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lNTROOUCTION 

Eli Fisoher-J~rgensen 

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 

nas now found a more permanent home in the new campus 9f the 

u~iversity, 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, ~nd since the introduction will not be re­

printed in re-issues of ARIPUC 1, the main points are included in 

the present survey, 

The teachin~ 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 

~urtng 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 ceptury, 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 ph9netics was established, these courses 

were given every year as a preliminary to the courses in foreig~ 

lan9µa9es,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 19-60 a diploma 

of general phonetics, based on a two years' curricu·1um, 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 rapi~ly 

increased. In 1966 a chair in phonetics was founded, and f~om 

1970 the staff counted seven phoneticians in all. This develop­

ment has now come to a standstill. 

The possibilit~es for phonetic research dev,eloped more .. 

slowly although the research was initiated earlier than the teach­

ing. The first vowel synthesizer was built in Copenhagen as ~arly 

as 1781 by C.G. Kratzenstein, and about a century later the famous 

comparatist Karl Verner constructed an ingenious ,instrument fo.r 

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 Meye~­

Schneider pitchmeter. Otto Jespersen, however, was not interested 

in experimental phonetics (although he worked for a time with 

Rousselot), and this w~s 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 callec;1._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 

est 9blished, 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 ~nstitute for Speech 

~athology. That institute had had a laboratory of experimental_ 

phoneticp since 1943, and some research could be undertaken 

there a~ w~ll qS in various medical clinics, but mostly at nig~t 

when the laboratories were not in normal use. In 1961 we 

acqui~ed a kind of laboratory of our own:~ minor set of instru­

ments were placed in a room connected with the Institute, whic_h 

was then housed in St. Kannikestr~de 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 

uae as a laboratory of experimental phonetics. In the same year 

the Institute of Linguistics and Phonetics was divided into two 

se~arate institutes, and in 1968 we were granted a full-time 

secretary. 

ln 1971 the laboratory was moved to much ampler premises 

in Skindergade 3, which, however, had the drawback that they were 

not in imJnediate vicinity of the rest of the institute. At the 

sa,ne 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.-0ur purpose and which we could organize 

and equip to fit our needs. We expect to stay 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 

th~augh University grants, partly through subventions from the 
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Research Council of the Humanit~es and the Technical Research 

Council, so that now we are rather cont~nt with our research 

possibilities. Some of the instruments, like the synthesizer 

and the Segmentator, have been built in our laboratory, others 

nav~ 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 

9uest 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 

Phon~tics in Lund (Sweden). 

At present we try to centre most of our research around 

the following subjects: The function of the larynx in speech, 

,nainly by means of EMG and fiberoptics; perception of speech, 

mainly based on experiments with synthetic speech; and (quite 
.~ 

recently) the teaching 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 exp~nsion 

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. 
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PERSONNEL OF THE INS'fITUTE OF 1?HONETICS IN 197 5 

Professor: Eli Fischer-J~rgensen {director of the· institute) 

Associate professors: 

B~rge Frg,kja:?r-Jensen, cand .mag. { sec~:.mded t_o the A~diologo-

pedics Research Group from September 1) 

J~rgen Rische!, qr.phil. {on leave until September 1) 

Oluf Thorsen, cand.mag. 

Assistant professors: 

Steffen Heger, cand.mag. (until September 1, temp6rarily 

appointed) 

Peter Holtse, cand.phil. 

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

Anders Lofqvist, fil.lic. (until September 1, t~mporarily 

appointed) 

Nina Thorsen, cand.phil. 

Senior research fellow: Hans Basb~ll, cand.mag. {until 

September 1) 

Teaching assistants: 

Peter Molb~k Hansen, stud.mag. 

Steffen Heger, cand.mag. 

Birgit Butters, stud.mag. 

Mimi Jakobsen, stud.mag, 

Ellen Pedersen, stud.mag. 

Niels Reinholt Petersen, stud.mag. 

Pia Riber Petersen, cand.mag. 

Engineers: 

Preben D~mler, B.Sc. (on leave from Febru~ry 23) 

Mogens M~ller, M.Sc. 

Jens Holger Stellinger, M.Sc. {from March 1, temporarily 

appointed) 
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Technic.ian: Svend-Erik Lystlund 

Secret~ri: El~e Parkmann 

Te?ch~r? 
1
!rom other .fnstitutes, lectu~in2 at the Institute 

of Phonetios: 

~sther Dinsen, cand.mag. (Institute for Applied and Mathe­

matical Linguistics) 

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

Mathemati~al Linguistics)~ 

PUaLICATIONS UY STAFF MEMBERS IN 1975 

Han~ aasb~ll 

Eli Fis .. heri-J~rgensen 

Anders 4ofqvist 

"Det rigsdanske st~d i generativ be­

lysning", Selskab for nordisk filolo­

gi. Arsberetning for 1971-73, p. 
I 

17-22 

"Grammatical boundaries in phonology", 

Papers trom the Second Scandinavian 

Conference on Linguistics,· Lysebu, 

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

p. 35-54 

!rends. iri phonological theory, 

(Akademisk Forlag) K~benhavn, 474pp 

"Intrinsic and e~trinsic F
0 

variations 

in Swedish tonal accents'', Phonetica 

~l, p. 228-247 

"Some phonetic correlates of emphatic 

stress in Swedish", Working_ Papers, 

Phonetics Laboratory, Lund University 
I 

10, p. 105-117 

"A study of subglottal pressure during 

the production o:f Swedish stops", 

JPh 3,3, p. 175-189 



Anders Lofqvist and 

Peter Kitzing 

J~rgen Rische! 

Nina Thorsen and 

Robert MacAllister 

Nina Thorsen and 

Oluf Thorsen 

Oluf Thorsen, Ole 

Kongsdal,and Karen 

Landschultz 

IX 

"Subglot'tal 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 

udtrykslrere", Papir 1,3, p. 86-101 

"Problemer ved en generativ beskrivel­

se af dansk tryk", Selskab for n~rdisk 

~ilologi. Arsberetning for 1971~73, 

p. 22-32 

"Problems encountered in the teaching 

of foreign language pronunciation", 

Papers from the Institute of Linguis-, 

ties, University of Stockholm (Sympo-

sium maj 1975), p. 53-62 

L~rebog i fonetik, K~benhavn, 161 pp 

Fransk fonetik, 5th revised edition, 

K~benhavn, 252 pp 

Oluf Thorsen, Ole Kongs- Review of Martinet-Walther: 

dal and Isabelle Du- Dictionnaire de la prononciatiqn 

rousseau fran9aise dans son usage reel, 

France-Expansion, Paris 1973, 932 pp, 

Revue Romane 10,2, p. 437-442. 

LECTURES AND COURSES IN 1975 

1. ~lementary 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 Fi~cher-J~rgensen, Peter Mol-
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b~k 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 langµage 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 

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

3. Phon<?logy 

Hans Basb~ll gave a course in phonology for advanced 

students (two hours a week) in the spring semester. 

Eli Fischer-J~rgensen gave a course in phonology for 

beginners (two hours a week) on the topic: Problems in pho­

nology, tn the spring semester. 

J~rgen 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 
. I 

Anders L6fqvist __ gave a course in instrumental physiologic­

al phonetics (two hours a week, plus individual exercises). 

Anders Lofqvist 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. 



XI 

5. The acoustics of ~peech 

Mogens M~ller 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 seroe$ter. 

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 instrument:9il phonetics through 1975. 

Peter Molb~k 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 sprin9 sem~ster. 

J~rgen Rischel 9ave a course in Danish phonetics (with 

emphasis on the phonological aspect) (two hours a week) in the 

autumn semest~r. 

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 gaye a course in French phonetics (two 

hours a week) in the spring semester. 

7. Seminars 

Students and staff gave an account of their research 

proj~cts. 
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B~rge Fr~kj~r-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 

pa:J:"ticular stop consonants". 

Eli Fischer-J~rgensen gave a short account of F -differenc­o 
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-J~rgensen gave an account of the symposium 

on A ornamic Aspect of Speech Perception in Eindhoven, August 

4-6, and of the ~honetics Symposium in Colchester, August 25-27. 

J~rgen 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-J0rgensen, B0rge Fr0kj~r-Jensen, Peter 

Holtse, Birgit Hutters, Anders Lofqvist, Nina Thorsen, and 

Oluf Thorsen. 

Hans Basb~ll 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-J~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. 

B~rge Fr~kj~r-Jensen was·on an e~tended tour to many 

phonetics laboratories and speech research institut~ons in the 

United States in June. He gave a paper, "S\,lrvey and demonstra­

tion 0f some instrumental possibilities in phoniatri~s 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 L6fqvist gave a paper, "On the control of aspira­

tion in Swedish", at the phonetics congress in Leeds. 

J~rgen Rischel participated in a symposium on The Physi­

ology of Speech in ~tockholm, August 25-26. He presented an 

introduction to and presided at a seminar on Productivity in 

Phonology ip the Linguistic Circle in Copenhagen in May. 

Nina Thorsen gave a paper, "Problems encountered in the 

teaching of foreign ~anguage pronunciation" (in collaboration 

with Robert MacAlli.ter) 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-J~rgensen, 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) 

1 electro aerometer (dual channel) 

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

1 photo-electric glottograph 

1 Fabre Glottog~aph 

1 palatoscope with complete outfit for palatography 

1 segmentator, model IPO (Eindhoven) 

1 ·Meyer-Schneider pitchmeter 

1 stroboscope, Philips, type PR 9103 

1 segmentator, typ_e PT 

1 electro-aerometer, four channel, type AM 

1 audio frequency filter, type 445 

1 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 

508/4 
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3. Fil te·rs 

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

l active RC lowpass filter 

4. Instru~entation for visual recordings 

l mingograph, Elema 42 (4 channels) 

1 mipgograph, Elema 800 (8 channels) 

1 kymograph (with electro-motor) 

1 autom~tic frequency response and spectrum recorder, 
BrUel & Kj~r, type 3332 

1 oscilloscope, Telequipment (single beam) 

i oscilloscope, Tektronix, type 502 A 

1 oijcilloscope, Solartron, type CD 1400 (dual beam} 

2 oscilloscopes, Tektronix, type 564 storage 

1 dual-trace amplifier, Tektronix,· type 3Al 

1 four-trace amplifier, Tektronix, type 3A74 

1 dual-trace differential amplifier, Tektronix, 
ty:f)e 3A3 

1 time-base, Tektronix, type 3B3 

1 time-base, Tektronix, type 2B67 

l oscilloscope, Tektronix, type 465 

1 oscilloscope, Tektronix, type 5115 

2 dual-trace amplifiers, Tektronix, trpe 5Al8N 

1 time-base, Tektronix, type 5B10N 

1 mingograph, Siemens-Elema, type 803 

5~ ~aee recorders 

1 instrumentation recorder, Lyrec, typ~ TR 86 

1 professional recorder, Lyrec, type TR 42 

2 professional recorders, Lyrec, type TR 20 

3 semi-professional recorder$, Revox, type G 36 

7 semi-prof~ssional recorders, Revox, type A 77 

1 professional recorder, Revox, type A 700 
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1 portable semi-professional recorder, Uher, type 4000 

4 recorders, Tandberg, type 92 SL 

1 recorder, Tandberg, type 7 

6. Gramophones 

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

7. Microphones 

1 microphone, Neuman, type KM 56 

1 dynamic microphone, Sennheiser, type MD 21 

2 crystal microphones, of different brands 

2 microphones, Altec 

1 l" microphone, Bri.iel & Kj~r, type 4131/32 

1 1/4" microphone, Bri.iel & Kj~r, type 4l35/36 

1 larynx microphone 

1 1" microphone, Bri.iel & Kj~r, type 4145 
',\, 

l microphone- power supply, Briiel & Kj~r, type 2807 

1 microphone - power supply, Telefunken 

8. Amplifiers 

1 microphone amplifier, Bri.iel & Kj~~, type 2603 

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

1 power amplifier-, Briiel & Kj~r, type 2706 

1 microphone pre-amplifier, Briiel & ~j~r, type 2627 

1 measuring amplifier, Bruel & Kj~r, type 2607 A 

9. Loud~peakers/headphones 

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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General-purpose e~ec~ronic instrumentation 

osci-llator, Hewlett & -Packard, type CD 200 

function·generator, Wavetec VGC III (0.003.c/s ~ 1 Mc/S) 

frequency counter, Rachar, type A 1390 CH (5 digits) 

vacuum-tube voltmeters, Brliel & Kj~r, type 2409 

vacuum-tube voltmeter, Heathkit, type v-7A 

vacuum-tube voltmeter, Radiometer, type RV 23b • 

DC millivoltmeter, Danq.Ineter ,. type 205 

DC nanoammeter, Oanameter, type .206 

universal meter, Philips, type P 817 

transistor tester, Taylor, model 44 

Piston-phone, Brli~l & Kj~r, type 4220 

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

AC automatic voltage stabilizer, Claude Lyons, 
type BTR-SF 

resistance decades, Danbridge, type DR 4 

condenser decade, Danhridge, type bK ·4·Av 

stabilized re~tifieis 

m~lti-gener.ator, Exact, type 126 VCF 

stabilized rectifiers, Danica, type TPS ld 

stabilized rectifier, Danica, type TPS 3c 

impulse precision sound level meter, BrUel & Kj~r, 
type 2204 

attenuator set, Hewlett Packard, type 350 D 

band-pass filter set, Brliel & Kj~r, type 1615 

digital multimeter, Philips, type PM 2422 

1 tiJner counter, Advance, type SC3 

1 oscillator, Advance, type J2E 

1 X-Y recorder, Hewlett & Packard, type 7044 A 

1 noise generator,· Brilel & Kj~r, type 1405 

Additional oscillators, rectifiers, etc., for special 
purposes. 
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11. 9utfi~_for Fhotography 

l Minolta camera SR-1 (with various accessories) 

l complete outfit for reproduction (including 1 
Liesegang UNI-RAX with frame) 

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

1i. Equipment for EDP 
I 

A computer, Digital, PDP8/E, 8k 

A1 arithmetic unit, Digital, type KE 8-E 

A2 boot~trap loader, Digital, type MR 8-EC 

. A3 add-on memory system ~4k, Fabri-Tek, type 8/E 

B, dectape, Digital, type TD8-EM 

~ 1 tape +eader, GNr, type 24 

B2 tape punch,· GNT, type 34 

a3 decwriter, Digital, type LA 30P 

a4 teletype, Telety~e, type ASR 33 

B5 display tem.inal, Tektronix, type 4014 .... 1 

a6 real time clock, Digital, type DK8-EP 

B7 a/d converter, Digital, type AB8-EA 

B8 d/a converter, type PD 

13. Projectors 

l Leitz projector for slides 

1 Voigtlander Perkeo AQtomat - J 150 

1 16 m/m tone film projector, Bell & aowell, 
"Filmsounc;l 644" 

1 projector, Leitz, typ~ 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 
greatgst 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 advan8ed to account for the intrinsic 
F differences are briefly outlined, and discussed in 
r~lation to the results of the present and other similar 
experiments. 

1. Introduction 

There seems to be a tendency for the fundamental frequency 

(F
0

) of vowels to be correlated with their quality. Low vowels 

have - other things being equal - a lower F
0 

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), Petersop (1961), Mohr (1971), for Korean by 

Kim (1968) (cited in Mohr 1971), for Serbo-croatian by Ivie and 

Lehiste (1963) (cited in Lehiste 1970). 

