NRP generally only approached this pattern.

The higher maximum was often absorbed in the long decreasing slope
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of the lower maximum, The German sibilant spectra rather show a
concentration of energy around one large maximum in the central
region of the spectrum for [s], and somewhat lower for [[]. 1In
the lower frequency range of both Danish and German sibilant
spectra there are peaks which might be compared with the F2 -

F3 - F4 of Jassem et al.

3.3 Grouping of the spectra

The previously mentioned context dependency with regard to
the presence of rounded - unrounded vowel before the sibilant,
turned out to be important. It became clear that a distinction
between sibilants in these two environments facilitated the
general description. This further'made it possible to reduce some
of the overlapping between the Danish sibilant spectra to "partial”
overlapping caused by the presence or absence of rounding in the
preceding vowel; e.g., the spectrum of an [s] following a rounded
vowel may be more similar to the spectrum of [[] following an
unrounded vowel than to the spectrum of [s] following an unrounded
vowel.

The following groupings were undertaken: (a) Danish [s]
preceded by an unrounded vowel (abbreviated Da. [s] unround.),

(b) Danish [s] preceded by a rounded vowel (Da. [s] round.)l,
(c) pPa. [[] unround., and (d) Da. [[] round. The German sibilants
were classified in the same way although the distinctions were
less clear. Especially the two classes of [ ][] were found to be
very similar, as German [ ] is often inherently rounded. As to
German sibilants in general, they seem to have a more distinct
articulation than the Danish ones, and they are therefore less
susceptible to coarticulation. Moreover, all the German vowels
were lax, and lax vowels have less pronounced rounding. Anyway,
the eight classes were maintained as a basis for the measuring
procedure.

1) The vowel [5], e.g. in the word 'losse', was treated as a
rounded vowel, although on some sections it was followed by
a sibilant spectrum belonging to class (a).
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The difference among the groups was mainly found in the
frequency locations of the lower maximum and for some Danish sub-
jects also in the intensity relations between the two maxima.

The problem will be discussed in detail in section 4.

4. Measuring procedure

4.1 Peak frequencies as primary parameters

On the basis of the previous observations the following
parameters were chosen as relevant for the measurements: Center
frequency of the single peaks; center frequencies of the maxima,
if any; frequency range of the dominating maximum or prominent
part of the spectrum; center frequencies of the zeros; upper
and lower frequency limits.

There were normally 10 - 11 measurable peaks in the Danish
sibilant spectra, whereas the German sibilants contained 13 - 15
measurable peaks. These peaks were chosen as primary parameters.
A close comparison of the center frequencies of the primary peaks
within each of the languages revealed certain frequency ranges,
within each of which the occurrence of a primary peak was partic-
ularly frequent, that is: within the given ranges, there was a
peak in all cases, but the relative intensities of the peaks
varied for different sound classes depending on place of articula-
tion and on rounding. For example, one peak might have a high
intensity and constitute the center of the lower maximum in a
[[], whereas a peak of the same frequency in an [s] might appear
just as a minor bulge on the rising slope of the lower maximum.
Naturally there were cases of fusing or completely lacking peaks

in the distribution.
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4.1.1 "Basic peaks"

For each of the previous mentioned classes of spectral types
(Da. [s] round., Ger. [[] unround., etc.) a set of mean primary
peaks were calculated by means of the mean values of the single
peak measurements, first for each subject and then for the sub-
jects combined. A comparison of the different sound types revealed
that many of the peaks were practically identical and others
were so close that they could be united into one, somewhat
broader, peak. In this way, a final number of "basic peaks"”
was set up for each language, for German 14 and for Danish 15,
see fig. 2. The number of "basic peaks" for Danish is larger
than the number of measurable peaks (10 - 11) in the individual
spectra, because the variation both among the subjects and be-
tween rounded and unrounded forms of the sibilants was relatively
large in Danish.

Within the frequency ranges of the "basic peaks" one should
be able to fit in the peak center frequencies of any individual
kind of [s, [] from the two languages. Naturally, this descrip-
tion does not involve the claim that there should be a fixed
number and fixed location of the resonance frequencies for all
sibilant articulations, and an investigation of a larger material
might lead to an increased or reduced number of "basic peaks" or
partly different frequency ranges for the peaks, but for the pur-
pose of this investigation the present model turned out to be
quite useful, if not as a general theory of "basic peaks", then
at least as a division of the spectrum which is expedient for
comparisons of intensity relations in selected ranges. A divi-
sion on the basis of frequency alone, e.g. in third octaves or
the like, might cut through important peaks. The "basic peak"-

model was therefore used as framework for the further description.
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4.2 Ranking of intensity relations

A ranking of the intensity values based on the relation
between the peaks of the various classes was preferred to physical
scales, partly because a valid calibration of the sections was
not available, and partly because of the relatively large dif-
ferences in over-all intensity among the recordings of the
various subjects.

The rank relations among the basic peaks were set up for
each individual example, each "basic peak" frequency of the sec-
tion being given an intensity rank between 1 and 14 or 15, de-
pending on the language. As previously mentioned, only 10 - 11
peaks were measurable in each of the sections of Danish sibilants,
therefore one could not expect to find a peak in everyone of
the 15 "basic peak" frequency ranges, and in the instances where
a basic frequency range contained a slope, the mean level of
intensity of this sloping portion was ranked in relation to the

other "basic peak" areas of the section.

4.3 Stylized average spectra of sibilants

Now it became possible to calculate the mean intensity re-
lations for a whole group of spectra. The median was chosen as
a statistic measure for calculating the mean rank of the "basic
peaks" of any desired number of sections. Accordingly, each of
the classes (Da. - Ger. [s]-[J] round. - unround.) could be
acoustically described by the average rank of the intensity in
the "basic peaks". Figs. 3 - 11 show stylized average spectra
constructed on the basis of the average intensity ranks of the
"basic peaks". The average for each "basic peak" range had to
be reproduced as a horizontal line; this was necessary because
the (exact) frequency location of the peak within a "basic peak"
range might vary for each individual sound. The empty spaces
between some of the "basic peaks", especially those of the German
sibilants, are supposed to be minor zeros or at least frequency

domains with no obvious peaks.
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5. Results and discussion

On the basis of the stylized average spectra and the pre-
liminary observations supported by the physical measurements
the following tentative general characteristics of the classes

can be put forward:

5.1 Spectral properties of Danish sibilants

5.1.1 Sibilant preceded by rounded versus unrounded vowel

This difference is manifested most clearly in the [s]-

spectra and appears in the following ways:

In several cases the upper maximum is dominant, whereas the

lower maximum is usually dominant before unrounded vowels.

Average differences are greatest for the [s]-spectra: [s] unround.
3800 Hz - [s] round. 3000 Hz; [[] unround. 3000 Hz - [[] round.
2800 Hz.

maximum_is_smaller after rounded vowels.
Here the measurements show the averages:
[s] unround. 2250 - 3300 Hz - [s] round. 2100 - 2400 Hz;

[[] unround. 1650 - 2450 Hz - [[] round. 1600 - 1900 Hz.

B i e R T e e =

This tendency can hardly be observed for the subject OTH

Average for all subjects:

[s] unround. 8450 Hz - [s] round. 7750 Hz; [[] unround. 7250 Hz
- [[] round. 6050 Hz.
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This is only obviously true for subject PA.

On the whole, a general shift downwards of the spectral
energy takes place after a rounded vowel, but at the same time
the central point of energy shifts upwards on the frequency scale,
that is, the peaks within the two maxima are shifted upwards.

The rather dubious measurements of absolute upper and lower fre-
quency limits show the shift downwards:

[s] unround. 1550 - 11950 Hz - [s] round. 1300 - 11600 Hz
[[] unround. 1300 - 11000 Hz - [[] round. 1200 - 10400 Hz

5.1.2 General differences between Danish [s]- and [ [ ]-spectra

Here the interesting problem arose that it seemed almost
impossible to find general acoustic differences in [s]- versus
[ [ ]J-spectra, especially for the two subjects OTH and NRP. One
pronounced difference seems to be:

This is obvious in most of the spectra, and the average measure-
ments are:

[s] 8050 Hz - [[] 6850 Hz.

On the whole, the [ []-spectra seem to be shifted somewhat toward
lower frequencies, but this information must be taken with reser-
vation, as the differences in environment (viz. preceding un-
rounded versus rounded vowel) causes quite a dispersion in the
total averages of the measurements of each sibilant.