Various hypotheses have been advanced to explain the con­

nection between tongue height and intrinsic F of vowels. The 
0 

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 
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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 F
0 

should be expected in [ t] 

than in [u]. What is genera~ly found, however, is that the F
0 

of [u] is equal to or - more often - higher than that of [ i]. 

Furthermore, vowels of medium tongue height in the front series 

should have a higher F
0 

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. Fla~agan and Landgraf 

1968, Lieberman 19701. 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 F
0 

range, vowels with low 

first formants (e.g. [ l] and [u]l will have a higher fundamental 

frequency than low vowels (e.g. [ a. ]1, 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 F
0 

relations as vowels 

spoken in atmospheric air alone, although the coupling hypothesis 

would predict smaller F
0 

differences in "helium vowels" than in 

"normal" vowels. 

A third hypothesis which has been forwarded to explain the 

intrinsic F
0 

differences assumes that the tongue, when elevated 

for the production of high vowels, pulls the hyoid bone and the 
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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 F
0

• 

This explanation is contradicbed by the fact that the hyoid/ 

larynx position always seems to be lower in [u] (and sometimes in 

[ i J as well) than in [Q], although vowels having high tongue po­

sitions might be expected to have high larynx positions, since 

larynx height and F
0 

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 

F
0 

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 F
0 

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 F. Furthermore, since it may stretch the 
0 

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 F of that vowel is often found to be 
0 

higher than the intrinsic F of [ i ]. 
0 
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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 F
0 

of low 

vowels. He builds upon data on Arabic, from which it appears 

that the F
0 

of a vowel following a pharyngeal consonant (where 

the retraction/constriction component is effective) is lower than 

the F
0 

of a vowel following a stop consonant without any such 

component. Ewan suggests that the low F
0 

of low vowels, which 

are also assumed to involve a tongue retraction or pharynge_al 

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 F
0

• 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 F
0 

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 F
0 

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 F
0 

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. 
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2. Experimental procedure 

2.1 Material 

The material consisted of the Danish long vowels [ i:, 1:, 
e:, ffi:, a:, y:, ~:, re:, u:, o:, ~+:] (henceforth referred to as 
~ ~ ~ ~ 

[ i , e, £ , a, a, y, ~, re, u , o, ~ J) 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 [g], [f], and (m] instead of [ph] (combined 

with the vowels [ i, a, u] only), so that the relation between 

F
0 

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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Figure 1 

duplex oscillogram 

intensity curve 
HP filtered at 500 Hz 

intensity curve 
full frequency range 

F curve normal scale 
0 

F curve expanded scale 
0 

Example of curves of the testword [phV 1 phV:phV]. rhe figures 
under the expanded scale F curve refer to start of vowel, 
point of measurement, and gnd of vowel, respectively. 
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They were all phoneticians, and all speakers of Advanced Standard 

Copenhagen Danish (see Basb~ll 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 ob­

tained: 

l} duplex oscillogram 

2} intensity curve, full frequency range 

3} intensity curve, HP-filtered at 500 Hz. 

4) F
0 

curve, normal scale 

5) F curve, expanded scale (some 2 Hz per mm) 
0 

The oscillogram, the intensity curves and the ordinary F curve 
0 

were used for segmentation, whereas F -measurements were made on 
0 

the expanded F curve. The curves of one testword are shown in 
0 

fig. 1. 

2.4 Measurements 

A preliminary examination of the F
0 

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 F movement with a minimum in the 
0 

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 F movement was either mono-o 
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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2 3 - p e: p-

- p a: p -

Figure 2 

Examples of F movements in long stressed vowels. 
a) movement w~th a clear minimum point, b) mono­
tonically rising movement. The figures 1, 2, 
and 3 refer to point of vowel start, point 9f 
measurement, and point of vowel end, respectively. 
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approximately in time to the point chosen in cases where a clear 

minimum could be seen. 

In them-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 them-words from the material to be measured. 

Nor was the F of pretonic and posttonic vowels submitted to a 
0 

quantitative treatment, since these vowels showed F
0 

movements 

which did not make it possible to determine a reliable point of 

measun.ement. Moreover, these F movements displayed considerable 
0 

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. 

At-test for correlated data was applied in order to deter­

mine whether the two readings for each speaker might be pooled. 

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

separately. 

By means of a one-way analysis of variance it was examined 

whether the obtained F data for the different vowels might have 
0 

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 (Scheffe's method) 

in which the mean F of every vowel was compared with the mean 
0 

F
0 

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-worqs, 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 < .01). 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, sb 2/sw 2 ) 

shown in the bottom row of table 1 were in all cases statistically 

significant (p < .01). 

It becomes evident from the multiple comparison results, as 

summarized in fig. 4, that the F differences between the vowels 
0 

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 circ~es 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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where the first and second recordings were pooled one significant 
difference was given value 2, the number of significant differen­
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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 Scheffe 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 F
0 

dif­

ferences vary considerably between -subjects. As an example the 

differences between (a] and [ i J 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 bebween a subject's difference between [ i] and [a] 

and his general F
0 

level: according to F
0 

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 (r = 
s 

.95, p <.OS}. This suggests that the variation among speakers 

might be reduced if the F differences were expressed in terms of 
0 

a relative rather than an absolute measure. The relative measure 

used here was the F
0 

of a given vowel divided by the F
0 

of the 

vowel ·(a], Fo(V)/F
0

((a])· The computed ratiqs are given in fig. 

5, from which it appears that some variation among subjects still 

exists, but the variation seems to be random in th~ sense that it 

is not correlated with the subjects' F
0 

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 F level (r = .67, p > .05). 
0 S 

3.2.2 b-words and f-words 

The mean fundamental frequencies of the three vowels ([ i, a, 

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

230 230 
BH BH 0 

0 

150 
JS JB 

210 .. 0 .. .. .. 

\ • \/ 130 130 
190 190 .. 

110 • 110 
N 170 • a u 170 a u 
:I: 

s::: 
a u a u 

.,... 
130 130 

0 23 SH 230 SH j. µ,. ·v JG .. .. JG 0 

~/ 0 
110 110 

210 210 

a u a u 

19 
100l NRP 

190 ,ool A NRP _. 
j. j. V ~/ 

170 80 170 80 
a u a u a u a u 

Fi9:ure 6 

Average F in Hz for each of the three vowels 
in the b-~ords (left) and £-words (right). For 
further explanations, see the legend of fig. 3. 
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computed F-values (bottom row in the table) were all statistically 

significant (p < .01). For both word types the multiple compari­

son procedure showed significant differences between [ i J and [a] 

and between [ u ] and [ a] in all cases ( p < . 05) . Furthermore, the 

difference 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 F at a given tongue height is lowest in an 
0 

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 [AnaimV'mV:mV] (i.e. 

the underlined portion of the sentence [ 'sgre:ulsAnaimV'mV:mV 

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

line-up point being the start of the vowel [A]. In the words con­

taining the vowel [a] the minimum point of the F
0 

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 F movement in them-words appear to be in good agreement with 
0 

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 F movements in f-words in one recording of the 
0 

subjects JG and NRP. The beginning of each vowel was used as 

line-up point here. The data are summarized in fig. l_l 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 F
0 

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 F differences 
0 

appears to be due mainly to an increase in the F
0 

of the vowel 

[a], whereas the vowels [ i J 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 F 

of vowels found in other languages exists in Danish as well. 
0 

The differences found in the present experiment seem to be larger 

than the differences reported elsewhere. This is illustrated in 

fig. 12, wh~ch 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) 

F
0 

is determined from the number of glottal pulses in the vowel. 

In Mohr (1971} it is defined as the mean of the F values measured 
0 

at the beginning, at the minimum point (lowest F), and at the 
0 

end of the vowel. 
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240 JG 
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u 
a 

220 a 
I 

110 NRP u 

100 1~ 200 

90 _u7 i1/ 
I Cl 

~a 
Q 80 180 

" 'v: V V 'v: V 

Figure 1-1 

Average F in Hz in the vowels [ i Q u] 
in f-word~ as a function of position 
in the word. 
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The data from Kim (19681 were available to me only in the 

form of illustrations in Mohr (1971}. In that paper (fig. 3} the 

F
0 

movements were given as straight lines connecting the F
0 

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 Ivie 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 F data seem to represent 
0 

some sort of average, reflecting not only the intrinsic F
0 

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 F
0 

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
0 

of [ i] 

is generally lower than that of [u]. Now, since the hypothesis 

predicts an inverse correlation between F1 and F
0

, [ i] should be 

expected to have higher F1 than [u]. Nevertheless, we normally 

find the opposite relation, viz. a higher F1 in [u] than in [ i ]. 

It may be assumed, therefore, that the intrinsic F
0 

differences 

cannot be fully accounted for by the source/tract coupling hypo­

thesis alone. 
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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 F of vowels, particularly of 
0 

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 sand J are normally placed audi­
torily between Germans and Jin regard to clearness 
versus darkness. This distribution also seems to be 
meaningful as regards their acoustic properties. 
A partial overla~ping is often observed between spectra 
of Danish sand J, 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 sand in the lower fifth of the 
frequency range for J. 

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 [f] 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, e]}, 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 fonnants, three of which appear in sibilants within 

the following frequency ranges: F2 about 1-2 kHz, F 3 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 [f]. Dense formant locations are seen in [J], 

whereas dispersed formant locations are characteristic of [s]. 

Jassem gives the formulae: F 4 - F
2

> 1.8 kHz= [s], F4 - F2 < 1.8 

kHz= [J]. 

Peter Strevens (1960) identifies 1 kHz as the line of de­

marcation between formant location density for [s] and [J]. 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 [J] 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 [f] 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 [J] 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 [JJ 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 [J] a center frequency of 3.4 - 4.4 kHz. 

Martony also synthesized acceptable Is]-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 [JJ. 

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 /JI 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 

(CL{ClV(:l[f ,s](a} (nl 

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 Brilel & Kj~r Condenser Microphone, type 4145, 

connected with a Brilel & Kj~r 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 

filr Phonetik. The recordings were made in a studio with a Studio 

Magnetofon MlO taperecorder (Studio-Mischpulteinrichtung) from 

Telefunken. 

Subsequently, sonagrams were made of the words from '±he 

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. Prelimi.nary 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 
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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 evidently language-specific characteristic of the sibi-

lants was observed by comparing the sections. German [s] starts 

at a relatively high frequency, Danish [s] and [JJ have medium 

lower limits, while German [J] has the lowest limit. Accordingly, 

German [s] and [J] are clearly distinct, whereas there is more 

overlapping between Danish [s] and [JJ 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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0 2 4 6 8 10 12 14 16 KHZ 

Csl in the Danish word "dus"(OTH-) 

CJl in the Danish word" kaleche" (PA) 

lsl in theG erman word "Esse" ( U,S) 

tJI In the German word "wischen" (JS) 

Figure 1 
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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 [J]. In 

the lower frequency range of both Danish and Gennan 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 [JJ 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.), 

(bl Danish [s] preceded by a rounded vowel (Da. [s] round.1 1 , 

(cl Da. [J] unround., and (d} Da. [JJ round. The German sibilants 

were classified in the same way although the distinctions were 

less clear. Especially the two classes of [JJ were found to be 

very similar, as German [J] 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[~], 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 inten$ity 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 

[JJ, 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. [JJ unround., etc.l 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 eaqh 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 bo'th 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, f] 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]-[JJ 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. 



RANK 

RANK 

RANK 

RANK 

1 

40 

3 5 
nnn11. 

I I 
I I 
l 
I 
I 

7 
t 1111 111 I I t I f I 
I 1111111 • I I I 

i. tll I I I 

I 111 I I 
I Ill t I 

I I 

3 5 7 
r-,r,n In i I 
I II I I I • I I 

& Ill I 
I I 
I I 
I I 

3 5 7 
nnn 1r11 I i I 
l I I I I I 
I I I I 
A I I I 
I I 
I I 

3. 5 7 

Figure 3 

I I 
I I 

I 
I 

9 
I I 

I 

I 

I 
I I 

9 

I I 

I I 

9 

I 

I I 

9 

11 

11 

11 

11 

Stylized average spectra 
(Danish). Subject PA. 

lsl unround. 

13 15 KHZ 

Csl roll) d. 

13 15 KHZ 

C Jlunround. 

13 15 KHZ 

CJ]round. 

13 15 .KH·Z 



RANK 
1 
3 
5 
7 
9 

1 1 • 
13 
1 5 

1 
RANK 

1 
RANK 

-RANK 

1 

41 

I I 
I 11111111 

I I 11111 

I 111111 

l 1111 I 

I 11111 

3 5 7 9 11 
nr,n11 ■ 

I II U 111 I I I I I I I I 

I M I I I I. I I 

I I 

I 

I I 

3 5 7 9 11 
r-inn, n 
t 1111 11 I I I I 

t 1111 I I I I 
Ill I I I 

l I 

3 5 7 9 11 
nnn 1ru I I 
I Ill I jj I I I I 
I I 111 I I 
I I I I 

I I I 
I 

3 5 7 9 11 

Figure 4 

Stylized average spectra 
(Danish). Subject: 0TH. 

[s1 unround. 

13 15 KHZ 

Csl r ou· n d. 

13 15 KHZ 

tfl unround. 

13 15 KHZ 

tJJ round. 

13 15 .KHZ 



RANK 

1 
RANK 

RANK 

1 
R NK 

1 

42 

,-, r, I"" I r,,r--r--.---.----,.--..,.-.,--,.---,----., 

I t lHII I I I I 
I 11111 

I 111 

I I 

I I 

I l 

3 

3 

5 
I I I 

5 

I I 

7 9 ·11 
I I I I 

I I 

I 

I I 

7 9 11 
r-,r,n•n 
I 111 I I I I 

. I 
l 

I 

I 
I 

I I 

l l 

3 5 7 9 11 
nnn II u I 
I I It ll I I 
I I I I I I 

' I I I 

3 5 7 9 11 
Figure 5 

Stylized average spectra 
(Danish}. Subject: NRP. 

( s1 u n r o u n d. 

13 15 KHZ 

[sJ round. 

13 15 KHZ 

l Jl unr ound. 

13 15 KHZ 

tJl round. 

13 15 .KHZ 



RANK 

RANK 

RANK 

RANK 

1 

43 

3 5 7 
nnn,, 
I 1111111 I I ' ' I I 
I 1111111 I I I I 

I 111 I 

I Ill 

3 5 7 
nnn, r., 
I 111 I I I 

l 111 I 
I I 
I I 
I I 

3 5 7 
nnn 1ni 
I I II ll 
I I II 
I I 

3 5 7 

Figure 6 

I I 
I I 

I 
I 

9 
I l 

I I 

I 

I I 

9 

9 
I 
I I 

I I 

9 

11 

11 

11 

11 

Stylized average spectra 
(Danish). Average across 
subjects PA, 0TH, and NRP. 

s) u n round. 

13 15 KHZ 

(s) round. 

13 15 KHZ 

tp unrouncl. 

13 15 KHZ 

cp round. 