A comparison of [s] and [[] preceded by the same vowel
category shows clearer differences, especially after unrounded
vowels, but in several cases the differing features seem to be
individual. The [s]- and [ []-spectra of subject NRP are so
similar that a general distinction between them can hardly be

made, even when they are paired according to vowel categories.
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There seems, however, to be a slight tendency for the [ []-spectra
to have a slightly higher amount of energy concentrated in the
lower maximum, a little less in the upper maximum which seems to
be shifted a little down the frequency scale (see fig. 5).
Measurements for NRP are:
Frequency range of the dominant part of the spectrum:
[s] unround. 2000 - 4350 Hz - [J] unround. 1600 - 4650 Hz
[s] round. 1850 - 4350 Hz - []] round. 1550 - 4150 Hz.
Frequency range of the decisive increase of intensity leading up

to the lower maximum:

[s] unround. 2000 - 2850 Hz - [[] unround. 1500 - 2450 Hz

[s] round. 1850 - 2100 Hz - [J] round. 1350 - 1950 Hz.
Center frequency of the lower maximum as a whole:

[s] unround. 3350 Hz - []] unround. 3050 Hz;

[s] round. 2900 Hz - []] round. 2800 Hz.

For the other two subjects the same differences can be ob-
served, but more pronouncedly. The [f]-spectra contain more
energy in the lower part of the spectrum and the increase of in-
tensity leading up to the lower maximum begins at lower fre-
quencies than for [s] (the difference may amount to 1300 HZY,
and a general weakening of the upper spectral energy (see figs.
3 and 4). The measurements aré as follows:

Frequency range of the decisive increase of intensity leading up
to the lower maximum:
[s] unround. PA: 2400 - 3500 Hz OTH: 2250 - 3450 Hz
[[] unround. PA: 1600 - 2300 Hz OTH: 1700 - 2650 Hz
[s] round. PA: 2100 - 2500 Hz OTH: 2200 - 2600 Hz
[[] round. PA: 1550 2100 Hz OTH: no measurements.
Center frequency of the lower maximum as a whole:
[s] unround. PA: 4000 Hz OTH: 3800 Hz
[[] unround. PA: 2900 Hz OTH: 3200 Hz
[s] round. PA: 3100 Hz OTH: 2950 Hz
[[] round. PA: 2750 Hz OTH: no measurements.
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It is interesting to notice the previously mentioned partial
overlapping between the phonemic categories: Danish [ [] preceded
by an unrounded vowel may have a higher center frequency of the
lower maximum than Danish [s] preceded by a rounded vowel.

Beside the previously mentioned general difference between
[s] and [[], namely the decrease of upper spectral energy located
at lower frequencies in [[], also the frequency range 1500 - 2500
Hz seems to contain crucial information as to the general dif-

ferences between [s] and [[] in Danish.

5.2 Spectral properties of German sibilants

5.2.1 Sibilant preceded by rounded versus unrounded vowel

This problem seems easier to handle for German sibilants.
For the spectral shape of [[] it apparently makes no difference
whether [[] is preceded by a rounded or an unrounded vowel. As
mentioned in a previous section, [[] is frequently articulated
with rounded lips, and besides German sibilants have a more
distinct articulation than Danish ones and are therefore less
affected by coarticulation.

The fact that the German rounded lax vowels are frequently
articulated with no pronounced lip rounding also seems to neutra-
lize the influence of coarticulation to a certain degree. One
of the subjects (PS) has long tense rounded front vowels in two
of the words, and this fact has made his spectra of [s] unround.
and [s] round. differ more than those of the other subjects, who
articulated a lax [Y] in this position (see fig. 7 vs. figs.
8-10). Accordingly, one might expect that long tense vowels pre-
ceding the sibilant would bring out a clearer distinction between
[s] unround. and [s] round. Moreover, the small differences that
can be observed between [s] unround. and [s] round. in this
material exhibit individual variation. A varying amount of extra
energy is seen in the frequency ranges of "basic peak" no. 4 or 5

(3000 - 4000 Hz), furthermore, coarticulation from a preceding
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. rounded vowel seems to cause a slight increase of intensity at
about 8000 - 9500 Hz, but generally this material showed no con-
sistent distinctive spectral properties. The individual varia-
tion is very small; the [[]-spectra, especially, are similar for
all the German subjects.

5.2.2 The difference [s] - [[] in German

In contradistinction to Danish the German [s]- and [[]-
spectra differ fundamentally without regard to the preceding
vowel. All of the [[]-spectra have their main energy in the
lower part of the spectrum with a maximum centered at about 3000
Hz, from which one may observe a slight decrease of energy up to
"basic peak" no. 7 (about 5800 Hz) and a steeper decrease above
that frequency region. All the [s]-spectra have almost no dis-
cernible energy in the [ []-maximum, whereas their maximum of
energy is concentrated in the central region of the spectrum,
in the "basic peaks" nos. 6-7 (4800 - 7600 Hz) (see fig. 11).

5.3 The difference between Danish and German sibilants

Auditorily the Danish sibilants [s] and [[] are normally
placed in between German [s] and [ [] with regard to the clear-
ness versus darkness of the noise (clear - dark: German [s]
o Danish [s] Danish [[] German [[]) and, not surprisingly, an_
overlapping of acoustic distinctions was found only in Danish,
not in German, sibilant spectra. The acoustic distinction between
on one hand Danish and German [s] and on the other hand Danish
and German [ [] is rather obvious.

The clearest language-specific acoustic type is represented
by the double-peaked Danish sibilant spectra (as for subject NRP,
see section 3.2). The tendency to a configuration: lower maximum -
zero - upper maximum is most apparent for Danish [s]-spectra.

The German [ s]-spectra generally show one single maximum near the
center of the frequency range. The German [ [ ]-spectra likewise
contain a single maximum, but it is shifted downwards and has a

more slowly declining upper intensity slope.
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Further, the German sibilants show energy at higher fre-
quencies than the Danish ones. The measures of absolute upper
frequency limits are:

Da. [s] 11800 Hz - Ger. [s] 14100 Hz; Da. [[] 10800 Hz - Ger.
[]] 12900 Hz.

In the lower part of the spectrum the decisive increase of
energy of German [s] starts at about 2500 Hz higher than for
Danish [s], that is somewhere near the zero between the two
maxima of the Danish average spectra. The absolute lower fre-
quency limit differs only slightly for Danish and German [s]-
spectra. German [f]-spectra show energy at lower frequency
locations than do Danish [ []-spectra. Values for absolute lower
frequency limits are:

Ger. [[J] 950 Hz - Da. [[] 1300 Hz.

Frequency locations of points above which there is a decisive
increase of lower spectral energy:

Ger. [[] 1050 - 1800 Hz - Da. [[] 1600 - 2250 Hz.

5.4 General differences among sibilant spectra

5.4.1 ©Spectra of sibilants preceded by rounded versus

unrounded vowels

Generalizations of common acoustic properties of [s]- and
[ []-spectra naturally have to be made with strong reservations.
Still, there are some differences between sibilants preceded by
rounded versus unrounded vowel which are common to Danish and
German and might reflect a general tendency. For both languages
a rounded vowel before the sibilant (if the sibilant itself is
not characterized by obvious liprounding) causes an amplification
of the energy immediately below the dominant energy maximum of
the sibilant spectrum. This may be due to the fact that lip-
rounding causes a lowering of the formant frequencies (the poles

of the transfer function).
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The difference rounded - unrounded vowel before the sibi-

lant seems to affect [s] more than [[]. (As previously mentioned,

German [[] does not seem to be affected at all.) An explanation
of this may be the fact that the influence of rounding on formant
frequencies depends on the place of articulation (constriction

of the resonator). F4 is thus more affected by rounding if the
primary constriction is situated in the front of the mouth (as

in [s]) and less affected if the primary constriction is made
somewhat further back (as in [[]). The place of articulation of
[[] may vary, but the center of the constriction will always be
situated further back than that of [s].