13 15 .KHZ 



RANK 
1 
3 
5 
7 
9 

1 1 
1 3 
1 5 

1 
RANK 

1 
3 
5 
7 
9 

1 1 
, 3 
15 

RANK 
1 
3 
5 
7 
9 

1 1 
13 
1 5 

1 
RANK 

1 
3 
5 
7 
9 

, 1 
1 3 
1 5 

1 

44 

nn-n n 17 ,7 111111 
I I l I I l I I tsJ u n round. 11 I 

I I 

11 

11 I 

I I 

3 5 7 9 11 13 15· KHZ 
nrrn n r7 r7 1r--iri--, 
I 11 I I I I I I I I I II I I I I [s] round. I II I 11 I I 

·11 I II I I 
I I 

3 5 7 9 11 13 15 KHZ 
nrrn n r7r---, 111n-i 

I I I I I I I I 11 I rpl:Jnround. 
I I I I 11 11 

I I I I I 11 
I I 11 
I I 11 
I I 

3 5 7 9 11 13 15 KHZ 
nrm n r-,,7 1r--i rr-, 

I I I I I I I I ., 
J f I 1 [p round. 

I I I I I II 11 I 

I I I I II 11 
I I It I I 
I 11 I I I 
I I 

' ' I I 

3 5 7 9 11 13 15 KHZ 

Figure 7 

Stylized average spectra 
(German). Subject: PS. 



RANK 

RANK 

RANK 

RANK 

1 
3 
5 
7 
9 

1 1 
1 3 
1 5 

1 
3 
5 
7 

• 9 
1 1 
1 3 
15 

1 
3 
5 
7 
9 

1 1 
13 
1 5 

, 
3 
5 
7 
9 , , 

1 3 
1 5 

45 

r7rrn n 
11 I I I I 1, 1 1 [slunround. 

1 'I I I I 1 I 

• I I I I I I I I 

11 

1 

1 

1 

1 

I 

3 5 7 9 
nrrn n t7 .. 
I II I I I I I I I I 

I II I I I 

I ·11 I I 
f II I I 

3 5 7 9 
n rrn r1 r7 .-, 

l I I I I I I I I 

I I I I I I 
I I I 
I I 

I I 

f I 

I I 

3 5· 7 
r,rrr, n r-ir-i 

I I I I I I 

• I I I. I I I i 

I I I I I I 

9 

I I I 

I 
I I 

3 5 7 9 
Figu·re 8 

11· 13 15 KHZ 
1r-i r,----i 

I I II I 
II I I 

(sl round. 
11 I I 

11 13 15 KHZ 
11-.n---i 

' 
1 1 1 1 CJ] u n r o u n d. 

I I 11 

I I 11 
11 
11 

11 13 15. KHZ 
I r--, rr-, 
II 
II 

11 I 

11 I 
1 CJJ round. 

II 11 I 
11 11 I 

It 11 I 

11 13 15 KHZ 

Stylized average spectra 
(German). Subject: HH. 



RANK 

RANK 

RANK 

RANK 

1 
3 
5 
7 
9 

1 1 
1 3 
1 5 

1 
3 
5 
7 
9 

1 1 
1 3 
15 

1 
3 
5 
7 
9 

1 1 
13 
1 5 

1 
3 
5 
7 
9 

, 1 
1 3 
1 5 

1 

1 

1 

46 

nn-n n r-ir-1 
I II I I I 
I : I I I 

I I I l I 

I 11 I I I 

3 5 7 
nrrn n r, r-i 
I II I 

I II I 

3 

I I I I 
I I 

5 7 
nrrn n r-i r--, 

I I I I I 
I I 

3 5 7 

I I 

I I 
I I 

9 

9 
I I 

I 

I 

9 

1r,rr-, 
11 1 1 Cslunround_ 

11 13· 15 KHZ 
1r-.rr---, 
II I I 
II 

11 

I I 

I I 

1 [sJ round. 

13 15 KHZ 
,r-, rr, 
11 

II 
11 

11 

11 
11 
11 

I cp unround. 

13 15 KHZ 
n n-n n r-, r-i 
I I I I I I I 

r--r--r---,.--,1 r---, ,--,--, 

I I I I I I I I I 

I I I 
I 

I I 

I I 
I I 

II I I I I 
II · I I I I 

CJJround. 

3 5 7 9 11 13 15 KHZ 

Figure 9 

Stylized average spectra 
(German). Subject: us. 



RANK 

RANK 

RANK 

RANK 

1 
3 
5 
7 
9 

1 1 
1 3 
1 5 

1 
3 
5 
7 
9 

1 1 
1 3 
1 5 

1 
3 
5 
7 
9 

1 1 
13 
1 5 

, 
3 
5 
7 
9 

, 1 
1 3 
, 5 

1 

1 

1 

47 

nn-n n r7 r. 
1 11 I I I I 
1 • I l I l I I 
I I l I l I 
I Ii ! I 

3 5 7 
r, rr-T1 n '7 J7 
I II I I I I I 

I II I I I 1 

·11 I I 
I II I I I 

3 5 7 
n rrn n r7 r-i 

I I· 

l I 

9 

l l 

I I 

I I 

9 
I I I I I I 

I I I I I 

I I I I 

I l I I 

I I 

3 5 7 
r, rrT1 r7 r-, r7 

I I I I I 

l 

I I 

I 
I I 

3 5 7 

9 

I l 

I I 

9 

111111 
11 1 1 ls.J unround. 

11 · 13 15 • KHZ 
,r--i rr, 

1 ls] round. 

11 13 15 KHZ 
I II rr-1 
II II I I cpunround. 
11 11 
11 II 

11 
11 

I I 

11 13 15 KHZ 
1r-, r-r-, 
II I I I I 
II 11 I 

tJJ round. 
II 

II 

11 

11 I 

11 I 

I I 
I I 

13 15 KHZ 
Figure 10 

Stylized average spectra 
(German). Subject: JS. 



RANK 

RANK 

RANK 

RANK 

1 
3 
5 

' 9 
1 1 
1 3 
1 5 

1 
3 
5 
? 
9 

1 1 
1 3 
15 

1 
3 
5 
7 
9 

1 1 
13 
1 5 

1 
3 
5 
7 
9 

, 1 
1 3 
1 5 

1 

1 

1 

48 

nrrnn11r--i 
I 11 I I I I I 

1 1 I I I I I 
I 11 I 

I I_ 

3 5 7 9 
r, r-r-n n r, .-, 
I II I 

I II I 

I I I I I I I I 

3 5 7 
nrrn n r-i .-, 

I I I I I I I I. 

I I t I 
I I I 
I I 

I I 

3 5 7 

9 

9 

I 11 ,---r-7 

11 1 1 (sl unround. 

11 13· 15 KHZ 
lr--7 rr--7 
11 1 1 1 [s) round. 

11 13 15 KHZ 
• I ,--, rr-, CJ d 

I I I I I I ] _u n r O u n . 
II l I I 

11 II 
11 

I I 

11 13 15 KHZ 
n r,-r-, n r, r-. ,--.-,--,----,.--,, ,---, rr--, 

I I I I I 
I I 11 I I 

11 ,, I ,c51 round. 
II I I I I 

I I I I I I II 11 I 

I I I II 11 I 

11 I I I I • 

3 5 7 9 11 13 15 
Figure 11 

Stylized average spectra 
(German). Average across 
subjects PS, HH, US, and JS. 

KHZ 



49 

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 Sibilan~ preceded by rounded versus unrounded vowel 

This difference is manifested most clearly in the [s]­

spectra and appears in the following ways: 

When_the_sibilant_is_ereceded_by_a_rounded_vowel_the_in­

tensity_of_the_lower_maximum_is_relatively_weakL_while_the_in­

tensity_of_the_higher_maximum_is_relatively_strong (see figs. 

3 and 4}. 

In several cases the upper maximum is dominant, whereas the 

lower maximum is usually dominant before unrounded vowels. 

The_9enter_freguency_of_the_lower_maximum_is_lower_after 

a_rounded_vowel (see figs. 3-61. 

Average differences are greatest for the [s]-spectra: [s] unround. 

3800 Hz - [s] round. 3000 Hz; [JJ unround. 3000 Hz - [f] round. 

2800 Hz. 

The_freguency_range_of_the_increasing_sloEe_of_the_lower 

maximum is smaller after rounded vowels. _________________ .., _________________ .,... ______ _ 
Here the measurements show the averages: 

[s] unround. 2250 - 3300 Hz 

[JJ unround. 1650 - 2450 Hz 

[s] round. 2100 - 2400 Hz; 

[JJ round. 1600 - 1900 Hz. 

Decrease_of_the_energy_in_the_ueEer_Eart_of_the_seectrurn 

starts_earlier_after_rounded_vowels (see figs. 3-5). 

This tendency can hardly be observed for the subject 0TH 

Average. for all s.ubjects: 

[s] unround. 8450 Hz [s] round. 7750 Hz; [JJ unround. 7250 Hz 

[f] round. 6050 Hz. 
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The_valle~_(zerol_between_the_two_maxima_has_a_lower_center 

freguency_after_rounded_vowels (see especially fig. 3). 

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 s-how the shift downwards: 

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

[JJ unround. 1300 - 11000 Hz - [J] round. 1200 - 10400 Hz 

5.1.2 General differences betwee~ Danish [s]- and [f)-spectra 

Here the interesting problem arose that it seemed almost 

impossible to find general acoustic differences in [s]- versus 

[JJ-spectra, especially for the two subjects 0TH and NRP. One 

pronounced difference seems to be: 

[£J_has_a_decisive_decline_of_uEEer_sEectral_energy_at_lower_fre­

g~~D2!~2-~Mn_L~J. 

This is obvious in most of the spectra, and the average measure­

ments are: 

[ s] 8050 Hz [JJ 6850 Hz. 

On the whole, the [f)-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 meas~rements of each sibilant. 

A comparison of Is] and [JJ 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 [J]-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 [JJ-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 [JJ unround. 1600 - 4650 Hz 

[s] round. 1850 - 4350 Hz [JJ round. 1550 - 4150.Hz. 

Frequency range of the decisive increase of intensity leading up 

to the lower maximum: 

[s] unround. 2000 - 2850 Hz 

[s] round. 1850 - 2100 Hz 

[f] unround. 1500 - 2450 Hz 

[J] round. 1350 - 1950 Hz. 

Center frequency of the lower ma}dmum as a whole: 

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

[s] round. 2900 Hz [f] 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 Hz), 

and a general weakening of the upper spectral energy (see figs . . 
3 and 4). The measurements are as follows: 

Frequency range of the decisive increase of intensity leading up 
to the lower maximum: 

[s] unround. PA: 2400 3500 Hz 0TH: 2250 - 3450 Hz 
[f] unround. PA: 1600 - 2300 Hz 0TH: 1700 - 2650 Hz 
[ s J round. PA: 2100 - 2500 Hz 0TH: 2200 - 2600 Hz 
[f] round. PA: 1550 - 2100 Hz 0TH: no measurements. 

Center frequency of the lower maximum as a whole: 
[ s J unround. PA: 4000 Hz 0TH: 3800 Hz 
[JJ unround. PA: 2900 Hz 0TH: 3200 Hz 
[s] round. PA: 3100 Hz 0TH: 2950 Hz 
[ I J round. PA: 2750 Hz 0TH: no measurements. 
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It is interesting to notice the previously mentioned partial 

overlapping between the phonemic categories: Danish [JJ 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 [JJ, namely the decrease of upper spectral energy located 

at lower frequencies in [JJ, also the frequency range-1500 - 2500 

Hz seems to contain crucial information as to the general dif­

ferences between [s] and [JJ in Danish. 

5.2 Spec~ral 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 [JJ it apparently makes no difference 

whether [JJ is preceded by a rounded or an unrounded vowel. As 

mentioned in a previous section, [JJ 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 [f)-spectra, especially, are similar for 

all the German subjects. 

5.2.2 The difference [s] - [JJ in German 

In contradistinction to Danish the German [s]- and [JJ­
spectra differ fundamentally without regard to the preceding 

vowel. All of the [f)-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 [f]-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 diffe~ence between Danish and German sibilants 

Auditorily the Danish sibilants [s] and [f] are normally 

placed in between German [s] and [J] with regard to the clear­

ness versus darkness of the noise (clear - dark: German [s] 

Danish [s] Danish [JJ German [J]} 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 [J] 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 [J]-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. [JJ 10800 Hz - Ger. 

[f] 12900 Hz. 

In the lower part of the spectrum the decisive tncrease 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 [JJ-spectra show energy at lower frequency 

locations than do Danish [ J ]-spec_tra. Values for absolute lower 

frequency limits are: 

Ger. [JJ 950 Hz - Da. [JJ 1300 Hz. 

Frequency locations of points above which there is a decisive 

increase of lower spectral energy: 

Ger. [JJ 1050 - 1800 Hz Da. [JJ 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 

[f)-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 [JJ. (As previously mentioned, 

German [J] 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 resonatorl. F4 is thus more affected by rounding if the 

primary constriction is situated in the front of the mouth (as 

in [s]1 and less affected if the primary constriction is mad~ 

somewhat further back (as in [J]}. The place of articulation of 

[JJ 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 [f]-spectra 

Even here the tendencies must be stated with strong reser­

vations. In the present material two features were observed 

that separate [s] from [J] acoustically: [J] 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 [JJ 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 0£ 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 in 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 
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Lane 1961, Liberman, Harris, Eimas, Lisker, and Bastian 1961, 

Pisani 19711, the perception of vowels seems to be more suscep­

tible to influence from experimental conditions. If vowels are 

presented in eve syllables (Stevens 1968) or are followed by 

another vowel (Fujisaki and Kawashima 1968, Pisani 1973} they 

tend to be perceived more categorially than isolated vowels. 

Similarly, short vowels seem to be less continuously perceived 

than long vowels (Pisani 1971 and 1973, Fujisaki and Kawashima 
1 

1968) . 

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 Pisani (1971 

and 1973), who compared the commonly used ABX procedure to a 

four interval test of paired similarity (4IAXl_, 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 Pisani 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 

ll 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 (19.73}, who found a clear discri­

mination peak at the boundary between short and long£· 

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! 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 variation 

which was smaller than the variation of the adjustments of "natural 

vowel duration". Although this finding may be taken to speak 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/£/ and /e:/ (IPA [e]). In 
.I. 

order to avoid the stimuli to be perceived as non-speech sounds 

the vowels were embedded in the frame[' l_sa]. Since the dif­

ferences between the formant frequencies of short and long£ 

are very small in normal spoken Danish (see e.g. Fischer­

J~rgensen 1972), the Danish words/' lesa/ 1~sse 'to load' and 

/' 1£:sa/ l~se '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 [I]. 

The duration of the vowel was defined as the distance be­

tween the programmed change of parameter values from [I] to[£], 

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 F = 100 Hz} can be gene-o 
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 [ I J 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 

subsequent 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 sees. between consecutive stimuli. The test was played 
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back to the listeners via earphones (Sennheiser HD4141 on semi­

professional REVOX tape recorders. The listeners were asked to 

note on answer sheets whether they heard the word lcess-e (short 

vowell or the word lcese (long vowell. Each listener took the 

test twice, so that 20 answers were obtained for each stimulus 

value. There were six subjects, who were all phoneticians. 

One (NTl was a staff member of the Institute, the· others {BH, 

EBC, MJ, PA, and JJI were university students of phonetics. 