5.4.2 General differences among [s]- and [ []-spectra

Even here the tendencies must be stated with strong reser-
vations. In the present material two features were observed
that separate [s] from [ [] acoustically: [[] had stronger energy
in the lower part of the spectrum relative to [s] and a steeper
decline of energy in the upper part. The strong reservation to
the generalizations is due to the large individual variation among
the Danish subjects; for instance,the spectra of [s] and [[] un-
round. by the subject NRP showed acoustically greater similarity
than did the spectra within the same class produced by the other
Danish subjects.
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IDENTIFICATION AND DISCRIMINATION OF VOWEL DURATION

Niels Reinholt Petersen

Abstract: The identification and discrimination of vowel duration
was investigated. The experimental results could not
be unambiguously interpreted in favour of either cate-
gorial or continuous perception of the acoustic variable
under study.
Furthermore, the subjects' response bias in the dis-
crimination test was examined. It turned out that the
number of "false alarms" (i.e. "different" responses to
pairs of physically identical stimuli) varied in a
systematic manner, being considerably higher near the
phoneme boundary (as established by identification tests)
than within the phoneme areas. It is attempted to ex-
plain the systematic variation of response bias in terms
of Fujisaki and Kawashima's model of the decision pro-
cess 1in discrimination tasks.

1. Introduction

It is commonly reported that consonants and vowels are per-
ceived differently by human listeners. In a great number of ex-
periments on the identification and discrimination of speech
sounds it has been demonstrated that stop consonants in particular
are perceived in a categorial manner, i.e. listeners can discrimi-
nate between different sounds only if they can identify them as
belonging to different phonetic (or phonemic) categories. Vowels,
on the other hand, seem to be perceived in a more continuous manner,
similar to that of non-speech stimuli, i.e. listeners can discri-
minate also between sounds which are identified as belonging to
the same category.

Whereas the categorial perception of consonants is fairly
well established (see e.g. Abramson and Lisker 1968, Liberman,

Harris, Hoffman, and Griffith 1957, Liberman, Harris, Kinney, and



Lane 1961, Liberman, Harris, Eimas, Lisker, and Bastian 1961,
Pisoni 1971}, the perception of vowels seems to be more suscep-
tible to influence from experimental conditions. If vowels are
presented in CVC syllables (Stevens 1968) or are followed by
another vowel (Fujisaki and Kawashima 1968, Pisoni 1973) they
tend to be perceived more categorially than isolated vowels.
Similarly, short vowels seem to be less continuously perceived
than long vowels (Pisoni 1971 and 1973, Fujisaki and Kawashima
1968).1

If the differences between the vowels to be compared are
very small, this also seems to evoke a more categorial perception
of the vowels (Holtse 1973).

With respect to the influence of test format Pisoni (1971
and 1973), who compared the commonly used ABX procedure to a
four interval test of paired similarity (4IAX), found that the
perception of vowels was more continuous with the former procedure
than with the latter one, whereas the two procedures could not be
shown to influence the perception of stop consonants differently.

The different modes of perception of vowels and consonants
and the dependence of the perception of vowels on experimental
conditions may be accounted for in terms of a model for the dis-
crimination process developed by Fujisaki and Kawashima (here
quoted from Pisoni 1971). According to their model the acoustic
signal is converted to an auditory representation and a categorized
representation in short term memory. When the listener is to
decide whether the two stimuli in a pair are same or different
he first compares the categorized representations. If they are
different, i.e. belonging to different phonetic categories, he
answers "different" right away. If they are same, i.e. belonging
to the same category, he turns to the auditory representations and
compares those. His answer will then depend on the extent to which
the auditory representations are preserved in short term memory.

In the case of stop consonants it seems that their auditory

representations are lost from short term memory as soon as the

1) However, from the discrimination curves given by these authors

the tendency towards categorial perception does not appear to
be very marked.
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categorization has taken place, leaving only categorial informa-
tion for the discrimination process. Auditory information on
vowels, on the other hand, may or may not be available in the
discrimination process, depending on experimental conditions:

in some cases vowels seem to be perceived in a nearly continuous
manner and in other cases in a more categorial manner.

The bulk of experiments on the perception of vowels has
dealt with vowel quality, whereas the duration of vowels has been
investigated to a very limited extent. Bastian and Abramson
(1962) report briefly that Thai vowels of different duration
presented to Thai and American listeners were perceived in a
continuous fashion. The opposite is reported for Japanese by
Fujisaki, Nakamura, and Imoto (1973), who found a clear discri-
mination peak at the boundary between short and long o.