The phoneme boundaries were computed for the subjects 

individually. The phoneme. boundaries were defined as the arith­

metic means of the cumulative distributions described by the 

identification functions (see Guilford 1954 p. 120fft. In 

contrast to the more commonly used linear interpolation between 

the data points adjacent to the point of 50 per cent identifica­

tion this method takes advantage of all information available in 

the identification functions and in addition, it permits the 

standard deviation to be computed as a measure of the statistic 

reliability of the identification results. 

2.2.2 The discrimination test 

In a discrimination test like the present, where the dis­

crimination is to be measured at various points along a physical 

continuum, the physical differences between stimuli to be compared 

should correspond to perceptually equal differences throughout 

that continuum. Furthermore, they should be of an order of 

magnitude approximately equal to the differential threshold for 

the variable in question. If the differences are· too small or 

too large relative to the threshold t~ey may fail to reveal 

possible discriminatory discontinuities along the continuum. 

A survey of the literature on differential thresholds for 

sound duration did not contribute to the determination of dif­

ferences between the stimuli in the present experiment, partly 

because most of the research in the field has been carried out 

on pure tones or isolated vowels, and partly because of a very 

great dispersion of the results. 
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Therefore, instead of attempting to conjecture some function 

describing the relation between physical and perceptual differences, 

it was decided to have physically equal steps between the stimuli 

throughout the 100-200 ms range, and then later to determine the 

step values in a pilot experiment. (As a matter of fact, this 

decision caused troubles later on, when the discrimination results 

were to be interpreted. However, an attempt to keep equal per­

ceptual differences along the continuum might also have caused 

problems, problems which might not reveal themselves as such in 

the experimental results.} 

In the pilot discrimination test only one reference dura­

tion, viz. 125 ms, was used. That duration was compared with 

test durations of 125 ms (control), 130 ms, 135 ms, 140 ms, and 

145 ms. 1 The scores across the five listeners participating 

(i.e. those mentioned in section 2.2.1 above, minus JJ) appeared 

to be slightly above chance when the difference between the vowels 

was 5 ms, and almost 100 per cent correct when the difference 

was 20 ms. Intermediate score values were obtained for 10 ms 

and 15 ms discriminations, the scores of the latter being slightly 

higher than those of the former. 

Judging from the results of the pilot experiment, an appro­

priate difference between stimuli seems to be 10 ms. Since it 

was considered undesirable to have only one value of interstimulus 

difference, and since, furthermore, differences of 20 ms might be 

too large (cp. above), it was decided to include 15 ms inter­

stimulus differences in the discrimination test in addition to 

the 10 ms ones. Thus vowels of the durations lOOJ 110, ... ,190 ms 

were compared to vowels of the same durations (control conditionl 

and to vowels being 10 ms and 15 ms longer. 

1) The reference duration of 125 ms was chosen because this 
duration and the ones it was compared with were thought to 

fall in the vicinity of the phoneme boundary, i.e. in a duration 
range where discrimination may be expected to be most acute. 
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The stimuli were arranged for discrimination in a so-called 

AX test, where they are presented pairwise to the listeners, who 

are to judge whether the two stimuli in a pair are same or dif­

ferent. The reason for choosing. this test format rather than 

th.e more frequent ABX format was that the latter procedure seems 

to make heavy demands on short term memory (see e.g. Harris 1952 

and Pisoni 19711, so that what is actually measured is memory 

rather than discrimination. 

On the test tape the 30 AX pairs, viz. 10 AA pairs, 10 

_AB10 pairs (i.e. 10 ms difference between A and B), and 10 AB15 
pairs (i.e. 15 ms difference between A and B}, were arranged in 

four different random orders. Each AX pair was presented three 

times in succession followed by a· 5 sees. pause for response. 

Each listener took the test three times, thus giving 12 responses 

to each of the discrimination pairs. 

The subjects, the same as those who took the identification 

test, were asked to rate the certainty of their responses by 

choosing between four response categories: (f+) 'I am certain 

they are different', (f) 'I am uncertain, but I believe they are 

different', (el 'I am uncertain, but I believe they are same', 

and (e+) 'I am certain they are same' . 1 As the test was rather 

long (about 35 minutes} the listeners were instructed to take a 

break of at least five minutes in the middle. The initial five 

stimuli on the test tape were "dummies". 

For each discrimination pair the area under the ROC-curve, 

P(A), was computed as a measure of the discriminability at that 

point in the continuum. The curve relates the probability of a 

given response (f+, f, e, e+) to AB pairs to the probability of 

that same response to the corresponding AA (control) pairs. 

Since correct discriminations of AB pairs and "false alarms" (i.e. 

the responses "different" to control pairs} alike are taken into 

account in the computation of the P(A) value the discrimination 

can be estimated independently of the listeners' response bias 

1) The letter f stands for Danish forskellig 'different', and 
e stands for ens 'same'. 
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1 (see e.g. McNicol 1973 and Robinson and Wattson 19721_. Due to 

the limited number of responses the non-parametric measure P(A) 

was used rather than the parametric measured' or Am. 

3. Identification results 

Identification functions for short and long E are shown in 

fig. 1, and the phoneme boundaries and corresponding standard 

deviations are given in table 1. The listeners, except for NT, 

and perhaps JJ, seem to agree quite well on the position of the 

boundary. With respect to NT, the high value of her phoneme 

boundary is in agreement with her results in other experiments 

on the perception of vowel duration (see Reinholt Pet~rsen 1974). 

4. Discrimination results 

The discrimination functions, i.e. P(A) as a function of 

vowel duration, for the six listeners are shown in fig. 2. With 

all subjects there is a pronounced tendency for P(A) to decline 

as a function of vowel duration. This is, undoubtedly, caused by 

the physical equidistance between stimuli throughout the con­

tinuum. This equidistance, however, cannot fully explain the 

shapes of the curves. If it were so, monotonically declining 

functions should be expected, whereas the discrimination functions 

obtained here deviate from monotonicity by having discrimination 

peaks in the range 110 to 140 ms, and by showing tendencies to 

rising P(A) values at the longest vowel durations. 

1) As a matter of fact, P(A) is not entirely independent of re-
sponse bias. The P(A) turns out to be slightly lower if the 

subject is strongly biased towards either extreme of the rating 
scale than if he distributes his responses more evenly along the 
scale (see Robinson and Wattson 1972, p. 125). 
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Figure 1 

Identification functions for the six listeners. 
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Table 1 

Boundary between /e/ and /e:/ and 
corresponding standard deviation 
for each of the six listeners. 

subject boundary standard 
deviation 

BH 140.5 8.65 

JJ 133.0 6.00 

PA 144.0 6.41 

MJ 141. 5 7.92 

EBC 143.5 5.72 

NT 161.5 10.70 
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Figure 2 
Discrimination curves (P(A) as a function of vowel duration) 
for the six listeners. The vertical lines in the graphs in­
dicate the phoneme boundaries. 
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The peaks in the 110-140 ms range may be associated with 

the boundary between short and long vowel. (This matter will be 

treated more thoroughly in section 5 below.) 

The upward slopes of the discrimination curves at the 

longest vowel durations may be explained by the possible existence 

of a third durational category, "unnaturally long". A similar 

phenomenon has been reported by Liberman, Harris, ·Eimas, Lisker, 

and Bastian (1961) for very long £-closures. In order to be ten­

able, this explanation presupposes, apart from vowel duration 

being perceived in _a categorial fashion, that the range of dura­

tions from 150 to 170 ms corresponds to the range of what may be 

termed natural long vowels. However, in a previous experiment 

(Reinholt Petersen 1974} one of the tasks of the subjects (the 

same as those taking part in the present experiments) was to 

adjust the duration of the vowel /e:/ in the word l~se in accord­

ance with a criterion of "naturalness". It appeared that the 

subjects preferred durations around and above 200 ms for a natural 

long vowel. On the other hand, the perception of vowel duration 

is presumably quite sensitive to external factors, such as experi­

mental design, so the results referred to should not be considered 

to preclude with certainty the possibility of a third durational 

category. 

5. Comparison between identification and discrimination 

In the discrimination functions of fig. 2 tbe phoneme 

boundaries computed from the identification scores are indicated 

by vertical lines. In all cases (except for JJ's 15 ms discrimi­

nations} the discrimination peaks (defined as the highest P(A}} 

are found at lower stimulus values than the phoneme boundaries. 

It is not unusual, however, for discrimination peaks not to cor­

respond exactly to the phoneme boundaries. But if the peaks are 

to represent a more acute discrimination across the boundary, a 



70 

random distribution of peaks around the boundary should be ex­

pected. With the present results a one-tailed t-test 

(H0 : }l boundary - fl- peak ~ 0) revealed the displacement of peaks 

towards lower stimulus values to be systematic (p < .01 for 10 ms 

discriminations and p < .OS for 15 ms discriminations) . 

Two explanations may be hypothesized to account for the 

displacement of the discrimination peaks relative to the .phoneme 

boundaries: 

1) The displacement is due to the use of physically equal 

differences between stimuli. The discrimination functions ob­

tained may be the result of two factors, viz. an "equidistance 

effect" which causes the discrimination to decline as a function 

of stimulus duration, and a "phoneme boundary effect" which 

causes the discrimination to be sharpest at the phoneme boundary 

and to decline as a function of the distance to the boundary. 

Thus, in the range of durations beneath the phoneme boundary the 

two effects will counteract (the "equidistance effect" causing a 

falling and the "phoneme boundary effect" a rising discrimination 

as a function of vowel duration in that range} with the result 

that they may more or less neutralize each other, whereas at 

stimulus values above the boundary the two effects will act to­

gether to produce a steep decline in the discrimination functions. 

If this is tenable in principle, the probability of the 

highest P(A) occurring at stimulus values below the phoneme 

boundary will exceed the probability of its occurrence at values 

above the boundary, i.e. at the steeply declining slope. 

On the basis of the obtained discrimination curves it is, 

of course, not possible to evaluate the contributions of the two 

effects separately so as to obtain an estimate of the linguistic­

·ally relevant information in the curves. As it seems pretty 

certain, however, that the "equidistance effect" will cause a 

monotonic decline of P(A} values, a normalization of the dis­

crimination curves based on such a monotonic function might give 

a rough indication of the contribution from the "phoneme boundary 
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effect", the greatest deviations from the function chosen 

assumedly reflecting the strongest phoneme boundary effect. 

The function used for normalization was a straight line 

fitted to the data points of the discrimination functions by 

the least squares method. In fig. 3 the normalized curves are 

shown for 10 and 15 ms discriminations for the individual sub­

jects. It must be emphasized that this normalization· procedure 

is a very crude one, indeed, and theoretically unsatisfactory, 

too. But, supposedly, it gives at least a hint of the effect 

to be expected from more sophisticated procedures, preferably 

to be based on independent data on the influence from equal 

physical differences. 

From fig. 3 it appears that the peaks are still located 

at stimulus values beneath the phoneme boundaries (indicated by 

vertical lines in the graphs). A one-tailed t-test 

(H0 :ftboundary - fapeak ~ 0) proved the mean difference between 

boundaries and peaks to be statistically significant for the 10 

ms discriminations (p<.05) and non-significant for the 15 ms 

discriminations. Since in the non-normalized functions the 

differences were significant in both cases (p<.01 for 10 ms 

and p<.05 for the 15 ms discriminations) it can be tentatively 

concluded that a more sophisticated normalization procedure 

might further reduce or perhaps eliminate the displacement of 

the discrimination peaks relative to the phoneme boundaries. 

2} Another reason for the displacement might be the 

difference in experimental design between the discrimination 

test and the identification test. In the discri~ination test 

the stimuli in a pair were separated by .7 sees. of silence 

and the pause between repetitions of the pair was 1.7 sees., 

while in the identification test stimuli were presented one at 

a time, separated by the 5 sees. response pause. The relatively 

rapid repetition of stimuli in the discrimination test may have 

caused a shift of the perceptual phoneme boundaries towards lower 

stimulus values. In order to test this hypothesis an additional 
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listening test was arranged, in which three subjects (BH, JJ, 

and NT) were to identify the stimuli of the discrimination tape. 

The results of the supplementary identification test did 

not, however, conform very well with predictions of the hypo­

thesis, namely that the phoneme boundaries should be shifted to 

stimulus values lower than those of the original identification 

test. The listeners BH and JJ showed statistically s~gnificant 

shifts (p<.05) of 5 ms, but in opposite directions; for NT the 

phoneme boundary shift (1.5 ms in the direction contrary to 

the one predicted) could not be proved significant (p>.05). 

If these results are valid for the other subjects as well 

the displacement of peaks in the discrimination test probably 

cannot be ascribed to the different manners of presentatfon in 

the discrimination test and the identification test. 

6. Inve.s·tigation of response bias 

It was mentioned in section 2.2.2 above that the P(A) as 

a measure of discrimination is largely unaffected by the listener's 

response bias. However, information about response bias may 

contribute to the description of the listeners' perceptual be­

haviour. It was therefore considered desirable to collect such 

information, particularly with a view to revealing possible 

variations in response bias along the stimulus continuum. 

The measure of response bias employed was the "false alarm" 

probability, i.e. the probability of obtaining aq "f+" or "f" 

response to an AA stimulus pair (henceforth referred to as 

P ( "D"/s)). 

In fig. 4 the computed P("D"/s) values are shown as a 

function of vowel duration. It is evident that the response bias 

varies along the continuum, the variation being more pronounced 

with the subjects JJ, PA, MJ, and EBC, and less pronounced with 

BH and NT. Moreover, the variation seems to be systematic in 
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the sense that P("D"/s) is generally low at the marginal stimulus 

values and high at stimulus values in the vicinity" of the phoneme 

boundary (indicated by vertical lines in the graphs). Only one 

subject, BH, does not conform to this pattern. 

The question is whether the systematic variation of re­

sponse bias is part of the subjects' perceptual behaviour or 

whether it is simply an artifact introduced by the stimulus 

inaccuracies described in section 2.1 above: Measurements re­

vealed that the vowels in the AA pairs were not exactly equally 

long in all oases. However, the differences between stimuli in 

the AA pairs were rather small (between 1.0 and 1.5 ms at all 

stimulus values except the 190-190 ms pair, where the difference 

was 3 ms}, and in order to explain the P("D"/s) variation the 

differences between stimuli in AA pairs should have been large 

in the range 130 to 150 ms and small at the margins of the con­

tinuum. As this was not the case the systematic variation in 

response bias can hardly be an experimental artifact due to 

stimulus inaccuracies. 

If the variation is part of the subjects' perceptual be­

haviour a similar systematic variation may be expected to occur 

in the results of other identification/discrimination experiments. 

The only data available to me in a form permitting P("D"/s} to be 

computed were the raw data from a series of experiments on 

identification and discrimination of vowel quality in Danish 

carried out by Peter Holtse (Holtse 1973). The format of Holtse's 

experiments was essentially identical to the design of the present 

tests, and four of his subjects (BH, MJ, EBC, ano NT} also served 

as listeners in the present experiment. Thus, Holtse's material 

seems very well suited for a comparison. 

The P("D"/s) values computed from Holtse's data are shown 

in figs. 5 and 6 as a function of stimulus number. In this case 

P("D"/s} indicates the probability of obtaining a"++" or"+" 

response (corresponding to "f+" and "f", respectively} to an AA 

stimulus pair. It appears that variations in response bias along 
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the continuum are present also when the variable discriminated 

is vowel quality. But the strong tendency for the response bias 

to vary systematically, which was found in the vowel duration 

experiments, cannot be said to stand out very clearly with vowel 

quality. Since, however, Holtse's results - like the present -

are subject to some uncertainty due to a rather limited number 

of responses, they may not entirely preclude the-existence of a 

general connection between categorial boundaries and variations 

of response bias. 

7. Discussion 

It seems that the results of the present experiments on 

the identification and discrimination of vowel duration cannot 

be interpreted unambiguously in favour of either of the two 

modes of perception, categorial or continuous. 

One reason for this is the employment of equal physical 

differences throughout the continuum under study. Since the 

same physical difference seems to be more easily detected at 

low stimulus values than at high ones, it is not possible to 

give a sound estimate of the actual within-category discrimina­

tion level, i.e. the level which might have been obtained if the 

discrimination had reflected the linguistic perception alone. 

This is most unfortunate, because, as pointed out by Pisoni 

(1971), it is the discrimination level within categories rather 

than between categories which serves as an indicqtor of categorial 

versus continuous perception. 

The evaluation of the perceptio'n of a given acoustic variable 

in terms of the results of the identification/discrimination test 

paradigm rests on the assumption that peaks in the discrimination 

functions do reflect the between-category discrimination level. 

In the present experiments it was found that the peaks did not 

coincide with the phoneme boundaries established in the identifi­

cation test, but were displaced towards lower stimulus values. 
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The displacement could not be attributed to stimulus inaccuracies 

or to the different manners of stimulus presentation in the two 

tests. However, an attempt to compensate for the influence of 

equal physical differences between stimuli seemed to reduce the 

degree of peak displacement relative to the phoneme boundaries. 

If, on this basis, the discrimination peaks can be assumed 

to reflect the between-category discrimination level,· it may be 

concluded that vowel duration is not perceived in a continuous 

manner. On the other hand, the lack of a reliable measure.of 

the actual within-category discrimination level prevents an 

estimation of the degree to which the perception of vowel dura­

tion approaches the categorial perception. It may be said with 

some certainty, however,. that vowel duration is not perceived 

in the same nearly-categorial manner as stop consonants. Were 

that the case one might have expected a less pronounced influence 

from physical equidistance between stimuli, since the perception 

of stop consonants apparently is highly resistant to the in­

fluence of experimental conditions. 

Apart from the analysis of vowel discrimination as such, 

the subjects' response bias was examined. It turned out that 

the listeners had, in a number of cases, responded "different" 

to AA stimulus pairs. That is, of course, not very remarkable. 

A number of false alarms should always be expected. What is 

more interesting was the tendency for the false alarm probability, 

P("D"/s), to be considerably higher near the phoneme boundaries 

than within the phoneme areas. This is surprising; one might 

expect essentially the same rate of false alarms at all stimulus 

values. 

The systematic variation of P("D"/s) may perhaps be ex­

plained in terms of Fujisaki and Kawashima's model of the decision 

process in discrimination tasks (see section 1 above). According 

to their model the acoustic signal is translated into an auditory 

representation and a categorized representation in short term 

memory. 



80 

Now, if we expect P("D"/s} to be invariant along the con­

tinuum the underlying assumption is that the two stimuli in AA 

pairs are always given identical categorized representations 

in short term memory. This assumption, however, is doubtful: 

Errors of categorization (i.e. the two AA stimuli being cate­

gorized as different} may occur, and in such cases the P("D"/s) 

will increase. This can be illustrated by an example: 

Let us assume first that the AA stimuli are never catego­

rized as different. Under these circumstances comparison of 

categorized representations will never provoke "different• re­

sponses, and the decision will be based entirely on the auditory 

representations. Here some "different" responses are likely to 

occur in, say, 25 per cent of the trials. The percentage of 

false alarms will be 25 per cent in all, and because of the non­

categorial nature of the auditory representations that per­

centage will be invariant along the continuum. 

If, on the other hand, the two stimuli in an AA pair are 

categorized as different in, say, 20 per cent of the trials, 

comparisons of categorized representations will contribute that 

percentage to the total false alarm rate. In the remaining 80 

per cent of the trials the false alarm rate will depend on the 

auditory representations. If, as above, a quarter of the re­

maining 80 per cent of the trials, i.e. 20 per cent of the total 

number of trials, give rise to "different" responses, the total 
percentage of false alarms amounts to 40 per cent (20 + 20). 

If categorizations of AA stimuli as different occur at all 

they assumedly occur more frequently near the phQneme boundary 
than well within the phoneme areas. 

In an informal identification experiment on vowel duration 

in which subjects were to label both stimuli in AA and AB pairs 

it sometimes happened that the two stimuli in AA pairs were given 

different labels. And this different labelling was found only 

near the phoneme boundary, never within the phoneme areas. How­

ever, the number of AA pairs in the test was very small apd it 
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was not possible to test statistically the reliability of the 

evidence. 

The explanation outlined here for the systematic variation 

of response bias along the duration continuum is weakened by the 

fact that a similar systematic variation could not be unambiguous­

ly established in the case of another acoustic variable, namely 

vowel quality. Thus, it will require further investigations to 

decide whether the systematic variation of response bias reported 

here can be said more generally to be part of the perceptual 

behaviour of listeners in the discrimination of linguistic stimuli. 
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AN ACOUSTICAL INVESTIGATION OF DANISH INTONATION: 

PRELIMINARY RESULTS 

Nina Thorsen 

Abstract: The relationship between linguistic stress and funda­
mental frequency in short declarative sentences and 
the intonation contours of short declarative sentences, 
interrogative sentences, and non-terminal clauses in 
Advanced Standard Copenhagen Danish are investigated. 
A tentative model for F

0 
patterns and -contours in 

such short simple (i.e. non-compound} sentences is 
proposed. The model predicts the following (which is 
to a large extent confirmed by the data}: 
A stressed syllable and all succeeding unstressed syl­
lables within the same simple sentence constitute a 
stress group, irrespective of intervening morphological 
and syntactical boundaries. 
Sentence initial unstressed syllables constitute a 
separate entity and are lower than the first stressed 
syllable which is always relatively high. 
A stressed syllable is lower than the immediately suc­
ceeding unstressed syllable (in the same stress group). 
The unstressed syllables in the stress group describe 
a falling F

0 
course. The more unstressed syllables 

there are, the more likely the last ones are to be 
lower than the stressed syllable in the succeeding 
stress group. 
The stressed syllables describe a falling contour in 
declarative sentences and an almost level one in inter­
rogative sentences where the only cue distinguishing 
the interrogative from the declarative sentence is the 
intonation. The rest of the interrogative sentences 
and the non-terminal clauses are situated between these 
two extremes. 

1. Introduction 

Danish intonation is an under-developed province in the world 

of phonetics. Research in this area will, therefore, increase our 

knowledge of Danish and it may also contribute to our knowledge of 

intonation as a universal phenomenon. Furthermore, the results 
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can be applied in the teaching of Danish to foreigners, and - by 

constituting a basis for comparative studies - in the teaching of 

foreign languages to Danes. Finally, the results will be useful 

in rule-synthesis of Danish. 

1.1 Delimitation of the subject 

An exhaustive description of Danish intonation•is, of 

course, a formidable task, which could keep several people pusy 

for years. 

This paper deals with Advanced Standard Copenhagen Danish 

(see Basb~ll 1968} and focusses on two phenomena: 

1) the relationship between linguistic stress (in the 

following referred to simply as:· stress l., and fundamental fre­

quency (abbreviated: F} in short 1 declarative sentences {state­o 
ments), and 

2) the intonation in short 

a) declarative sentences, 

b) interrogative sentences (questionsl, and 

c) non-terminal clauses. 

1.2 Terminology 

The terms will be employed in accordance with the following 

definitions: 

To a single syllable (stressed as well as unstressedl is attached 

a pitch or a pitch movement which is realized as an F
0 

or an F
0

-

movement, modified by intrinsic properties of the segment or chain 

of segments. - A stressed syllable and all succeeding unstressed 

syllables within the same short simp~e (i.e. non-compound} sentence 

constitute a stress group, regardless of morphological and syn-

tactical boundaries. (This is not a definition in the strict sense 

of the word but, rather, a rationalization of the results, cf. 

section 3.1.3.) - To a stress group is attached a Fitch pattern, 

1) 'short' meaning: containing three or four stress groups. 
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realized as a (modifiedl F
0 

pattern. One or more stress groups 

may form a simple sentencewhich may be led by one or more un­

stressed syllables. To a simple sentence is attached an intona­

tion with a specific pitch contour, realized as an F
0 

contour, 

which is that figure, or shape, or line one can 'draw' through 

the stressed syllables and upon which the unstressed syllables 

are superimposed. (This is a rather narrow defi?iti~n o~ sentence 

intonation but it appears to be justified by the results, cf. 

section 3.2.3.1.l - Presumably, there is .a rather close connection 

between the actual, physical F
0 

course and the perceived pitch 

course ('course' is employed indiscriminately about 'movement', 

'pattern', and 'contour'}, especially as far as the slowly varying 

pitch/F contours are concerned, wherefo.re the term intonation 0 . 

contour is employed in the following for both pitch- and F con-. o 
tour. When no distinction is made between physical (F

0
) and 

auditory (pitchl phenomena, the term 'tonal' is employed. Un­

stressed syllables before/after the stressed syllables are occa­

sionally, for the sake of brevity, called pretonic and posttonic, 

respectively. 

1.3 The relationship between stress and F
0 

Pitch is one (the most important, perhapsl of several audi­

tory cues for the perception of stress in Danish, or at least in 

Standard Copenhagen Danish. To the foreigner (or synthesizer} 

who desires to speak intelligible and authentic Danish it is 

thus important, among other things, to attach the right pitch 

patterns to the stress groups. Those pitch patterns will there­

fore have to be mapped - at first by describing the F
0 

patterns 

of the stress groups and then, later, by establishing their per­

ceptual correlates. 

This will permit us, in a given signal (an F
0

-tracingL, to 

separate such variations which are due to the distribution of 

stressed and unstressed syllables from the intonation contour 

proper, which will then appear more clearly and simpler, to obvious 

descriptive and pedagogical advantages. 
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In the teaching,· of Danish and in connection with synthesis 

by rule it works the other way round: Given a certain (simple} 

sentence with a specific intonation contour the student or the 

synthesizer (the computerl will, by way of rather simple rules, 

add the pitch/F
0 

patterns proper to the stress groups in the 

sentence. 

It seems reasonable, in the light of the above. remarks, 

to include an investigation of intrinsic F (F differencesl per-o O . 

taining to single segments and of those variations that a~ise 

from the interaction between neighbouring segments. The procedure 

would then be as follows: A given signal is cleansed or corrected 

for intrinsic and coarticulatory F
0 

variations, and next for 

variations due to the distribution of stressed and unstressed 

syllables, thus producing a clean intonation contour. 

And the other way round: to the intonation contour are added 

first the pitch/F
0 

patterns pertaining to the stress groups, next 

the intrinsic and coarticulatory variations at the segment level. 

The last step is, of course, unnecessary in the class-room situa­

tion, F
0 

variations at the segment level being universal phenomena. 

However, an investigation of F
0 

at the segment level is a rather 

extensive project, and it was decided to omit this aspect from 

the investigation. (Niels Reinholt Petersen has just completed 

an investigation of intrinsic F
9 

in ?anish vowels (this issue); 

his results are turned to account in the treatment of the present 

material, cf. section 3.1.2.) Besides, it i~ possible to some 

extent to dodge the problems introduced by intrinsic and coarti­

culatory F
0 

variations, cf. below, section 2.1. 

1.4 Advanced Standard Copenhagen Danish 

This dialect/sociolect was selected partly because it is the 

most thoroughly described variety of panish in recent literature 

partly because it is that type of Danish which most foreigners 

will probably need to learn. (Besides, it happens to be the 

author's own language and one for which subjects are easy to 

get hold of.l 
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2. Method 

2.1 Material 

One corpus is aimed at the stress/F relationship, and one 
0 

at intonation contours in short simple sentences/clauses. 

2.1.1 Stress and F
0 

Pitch/F movements, -patterns, and -contours are probably 
0 

exceedingly sensitive to the speaker's attitude to what he is 

saying, which is one reason why nonsense words are of dubious 

value in an investigation of this kind but they are unavoidable 

if one wants to introduce chang~s in one and only one parameter, 

namely the position of the main stress, in words (otherw~se 

identical} of two and three syllables. There are a few word pairs 

in Danish, distinguished solely by stress placement, but we do 

not have five words as below (they are, however, possible words 

in Danish, - the acute accents mark the stressed syllables): 

pipi 

pipi 

pipipi 

pipipi 

pipipi 

The vowel being! ([i ]) in all cases and the consonant 

being E ([~h]), one can disregard intrinsic and coarticulatory 

F
0 

variations, so that observed differences in F
0 

(F
0 

movements) 

in the words must be ascribed to different stress distributions. 

(Still: the aspiration of Eis stronger (of longer duration) before 

a stressed vowel than before an unstressed vowel which may well 

influence F
0

, at least in the beginning of the following vowel.) 

An aspirated consonant was chosen (rather than an unaspi­

rated one or a sonorant} in order to obtain as many clearly dis­

cernible line-up points as possible for the subsequent averaging 
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procedure. It was also thought that the shortest possible 

voiced stretch within each syllable would be the closest approxi­

mation to the perceptual model, i.e. to the perceived pitch 

pattern, thus, at least to some extent, eliminating the difficult 

question of what part of the voiced stretch in a syllable is 

perceptually relevant. 

One cannot, beforehand, assume that a giv~n word ~ill pro­

duce identical F
0 

patterns in different positions in a sentence. 

Therefore, each of the five nonsense words were placed initially, 

medially, and finally in short declarative sentences, which are 

as much alike semantically and syntactically as possible: 

giver k6rtere stavelser.' has shorter syllables.} 

'Stavelserne i forkortes.' (The syllables of 
shortened.l 

are 

'Det giver k6rtere stavelser med ' (There are shorter 
syllables in ___ .l 

2.1.2 Intonation contours 

This corpus consists of two principal statements: 

'Der gar mange busser fra Tiflis.' (There are many buses out of 
Tiflis.} 

and 

'Der er for mange timer i statistik.' (There are too many classes 
in statistics .1. 

From these two main themes were made up two times five dif~ 

ferent types of questions and two times three dijferent types of 

non-terminal clauses, and in such a way that the underlined se­

quences in the statements above were unchanged in all 8 sentences/ 

clauses of each set. In this fashion it will be possible, later' 

on, to perform identification tests on the intonation contours 

of those sequences: 
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(Al} 'Der gar mange busser fra Tiflis?' (There are many buses 
out of Tifl-is?I_ 

Interrogative sentence: no word order 
inversion, no interrogative particle, 
the intonation alone signals the question. 
(This is a rather unusual type of question. 
It is more in the nature of a polite 
expression of doubt about somebody else's 
statement, or a way to seek confirmation 
of an opinion of one's own than it is 
a proper information seeking question.} 
It may be termed an intonation question. 

(A2l 'Mon der gar mange busser fra Tiflis?' (Would there be many 
buses out of Tiflis?). 

Interrogative sentence: no word order 
inversion, interrogative particle 
'mon' . 

(A3l 'Garder mange busser fra Tiflis?' (Are there many buses 
out of Tiflis?l_ 

Interrogative sentence: word order 
inversion, no interrogative par-
ticle. 