The results of previous experiments carried out by the
present author (Reinholt Petersen 1974) point in the same direc-
tion. In those experiments subjects adjusted the duration of the
vowels i and ¢ in the synthetic words ['lV(:)sa] in accordance
with the following instructions: a) adjust a "natural duration"
of a phonemically short vowel, b) adjust a "natural duration" of
a phonemically long vowel, c) reduce the duration of a long vowel
until a phonemically short vowel is heard, and d) increase the
duration of a short vowel until a phonemically long vowel is heard.

The adjustments made around the phoneme boundaries (i.e.
instructions c¢) and d)) seemed to show a statistical variaticn
which was smaller than the variation of the adjustments of "natural
vowel duration". Although this finding may be taken to sééak in
favour of categorial perception of vowel duration, the evidence is,
at best, indirect. It was considered desirable, therefore, to
seek further information about the perception of vowel duration by

repeating the earlier experiments in the field.
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2. Stimuli and procedure

2.1 Stimuli

The vowels chosen were Danish /e/ and /e:/ (IPA [EJ)' In
order to avoid the stimuli to be perceived as non-speech sounds
the vowels were embedded in the frame ['I_sa]. Since the dif-
ferences between the formant frequencies of short and long g
are very small in normal spoken Danish (see e.g. Fischer-
Jprgensen 1972), the Danish words /'less/ l@sse 'to load' and
/'le:sa/ lase 'to read' could be generated by merely varying the
duration of the vowel.

The words were synthesized on the parallel speech synthe-
sizer of the Institute (see Rischel 1969 and Rischel and Lystlund
1972). The acoustic structure of the synthetic words were based
on spectrograms of four Danish speakers. Information about the
formant frequencies and levels of the vowel & was kindly provided
by Peter Holtse, and correspond to formant data which rendered
100% /e/-identification in an identification test carried out by
him (Holtse 1973). The fundamental frequency was rising through-
out the stimulus word at a rate of 4 Hz per 100 ms, starting at
92 Hz at the beginning of the [1].

The duration of the vowel was defined as the distance be-
tween the programmed change of parameter values from [|] to [e],
i.e. at the start of the consonant-vowel transitions, and the
programmed cessation of periodic energy in the vowel.

In the course of the experiments it turned out that the
actual value of vowel duration may deviate from that specified by
the function generator of the speech synthesizer, even if the
latter performs correctly. This can be explained as an inherent
source of error due to the fashion in which the voice source
amplitude is controlled: the point in time at which the sound is
programmed to start or a change in amplitude is to occur, i.e.
the point at which the voice source amplitude gate is activated
to produce an increasing amplitude, is independent of the repeti-

tion rate of the voice source pulses. Since the voice source
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amplitude gate is placed before the formant filters, the first
pulse to produce an appreciable excitation of the formant filters
or an amplitude change may occur with varying time lags relative
to the programmed onset or change, i.e. signals differing up to
one period in duration (e.g. 10 ms at Fo = 100 Hz) can be gene-
rated by exactly the same programming of the function generator.
There is a similar possibility of error at the end of a synthe-
sized vowel.

In the stimuli used in the tests the rise in amplitude from
the [ 1] to the vowel and the fall at the end of the vowel before
[s] were generated partly by the voice source amplitude gate and
partly by the formant amplitude gates. Since the latter are
placed after the formant filters  they may, to some extent, reduce
the durational errors mentioned above.

In order to investigate the possible distortion of the
identification and (particularly) discrimination results the
durations of all stimuli were measured on mingographic tracings
and compared with the discrimination results. The deviations
from the programmed durations were generally very small, less than
2 ms, and they could not be shown to have influenced the shape

of the discrimination functions.

2.2 Test procedure

2.2.1 The identification test

In the identification test the vowel duration was varied in
10 ms steps in the range from 100 to 200 ms. An informal pilot
test taken by the same subjects who were to participate in the
subsequenf more formal tests showed that the phonemic boundary
between /e/ and /e:/ in all cases was well within the limits of
the range chosen.

The stimuli were arranged in ten different random orders
on the test tape, and were presented one at a time with a response

pause of 5 secs. between consecutive stimuli. The test was played




62

back to the listeners via earphones (Sennheiser HD414) on semi-
professional REVOX ta<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>