(A4 l. 'Hv6rfor gar der mange busser 
fra Tiflis?' 

(Why are there many buses 
out of Tiflis?l 

Interrogative sentence: word order 
inversion, interrogative particle 
'hvorfor'. Note that this sentence 
contains four stress groups. 

(ASl 'Garder mange busser fra Tiflis, (Are there many buses out 
eller gar der kun f!?' of Tiflis or are there 

only a few?}_ 

(A6} 

Interrogative clause: word order 
inversion, no interrogative par­
ticle, - followed by a coordinate 
interrogative clause. 

'Der gar mange busser fra Tiflis, 
sa vi kan g6dt lade bilen st!.• 

Non-terminal main clause, -
followed by coordinate main 
clause with 'sa'. 

(There are many buses out 
of Tiflis, so we may well 
leave the car.) 
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'Hvis der gar mange basser fra 
Tiflis, kan vi godt lade b1len 
sta.' 

Non-tenninal conditional clause 
with conjunction 'hvis', -
followed by main clause. 

(If there are many buses 
out of Tiflis, we may well 
leave the car.} 

'Garder mange busser fra~Tiflis, 
kan vi godt lade bilen sta.' 

(The translation would be 
identical td A7;l 

Non-terminal conditional main 
clause with word order inver­
sion, - followed by main clause. 

(B1) 'Der er for mange timer i. stati- (There are too many· classes 

( B2) 

stik?' in statistics?l 

(See Al) 

'Mon der er for mange timer i 
statistik?' 

(See A2} 

(Would there be too many 
classes in statistics?} 

(B3) 'Er der for mange timer i sta- (Are there too many classes 

(B4} 

(B5) 

(B6} 

tistik?' in statistics?l 

(See A3} 

'Hvorfor er der for mange timer 
i statistik?' 

(See A4 l 

'Er der for mange timer i §ta­
tist!k, eller er der for fa?' 

(See AS} 

'Der er for mange timer i sta­
tistik, sa vi bliver n0dt til 
at stryge et par stykker.' 

(See A6) 

(Why are there too many 
classes in statistics?} 

(Are there too many classes 
in statistics, or are there 
too few?}. 

(There are too many classes 
in statistics, so we will 
have to leave out a couple.) 
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(B7l 'Hvis der er for mange timer i (If there are too many 
statistik, bliver vi nldt til at classes in statistics, we 
stryge et par stykker.' will have to leave out a 

couple.) 
(See A7l 

(B81 'Er der for mange timer i sta­
tist1k, bliver vi n~dt til at 
stryge et par stykker.' 

(The translation would be 
identical to B7.) 

(See A8l 

Furthermore, there were two times two statements where the 

key-words T1flis and statist!k occur sentence initially and 

-medially, in order to permit a comparison with the nonsense 

words .E!E.! and pipipi in three positions in the sentence: 

'T1flis ma ligge i Kaukasus.' 

'Busserne fra Tiflis var for­
sinkede.' 

'Statist1k er i f0rste semester.' 

(Tiflis should be situated in 
the Caucasus.} 

(The buses from Tiflis were be­
hind schedule.} 

(Statistics is in the first 
term.} 

'Eksamen i statistik er frivillig.' (The examination in statistics 
is non-compulsory.) 

Tiflis and statistik also occur in isolation as declarative 

and interrogative utterances, and as members of a reeling off, 

i.e. non-terminal words.· This was thought to make differences in 

intonation contours easy to ascertain and interpret. 

In order to ensure a natural performance, the sentences 

were incorporated in small dialogues. In the reading list these 

dialogues were interrupted by the statements containing the non­

sense words. 

The reading list was recorded six times in all, but only 

five recordings were included in the subsequent treatment of the 

material. 
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2.2 Subjects, recordings, and registration 

The subjects were four phoneticians or students of phonetics 

between 20 and 35 years of age, two males, NRP and SH, and two 

females, BH and JG, who all speak Advanced Standard Copenhagen 

Danish. 

The recordings took place at the Institute of Phonetics 

in a quasi-damped room via a condensator microphone (B&K 4131}. 

and an amplifier (B&K 26071 on a professional tape recorder 

(Lyrec TR47-2l at a speed of 7~ ips on Agfa HiFi Low Noise tape 

( PE 36) . 

The interval between subsequent readings of the list ranged 

between a couple of hours (in rare cases} and several days. 

No attempt was made to control the rate of speech. Each subject 

was allowed to read at the speed most comfortable to her/him. 

The tapes were processed by an intensity meter (F-J Electro­

nics) and a pitch meter (F-J Electronics}, the outputs of which 

were registered on a mingograph (Elema 803} at a paper speed of 

lOOrnm/sec. Fig. 1 is an example of the tracings. Note that there 

are two editions of the F
0 

registration: one ordinary and one 

amplified, which will permit an accuracy of measurement of about 

1 Hz for the male voices and 2 Hz for the female voices (corre-· 

spending to about \mm on the scale to the leftl. in the central 

portion of their respective F
0 

ranges. 

2. 3 Processing c·f· the· tracings 

The beginning of every stressed vowel was marked, and also 

the beginnings of all unstressed vowels after unvoiced consonants. 

The F 
O 

course was then touched up with a solid line, but only· in 

the vowels and the (voicedl sonorants where these could be de­

limited safely from the surroundings (which was not always the 

case), assuming that tne F
0 

course in voiced obstruents is 

irrelevant for the perception of pitch patterns and -contours. 
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Figure 1 

Mingogram of the sentence 'Stavelserne i pipi fork6rtes.' (sub­
ject NRP). The traces are, from top to bottom: 1) duplex oscil­
logram, 2) intensity, HP 500Hz, linear display, integration time 
Sms, 3) intensity, HiFi, linear display, integration time lOms,· 
4) 'ordinary' F, 5) amplified F (the amplification causes 
the ink traces ~o be almost invis~ble they have been touched 
up in crayon). 
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This assumption will have to be tested in perceptual experiments 

but, so far, it seems justified in the light of a case like the 

one below (which is but one out of manyt: 

The word stavelserne may appear in any of the three shapes de­

picted in fig. 2: 

(a): a rise in the first two syllables, continuing through the 

[~], followed by a fall in the last two syllaples~ 1 

(bl: a rise in the first two syllables, a fall and a rise.in 

the[~], and a fall in the last two syllables, which cor­

responds to the fall in case (al, and 

(cl: a rise in the first two syllables, 'silence' during the 

[s], a jump upwards to the fall in the last two syllables, 

which corresponds to the falls in cases (al_ and (bL 

It seems reasonable to assume that the 'basic production 

model' looks somewhat like case (al. and it may be realised as 

such (in rapid speechl when the glottis remains 'closed' and 

the vocal cords vibrate during the [ s], and, probably, when at 

the same time the constriction at the alveolar ridge is fairly 

loose. It may be modified as in case (b} when the .vocal chords 

vibrate around a somewhat more open position, a modification 

which is not voluntary but due to mechanico-acoustico-aerodynamical 

factors. Finally, the model may be realised (in fairly slow 

speechl as in case (cl. if the glottis is wide open during the 

[s], impeding vocal chord vibrations. Unless one's attention is 

specifically drawn to the detection of voicing in an /s/, the 

three editions are probably perceived in the same fashion, i.e. 

there is as much information for the listener in case (cl. as in 

case (al, and the F
0 

course in the obstruent is thus irrelevant 

in the sense that it passes unnoticed. 

l}_ Danish does not have an opposition between unvoiced and voiced 
alveolar fricative, but /s/ may be voiced between voiced 

sounds, especially in rapid speech. 
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In vowels one very often finds, after an aspirated con­

sonant or an (unvoicedt /sf or /f/ (i.e. consonants produced with 

an open glottis and with forceful airflowt, one or two vibrations 

which are between 10 and 40 Hz above the succeeding ones. Such 

vibrations are left out, cf. the line of argument above for /s/. 

The pruning of the F
0 

course is, regrettably, not uncontro­

versial. The question soon arises: how much of a movement (a 

rise or a fall} in a vowel can be ascribed to influence from 

neighbouring consonants? Or, in other words, what does the in­

tended F
0 

course - the production model - look like before it is 

superimposed by modifications introduced by mechanico-acoustico­

aerodynamical factors, resulting in the rather complicated F
0 

course observed in the tracings? 

One can also pose the question this way: what is perceptual­

ly relevant? Ideally, one might trim the traces in accordance 

with their perceptual correlates (which are not necessarily identi­

cal to the production modell. But before one can do that, a good 

deal more must be known about pitch perception in connected speech, 

i.e. signals which are far more complicated and contain far more 

information than do e.g. sinusoidal waves. 

One example will suffice to illustrate the schism: The 

first syllable in the word E.!E! in the sentence 'pipi giver 

k6rtere st~velser.' produces, with all subjects, a continuous 

but rather steep fall (cf. figs. 4-71. The beginning of this 

falling movement may be ascribed to an influence from the pre­

ceding aspirated consonant and the end of it may be ascribed to 

the articulatory transition to the following stop consonant. 

The intended F
0 

(movement} may be a level F
0 

at·a frequency 

corresponding to the central part o~ the fall, but we cannot be 

sure (see also section 3.1.1.21. How is the actual movement 

perceived? As a fall? And in that case: of which extent? As 

a level pitch corresponding to the beginning? or to the middle? 

or to the end of the fall? 
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Because of th.is uncertainty the touched-up tracings have 

been transferred to tracing paper and have been evaluated quali­

tatively, rather than quantitatively. I.e. no measurements have 

been performed at this stage. A further justification for this· 

procedure is the fact that a visual display does contain more 

infonnation than one can immediately convert to numericals. 

All the line-up points (7-10, depending on the sentence, cf. 

section 2.1.ll were turned to account in order to obtain the 

least possible dispersion over the five ·recordings of each item. 

In this way differences in duration are, of course, conceiled, 

and the 'time-axis' is distorted. Fig. 3 is an example of 

tracings of five recordings of the sentence 'Tiflis ma ligge i 

Kaukasus.' by subject BH. 

3. Results 

3.1 The relationship between stress and F
0 

3.1.1 Nonsense words 

Figs. 4-7 are averages of five recordings of each of the 

five words in each of the three carrier sentences for each subject. 

(The averaging was done by eye and hand.l Note that the time-

axis is twice distorted, so to speak: Apart from the distortion 

Figures 4-7 

F tracings (averages of five recordingst of five nonsense words 
iR three different carrier sentences by four subj.ects. The trac­
ings have been moved along the 'time-axis' .in order that the 
line-up points that mark the beginnings of the stressed syllables 
in the nonsense words merge. The five types of thin lines indi­
cate the words thus: 

pipi 
pipi ..... 
pipipi - - - - -
pipipi -·-·-· -
pipipi ·················· 
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introduced by the adjustment to each line-up point through the 

sentences (cf. above), the five nonsense words were also moved 

along the axis in such a way that the line-up points marking the 

beginnings of the stressed vowels merged, which is why there 

seem to be five .E!-syllables in the sentences. - The heavy dotted/ 

full lines represent the averages of 25 recordings (five recordings 

times five nonsense words}._ of the carrier sentel').ces .. (T_he expla­

nation for the use of dotted/full lines and for the arrows will 

be given later, in section 3.1.2~1 (There are occasional heavy 

full lines in the nonsense words (NRP and JG), representing a 

complete merging of 20 and 25 recordings, respectively.) The dis­

persion in the carrier sentences over the 25 recordings was no 

greater than the dispersion within each set of five recordings, 

and the carrier sentences are thus a good frame of refer~nce for 

the nonsense words. 

3.1.1.1 Stressed followed by unstressed syllables 

A general tendency shows up in the figures: 

the stressed syllable in the nonsense words has a lower F
0 

than 

the immediately succeeding unstressed syllable (which may belong 

to the next word, as in the case of pipi and pipipi in sentence 

initial and -medial positions}. 

SH (fig. 5} has not a single exception to this rule~ But 

the remaining subjects do (although not in all recordings of a 

given word} : 

JG (fig. 7): two words in two positions, namely medial 

and -final £!E.!. and pipipi, are exceptions to the rule in 17 

(out of 20}. recordings, but then in.both words the stressed syl­

lable is clearly lower than the immediately preceding unstressed 

syllable, and thus the stressed syllable is probably marked al­

ready as being stressed. Further, in the case of the sentence 

medial words, and sentence final pipi, one may wonder whether 

these words are exceptions perceptually. We are dealing with 

movements of the falling (in the stressed vowel) - rising (in 
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the unstressed vowel) kind. It is possible that such a movement 

is perceived as a sequence 'low-high'. 

(Bertil Malmberg (1961} has investigated the relation be­

tween F0 movement and pitch perception in various words in 

Yoruba and Ibo and found that he perceived movements like the 
ones below: 

Frequency in Hz 

300 

150 

ilu akwa 

Time 

as sequences of 'low-high' (ilu)_ and 'high-low' (akwa), respec­

tively.} 

BH (fig. 6}: BH is deviant in sentence initial £.!.E.!. (2 

recordings), sentence initial pipipi (3 recordings}, sentence 

final E.!.E!, (4 recordings}., and sentence final· pipipi (3 recordingsl.. 

In the first three cases -the tracings are open to the same inter .... 

pretation perceptually as in JG's case. The sentence initial words, 

however, also hold another possibility, see below about NRP. 

NRP (fig. 41: NRP deviates in one (maybe two) case(st, 

namely sentence initial pipipi give~ 1 (5 recordings). Most of 

the F
0 

movement in the stressed syllable lies above the succeeding 
unstressed syllables,--and it is presumably-also perceived as being 

higher. In sentence initial piFi giver the same may be true. 

1) giver is pronounced in one syllable {[gi~]). 

I 
- I 
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These are instances where also BH deviates, and an explanation 

may be sought in the fact that 

sentence initial unstressed pi-syllables are (considerably} 

lower than the first stressed syllable, which is always rela­

tively high. 

The stressed syllable in the sentence initial words is thus 

always marked, namely in relation to the preceding unstressed 

syllable(s). Therefore, it may not be an absolute necessity 

to continue further up the scale on the succeeding unstressed 

syllable, especially when, as in these instances, there is only 

one unstressed syllable before the next stressed syllable in 

the sentence, a stressed syllable which has to be lower than 

the first stressed syllable, since 

F
0 

of the stressed syllables is falling from the first to the 

last stressed syllable in short statements (cf. sections 3.1.2, 

3.1.4, and 3.2.2). 

In cases like these, where there is only one unstressed syllable 

between two stressed syllables, the choice of strategy is 

seemingly free: 

NRP has giver lower than pipiEf. (and maybe also p·iE.!_l. 

BH has giver higher in two recordings, lower in 3 recordings 

than piE.,! and pipig. JG and SH have giver higher than pipiE.!_. 

and pi£! in all instances. 

(Incidentally, there are other factors besides pitch which con­

tribute to the correct identification of stress: the unstressed 

word giver is pronounced (in one syllablet with a short st~d-

less vowel, and£ of the stressed syllable in (E!,}pi.E! has a 

stronger aspiration than E in the preceding unstressed syllable(s) .) 

3.1.1.2 Stressed preceded by unstressed syllables 

The F
0 

relations between a stressed syllable and the pre­

ceding unstressed syllable(s) are less clear than the relations 

to succeeding unstressed syllable(s}. 
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0 O 0 

(a) 
Time 

0 

0 0 0 

(b) 
Time 

Figure 8 

F relations between stressed (large filled circles) and un­
s~ressed (small empty circles) syllables in the sentence 
'Sta-vel-ser-ne i pi-pi-pi for-k6r-tes.' (a): subject SH, 
(b): subjects NRP, BH, and JG. 
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Sente.nce initial unstressed .El-syllables are, as mentioned 

above, always lower than the succeeding stressed syllable. 

With SH the remaining stressed syllables are always lower 

than the preceding (as well as succeedingt unstressed syllables, 

and his F patterns are thus the simplest to describe (cf. below). 
0 

With NRP, BH, and JG the situation is slightly more complicated: 

When the number of unstressed syllables between two stressed 

syllables is three, or less than three, 1 the unstressed syllables 

are higher than the succeeding stressed syllable (i.e. the pattern 

that is general for SH}. But when there are more than three
1 

unstressed syllables between the stressed ones, as in the sentence 

'Sta-vel-ser-ne i (pi)-pi-pi fork6rtes.', number four and following 

unstressed syllables are as low -as or lower than the succeeding 

stressed syllable. The difference between SH on one hand·and NRP, 

BH, and JG on the other may be depicted graphically as in fig. 8. 

(The somewhat peculiar position of '-vel-' will be dealt with in 

section 3.1.2.) 

SH's statements did sound a little more insisting than did 

the statements of NRP, BH, and JG, and this impression could be 

attributed to the fact that his stressed syllables are always 

lower than the unstressed syllables {excluding the sentence 

initial unstressed syllables}. This is corroborated by informal 

listening to Copenhagen Danish in various situations: the lower 

the stressed syllables in relation to the unstressed syllables, 

th.e more obstinate a speaker sounds. 

ll The limit may not be three exactly. It may also, it seems, 
be two or four. 
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3.1.1.3 F
0 

movement in individual syllables in the nonsense 

words 

There are variations in F
0 

movement in individual syllables, 

but the picture is complicated by the fact that there are inter­

and intra subject variations as well as variations seemingly due 

to position in the sentence and to the difference between stressed 

and unstressed syllables. However, the following statements hold 

true, not only of the averages but also of individual recordings. 

(i) Sentence initial position 

The pretonic syllables are generally falling. 

The stressed syllable is rising with NRP, rising-falling 

with BH, slightly rising or rising-falling with SH, and rising 

slightly or falling with JG. 

The (first} posttonic syllable (of two) is very slightly 

rising-falling with NRP, and rising-falling with SH, BH, and JG. 

However, with SH the fall is greater than the rise, with BH the 

rise and fall are of almost equal extent, and with JG the rise is 

greater than the fall. 

The second of two posttonic syllables as well as the follow­

ing word giver are falling with all subjects. 

The very rough general picture is one of falling unstressed 

syllables and rising stressed syllables. 

(iil Sentence medial position 

The pretonic syllables are falling with all subjects. 

The stressed syllabies are very slightly rising-falling with 

NRP, falling or falling-rising with SH, rising-falling with BH, 

and falling with JG. 

The description of the posttonic syllables in medial position 

is exactly the same as in sentence initial position. 

The rough general picture is one of falling unstressed and 

stressed syllables alike. 
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(iiit Sentence f~nal position 

Stressed and unstressed syllables alike are generally 

falling, but only slightly so with NRP, and with exceptions· in 

the posttonic syllable for NRP (pipiL and JG (pie_! and pipt.e.!.l• 

The very crude (too crude, perhapsL picture is thus one of 

falling unstressed syllables in all positions in the sentence 

and of rising stressed syllables in sentence inftial.position, 

falling stressed syllables in sentence medial and -final positions. 

It should be remembered, however, that much. of the falling 

movement in stressed and unstressed syllables may be due to in­

fluence from preceding aspiration and following closu~e, - and 

it is hard to say how much of the falling movement is inherent 

in the production of [ i]. The rise in the sentence initial 

stressed syllables can hardly be ascribed to surrounding sounds, 

and it is not likely to be an inherent feature of [ i)-production 

either (since this is the only position where stressed [ i] is 

rising, and the rise is not found in all words with all subjects, 

cf. abovel. - This rise, when it occurs, may simply be a glide 

towards the high start of the intonation contour proper. 

In order to get a clearer picture of F
0 

movements in indi­

vidual syllables one must look at other vowels besides [ i] and 

other surrounding sounds besides [gh]. Niels Reinholt Petersen 

(this issuel. investigated eleven long stressed vowels in words 

of the type [ghv 1
1ghv 1 :ghv 1 ] in sentence medial position. He 

found that the F
0 

movement was almost identical in all vowels, 

being generally falling-rising (the fall was of greater extent 

than the rise}. Three vowels, [ i:, n:, u:] were also investigated 

between [g], [f], and [m] where the same falling-rising movement 

showed up but with a (not very pronounced} tendency for the extent 

of the fall to be greater after [gh] and [f]. Thus, it does not, 

at present, seem as if different vowel qualities carry inherently 

different F
0 

movements in Danish, and different surrounding con­

sonants do not seem to influence the direction of the movement, 
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only the extent. The falling-rising movement in Reinholt Peter­

sen's material as opposed to the falling movement in the present 

material may reflect a difference between long and short vowels, 

and both movements may reflect a property specific of Danish· 

vowels. 

3.1.2 The natural words in the sentences 

The F
0 

relations in the nonsense words reappear in the 

real, or natural, words in the sentences (stavelser(ne), k6rtere, 

fork6rtes), but it is not quite so easy to demonstrate from the 

tracings. In most cases the F
0 

course is greatly varying: which 

portion in a given course is then to be compared to what portion 

in another course? 

If we assume that the tonal patterns in the (pi)pipi words 

shall recur in the other words (an assumption which can be veri­

fied or falsified in perception experiments), the state of affairs 

is greatly simplified (thereby acting as an indirect support for 

the assumption). One can compare the courses in the underlined 

sequences in the six pairs of sentences below, where the nonsense 

words have been chosen to give the best fit to the natural words 

of interest in each pair: 

(a} 'pipipi giver k6rtere stavelser.' 

'Stavelserne i £!E! fork6rtes.' 

(b) 'pipipi giver k6rtere stavelser.' 

'Det giver k6rtere stavelser med pipi.' 

(c) 'Stavelserne i pipi fork6rtes.' 

'pipipi giver k6rtere stavelser.' 

(d} 'Stavelserne i pipipi fork6rtes.' 

'Det giver k6rtere stavelser med £!.E!.' 

(e) 'Det giver k6rtere stavelser med pipi.' 

'pipipi giver k6rtere stavelser.' 

(f} 'Det giver k6rtere stavelser med pipi.' 

'Stavelserne i pipi fork6rtes.' 
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Note that the best ~~t to k6rtere in (at and (el is 

(pil.E.!.E.!. rather than pipipi, although kortere is a three syllable 

word, and,· likewise, the best fit to st§.velser in (bl. and (fl. is 

pipi rather than pipipi. 
Phonemically, k6rtere and stavelser are / 1ko~da~a/ and 

/ 1sda:valsa~/, respectively, phonetically they are [ 1ghn:gA:A] 

and [ 1 s gee: w I s A J, respectively, i.e. the third sy_llable in kortere 
' • 

is assimilated to the second syllable (but it still counts as a 

syllable), and the second syllable in stavelser has /a/ elision, 

resulting in a syllabic lateral, [I]. It may be that sequences 
' of two syllables, ·where the second is weakened through /a/ assimi-

lation or -elision and separated from the preceding syllable by 

zero or a sonorant consonant, b~have tonally as one syllable, i.e. 

th.ey show what may be termed tonal assimilation. - In fig .. 8 was 

seen that th.e -vel- ((w!]) of stavelserne occupied a position on 

the frequency axis between the preceding stressed syllable and the 

succeeding unstressed syllable. 1 - This is somewhat unusual since 

the first posttonic syllable throughout the rest of the material 

is th.e highest one in the stress group, which is a further indica­

tion of a peculiarity with such types of unstressed syllables. -

More research is needed in order to establish this point with any 

certainty and to formulate the exact conditions (segmental and 

otherwise} under which the tonal assimilation takes place. 

If the assumption is valid, namely that the same tonal pat­

terns are intended in the nonsense and natural words (in these 

particular sentences which· are of approximately the same semantic 

and rhythmical structurel, one can prune the F
0 

~ourse in the 

natural words if, at the same time, one takes intrinsic F
0 

dif­

ferences between different vowel qualities into account. This 

procedure was facilitated by the investigation of Niels Reinholt 

Petersen who used the same subjects. The relevant figures from 

his table 1 are repeated below in table 1, expressed as differences 

in Hz between [ i :] and the other 10 vowels of his material. 

1) The exact location is difficult to establish on the mingograms 
but it is clearly below the level of the vowel in -ser- ([A]). 
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Tahle 1 

Differences in Hz (rounded off to the nearest integral}_ 
between the (longl vowel [ i~ and various other (stres­
sed). vowels ( in sentence medial positionL. The differ­
ence is positive if [ i:] has the highest frequency of 
the pair, negative otherwise. For subjects NRP, BH, 
and JG the figures represent the mean between two values, 
as observed in two different recordings in Reinholt 
Petersen' s material. [ ce:] is identical to Ta:] in his 
notation. 

Subject NRP SH BH JG 

Vowel pair 

[ i : ] - [ e: J 3 7 10 9 
[ i : J - [ e: J 6 12 23 16 
[ i : J - [ cB: ] 8 16 24 17 
[ i : J - [ a.: J 9 15 34 25 

[ i : ] - [ y: J -2 2 0 -8 
[ i : J - [ 9S: J 3 7 6 6 
[ i : J - [ re: J 7 12 17 15 

[ j' : J - [ u: J -2 -1 -3 -16 
[ i : ] - [ 0:] 2 5 1 5 
[ i : ] - [ 0:] 4 10 18 15 

(NRP did not measure [n:], but presumably it behaves like [n:] 

(cf. that there is only a negligible difference between [ i:] and 

[y:]).) 

The heavy full lines in figs. 4-7 represent those parts of 

the F courses in the natural words which merge with the courses 
0 

in the nonsense words when the tracings are moved up the frequency 

axis to an extent indicated by the arrows (which tally reasonably 

well with Reinholt Petersen's results, cf. table 1}. The heavy 

dotted lines represent the remainder of the F
0 

courses in the 

natural words. - In consequence of the remarks above about the 

[wl J of stavelserne, a fit to this syllable has not been attempted 
I 

and, likewise, not to the third syllable of kortere either. 

Fittings are missing in some instances where it proved impossible 

to perform them. - In several instances it seemed unnecessary to 

move the unstressed syllables at all to obtain a fit. 

. I 
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Reinholt Petersen measured only long stressed sentence med-

ial vowels. Presumably, his results (or at·least. the tendencies, 

if not·the exact figures) can~be generalized to short vowels as 

well (the differences may be smaller),, .. and to.sentence initial and 

-final positions. However, in order to obtain the best possible fit 

the intrinsic differences will have to be slightly gre~ter in 

sentence initial position, and slightly smaller _in s~nte~ce final 

position than in medial posi~ion, and although.this point needs 

to be verified, it was deemed justifiable to adjust the procedure 

accordingly. 

Reinholt Petersen did not measure the unstressed vowels, 

but it seems as though the intrinsic F
0 

differences are smaller 

and the dispersion of measureme~ts greater in unstressed than in 

stressed position, cf. Reinholt Petersen's section 3.2.4. The 

moving of the unstressed syllables ([A, wl, a, i, e]l along the 

' frequency axis was performed simply till the best fit was obtained, 

which proved always to be a smaller distance than for the stressed 

vowels nearest to the unstressed ones in quality, which would be: 

[ A ~o-o., w I~ u- i , a,-,e-CB, i ~ i , e~e]. 

' It appears that there are several factors involved which 

may vitiate the procedure with possible errors, and the outcome 

of the trimming must be regarded with some reservation. 

Keeping those reservations in mind, however, it seems none­

theless as if the former statements about F relations in the 
0 

nonsense words can be extended to be valid in short statements 

in general: 

Sentence initial unstressed syllables are always lower ·than the 

first ·stressed syllable, which is always relatively high. 

(The difference between JG' s sentence initial uns·tressed syllables 

and the first stressed syllable is smaller than for NRP, SH, and 

BH, however. l_ 

A ·stre·ssed sy1·1able is lower than the immediately succeeding 

unstressed syllable. 
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One unstressed syllable between two stressed ones, however, may 

be lower than the preceding stressed syllable. 

The unstressed syllables in the stres·s group de·s·c·ribe a ·falling 

F 
O 

course. The mo·re ·unstressed ·syTlabl·e·s ther·e ·a·re, ·the· mo·re 

likely the last ones are to he lower than the stressed syllable 

in the succeeding stress group (the limit seems to be two to 

four unstressed syllables). 

Furthermore, it seems as if 

the difference in Hz between a stressed syllable and the immedi­

ately succeeding unstressed syllable is greatest in sentence 

initial and smallest in sentence final position. 

F
0 

of the stressed syllables (the intonation contour) is falling 

from the first to the last stressed syllable. 

3.1.3 The segmental domain of F
0 

patterns 

An interesting problem is that of the structure of the F
0 

patterns in relation to the chain of segments. Are the F
0 

pat­

terns related to word boundaries? Or to the boundaries between 

larger entities within the simple sentence? Or do the stressed 

syllables alone determine the F
0 

patterns? (The answer to the 

last question seems to be affirmative, a fact that has already 

been turned to account in the preceding pages.) In this case, 

as in numerous cases mentioned above, a special material should 

be prepared, aimed specifically at this problem, and the follow­

ing is more in the nature of speculations than of results proper: 

One can search for those portions of the F
0 

course that 

vary and look at the extent of the variation in each of the 

three sentence types where the nonsense words occur initially, 

medially, and finally: 

In sentence initial position in ___ giver k6rtere 

stavelser.' it is evident that the variation in F
0 

is not limited 

to the {pi)pipi words but extends over the following unstressed 

giver ([gi~]), in such a fashion that giver is higher the closer 

it is to the preceding stressed syllable in time, i.e. the fewer 
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unstressed E.!,-syllables there are:· giver is lower after ·plpfpi 

than after any of the other nonsense words, and it is highest 

(not quite so clearly sor. after· ·pi·pt and p·i"I?:i.pi. The same 

tendency appears medially, but only clearly so for NRP, and not 

at all for JG. - This points in the direction of word boundaries 

being non-decisive for the F
0 

patterning. However, the boundary 

between (pilpipi and giver and between (pil_pipi and. forkortes 

is not just a word boundary but also a noun phrase+ verb phrase 

boundary, i.e. a substantial syntactic boundary within the 

simple sentence. Thus it seems as if F
0 

patterns and their re­

currence are governed by the stressed syllables 0 alone. A further, 

but rather weak, support for this claim is found in the pretonic 

£.!_-syllables in sentence medial and -final positions which show 

less F 
O 

variation than do the stressed and post tonic £!-.syllables. 

These pretonic £.!,-syllables may be part of the preceding (in­

variant) course, thus: 'Stavelserne i (pi)pi ... '/' (Det giver 

k6rtere} stavelser med (pi}pi ... '. - This means that a stressed 

syllable and all succeeding unstressed syllables within the same 

simple sentence constitute the unit for the F
0 

patterning, irre­

spective of intervening morphological and syntactical boundaries. 

This unit may be termed a stress group. Sentence initial un­

stressed syllables constitute a separate entity. 

The restriction 'in the same simple sentence' above is 
inserted because then one can be reasonably sure, on the basis 
of the present material, that the statement holds true. (But 
the material is, admittedly, limited and future investigations 
may, of course, show that the definition of 'stress group' should 
be changed or modified.}. 

There are indications, however, that a stress group may 
also sometimes extend across the boundary betwe·en two simple 
sentences (clauses} in a compound sentence: There are two times 
four compound sentences in the material, namely AS-8 and B5-8 
(cf. section 2.1.2}. Only the initial clauses of these sentences 
have been subjected to processing because they constituted the 
focal points of interest. But when one looks at the mingograms 
the following facts appear: 

In the majority of a total of 160 recordings (8 clauses 
times 4 subjects times 5 recordings}_ the initial unstressed 
syllables in the terminal clauses are higher than the succeeding 
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stressed syllable, contrary to the low position of sentence 
initial unstressed syllables throughout the rest of the material. . I 
This is universally true of the terminal clause in sentences 
A7,8 and B7,8, i.e. main clauses preceded by conditional clauses. 
Whether the high position of the unstressed syllaoles is a proper­
ty of this particular combination of clauses or whether it should 
be ascribed to an 'across clause boundary stress group effect' 
is debatable. - In favour of the first solution speak the facts 
that in 8 instances (A7: 2, A8: 4, B7: 1, and B8: ll a pause 
intervenes between the two clauses, thus break~ng up w~t seems 
to be the normal temporal relations within the stress group. 
And in 29 out of 40 instances in B7 and B8, where the last. syl­
lable of the initial clause is stressed·(statist1kl the unstressed 
syllables (two in both casesl in the succeeding terminal clauses 
are lower than the preceding stressed syllable and thus do not • 
follow the normal F pattern of a stress group. In A7 and AS 
there are 6 instancis where the first unstressed syllable of the 
terminal clause is higher than the preceding unstressed syllable 
(T1flisl, thus breaking the normal stress group pattern. But 
the second solution would probably be correct for 11 out of 40 
instances in B7 and B8 where there is no intervening pause and 
where the clause final stressed syllable is lower than the 
clause initial unstressed syllable and for 22 out of 40 instances 
in A7 and A8 where there is no intervening pause and where the 
2 clause initial unstressed syllables together with the clause 
final unstressed syllable form the smooth falling course char­
acteristic of the unstressed syllables of a stress group. 

In A6 and B6 (two coordinate main clausesl both high and 
low {in relation to the succeeding stressed syllable) clause 
initial unstressed syllables {three in both cases} are found, 
and in almost equal nwnbers. A pause may intervene before high 
and low unstressed syllables alike. There are only 3 instances 
where the final syllable(sl of the ini_tial clause and the initial 
syllables of the terminal clause may be said to constitute a 
stress group, according to the criteria mentioned above. 

In AS (two coordinate interrogative clausesl subjects un­
animously produce the four clause initial syllables on the same 
low level in relation to-the succeeding stressed syllable, and 
in 13 out of 20.instances without an intervening pause. - The 
second clause in AS contains two stressed syllables. The second 
claus·e in B5 _is extremely short, containing -only one stressed 
syllable, which may be the reason why it is treated differently 
from AS. SH and BH in 9 out of 10 instances produce what looks 
like an across clause boundary stress group, but NRP and JG do not. 

The conclusion seems to pe that the initial unstressed 
syllables in the terminal clause in a compound sentence may be 
high or low in relation to the succeeding stressed syllable, 
whereas sentence initial unstressed syllables always are low. 
In compounds of conditional and main clauses the- initial un­
stressed syllables of the terminal clause are always high, which 
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may be a signal for a close link between such clauses. In com­
pounds of coordinate (in~errogative) clauses both high and low 
unstressed syllables are.found initially in the terminal clause, 
but the low ones take the upper hand, which could be an expres­
sion of the fact that coordinate clauses are not as closely 
linked as are compounds of conditional and main clauses. If a 
stress group is a temporal and tonal entity it may (in about 
40% of the instances) extend over the conditional+ main clause 
boundary, whereas this happens only rarely (in 15% of the in­
stances) across the boundary between two coordinate clauses. 

Finally, the hypothetical nature of all ~f· the·preceding 

section should be stressed. The properties of the stress g~oup 

will have to be investigated in much further depth, taking. also 

temporal relation~ into account. 

3.1.4 Conclusion 

To recapitulate the results, a model for the F
0 

course in 

short statements, which contain only stressed and unstressed 

syllables (i.e. no secondary stresses), is proposed, cf. fig. 9. 

It cannot be rejected on the basis of the present material, but 

its corroboration must await further experiments. 

Any sentence initial unstressed syllables are relatively 

low. The first stressed syllable is relatively high. The first 

postt·onic syllable of several constitutes the F maximum in the 
0 

strJ~~ group and the sentence (with possible exceptions if this 

first posttonic syllable is 'weak' and separated from the pre­

ceding stressed syllable by zero or a sonorant consonant, cf. 

section 3.1.2). A single posttonic syllable may be lower than 

the preceding stressed syllable, but it is always higher than 

the succeeding stressed syllable. Three 1 or less posttonic syl­

lables follow the course of the full line. Four or more post­

tonic syllables may follow the cours~ of either the full line or 

the broken line, in which last case the first three syllables 

lie above the heavily dotted line connecting the stressed syl­

lables. ~his dotted line constitutes the intonation contour 

proper. The posttonic syllables in the second and, probably, 

third stress group(s) describe the same figure as those of the 

1) See footnote to section 3.1.1.2. 
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Figure 9 

A model for F in short declarative sentences. Large filled 
and small emp~y circles indicate stressed and unstressed syl-
lables, respectively. The small filled circles indicate 
the intonation contour. For an account of the thin full and 

broken lines, see the text. 
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first one, but the distance in Hz between the stressed and the 

first posttonic syllable decreases progressively. There seems 

to be the same freedom in choice of strategy, i.e. full or broken 

line, in the second stress group. (NRP is the only subject who 

actually follows the broken line in this case.} 

The intonation contour describes a smooth fall from be­

ginning (the first stressed syllablel to end ("t:h-e last stressed 

syllable}. 

3.1.5 A postscriptum about nonnalizing/non-normalizing 

the tracings 

The question whether a normalization (a zero offset adjust­

ment, strictly speaking) of the traces from the outset would not 

have facilitated the subsequent processing is a very rea·sonable 

one. One might, for each subject, move the traces up or down 

the frequency scale, as the case might be, so that, for instance, 

F
0 

minima merged in all five recordings of a given sentence, and 

maybe also in all sentences of the same type. - However, Reinholt 

Petersen found in the course of his work that the dispersion does 

not reduce in this way. He attempted a nonnalization based on 

F
0 

minima in the stressed vowels in the pV'pV:pV words. -

It is evident, also in this material, when one looks at individual 

recordings that such a normalization may well reduce the disper­

sion in one instance but increase it in another: In the state­

ments the dispersion is generally greatest on the initial stress 

group, smaller on the medial and smallest on the final stress 

group, regardless of sentence type and nonsense vs. natural words 

{fig. 3 is an example). Thus, if one normalizes after the minima 

in the first stressed syllable, a dispersion is introduced on the 

last stressed syllable, which is not present in the recordings. 

If one normalizes after the last stressed syllable, the dispersion 

on the first stressed syllable is not substantially reduced. 

A nonnalization which will reduce the dispersion all over the 

sentence must therefore be perform~ for each individual stress 
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group, as it turns out. In future experiments one might try 

a nonnalization along these lines. 

3.2 Intonation contours in short statements, questions, 

and non-tenninal clauses 

The material was accounted for in section 2.1.2. 

3.2.1 Isolated words and reeling-off members 

JG is left out in this section. Her recordings were not 

quite successful in that she did not treat the statements as 

separate utterances, and her questions sounded overly dis­

believing or surprised. 

Figs. 10 and 11 are averages of five recordings of the 

two words in each of the three functions by NRP, SH, and· BH. 

3.2.1.1 Stress and F
0 

in the words Tiflis and statistik 

(i) Statements 

(i, a) Tiflis 

With NRP and SH the stressed (first) syllable of Tiflis 

is lower than the unstressed syllable, i.e. a relationship which 

is found with £!.e! in all positions in the sentence with these 

two subjects (cf. figs. 4 and 5). 

With BH the two syllables .show no appreciable F
0 

differ­

ence and this fact, together with their position on the frequency 

axis, makes them resemble her sentence final pipi closely. 

Both syllables in Tiflis are falling with all three sub­

jects. 

(i, bl statistik 

With NRP the two unstressed syllables are clearly lower 

than the stressed (third) syllable. The same is true only of 

the second unstressed syllable with SH and BH, but we may still 

conclude that the relationship between unstressed and stressed 

syllables resembles that of sentence initial pipipi, and since 
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Frequency in Hz 

Tiflis. . . , Tiflis, .. Tiflis? 

148 

\ 136 
NRP 

128 
120 
112 

104 ~ '-- r 
96 "--
88 
80 

196 Tiflis. • • I Tiflis, Tiflis? 
188 

\ 180 
SH 

172 
164 
156 I 148 

\ 140 \ 132 
~ 124 

116 
108 

280 Tiflis. .., Tiflis, . . Tiflia?\ 
264 

248 BH 

232 / 216 

200 

184 

164 
148 

Figure 10 

F tracings (averages of five recordings) of the word Tiflis 
b? three subjects, from top to bottom: NRP, SH, and BH. The 
word occurs 1) in isolation, as a declarative utterance -(left 
column), 2) as a member of a reeling-off (middle colwnn), and 
3) in isolation,as an interrogativeutterance (right column). 
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Frequency in Hz 

Statistik. .., statistik, .. Statiatik? 

148 

136 NRP 
128 I 120 
112 

104 ·/ 
96 \___ 0 88 
80 

188 
180 Statistik. .. , st tistik, Statistik? 
172 
164 I 156 SH 

148 
140 

132 

124 

~ 116 ~ ~ 108 
100 

'280 Statistik. .., atatistik, .. Statistik? 
264 

248 BH 
232 

216 

200 

184 
164 
148 

Figure 11 

F tracings (averages of five recordings) of the word statist!k 
b~ three subjects, from top to bottom: NRP, SH, and BH. The 
word occurs 1) in isolation, as a declarative utterance (left col­
umn), 2) as a member of a reeling-off (middle column), and 3) in 
isolation, as an interrogative utterance _-(ri.g}J.t_colurnn). 
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that relationsh~p may or may not be reversed in sentence medial 

and final positions (cf. section 3.l.l.2t, a direct comparison 

with pipipi in those positions is not possible. 

All three syllaoles are more or less falling with SH and 

BH. With NRP the stressed syllable is clearly rising (this is 

true of all five recordingsl... This corroborates a subjective 

impression of NRP's statement being slightly 'non-final' ·in 

character, i.e. more or less leading on to the following sentence 

in the dialogue. 

(ii} Reeling-off members (i.e. non-terminal words} 

(ii, al Tiflis 

With NRP and SH the description would be the s~e 

the statement, cf. above, excert that the two syllables 

8 Hz lower on the frequency axis with NRP. 

as for 

are about 

With BH there is in this function a clear difference be-

tween the stressed and unstressed syllable. 

The two syllables are, roughly, falling with all subjects. 

(ii, b) statistik 

With NRP the description would be the same as for the state­

ment, cf. above. 

With SH and BH there is a clear difference between both 

of the unstressed syllables on one hand and the stressed syllable 

on the other, which difference is brought about by the stressed 

syllable being (considerably) higher than in the statement, 

whereas the position of the unstressed syllables is the same. 

Note that the stressed syllable is rising (or rising­

fallingl with all subjects. 

(iii} Questions 

(iii, al Tiflis 

There is a large and clear F
0 

difference between the (lowl 

stressed and (hight unstressed syllable with all subjects. 

The stressed syllable is rising, the unstressed one falling 

with all subjects. 
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(iii, b) statistik 

The F
0 

difference between unstressed and stressed syllables 

is considerable. The unstressed syllables resemble those of the 

statement and reeling-off member with all subjects, i.e. they 

are low and falling (or falling and slightly rising}. 

The stressed syllable is steeply rising with all subjects, 

and the extent of the rise is greater than in sentence initial 

pipipi. 

(iv} Conclusion 

We may conclude that the stress/F relationships observed 
. 0 

in the nonsense words recur in the natural words. Further, the 

general impression is one of falling unstressed syllables all 

over and of falling stressed srllables in the declarative, rising 

in the interrogative utterances. In the non-terminal words 

Tiflis is falling, statistik is rising. 

3.2.1.2 Intonation contours in the words Tiflis and 

statistik 

It may not be proper to speak of intonation contours in 

isolated words, intonation contour being defined as the figure 

described by a succession of stressed syllables in a (simple} 

sentence. However, in utterances containing only one stressed 

syllable the F
0 

movement in that syllable, together with its 

relative position on the frequency axis may be an adequate defi­

nition of intonation contour. 

BH is very straightforward to describe: The stressed 

syllable is falling in the declarative, rising-~alling in the 

non-terminal words, and steeply rising in the interrogative 

word. The position on the frequency axis becomes progressively 

higher as we go from declarative, through non-terminal, to 

interrogative words. The distance between unstressed and stressed 

syllables increases progressively in the same fashion. 
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SH deviates slightly from the simple pattern of BH in that 

declarative and non-terminal Tiflis look very much alike, and 

the stressed syllable of non-terminal statistik is rising. 

NRP deviates from BH in that declarative and non-terminal 

statistik look alike, and both have rising stressed syllables. 

Furthermore, the stressed syllable of non-terminal Ti£lis is 

lower than that of declarative Tiflis, and the .stressed_ syllable 

of interrogative Tiflis is not higher than that of declarative 

T1flis, but it is rising, and the succeeding unstressed syllable 

is considerably higher than in the other two words. 

Conclusively it can be said that declarative isolated words 

are characterized by low and falling stressed syllables. The 

distance to any preceding (lower) and succeeding (higherl un­

stressed syllables is rather small. Interrogative isolated 

words are characterized by· high and rising stressed syllables. 

The distance to any preceding (lowerl and succeeding (higherl 

unstressed syllables is rather great. Non-terminal words may 

resemble the statements or they may be intermediate between de­

clarative and interrogative words. 

3.2.2 Declarative sentences 

There were six statements in the material (cf. section 

2.1.21. Two of these have been accounted for already (cf. sec­

tion 3.1.2 and fig. 91. The other four, where T1flis and sta­

tistik occur sentence initially and -medially, only confirm the 

results and the model in fig. 9 with regard to stress/F rela-o 
tions as well as to intonation contour: The intonation contour 

describes a smooth fall from the first stressed to the last 

stressed syllable in the sentences. 

3.2.3 Interrogative sentences 

The intonation contours in the questions will be described 

in relation to the statement contour. Figs. 12-15 are tracings 
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(averages of five recordingsl of the F
0 

courses in the declara­

tive and five interrogative sentences. (The sentence initial 

unstressed syllables have been omitted. No pruning of the 

traces has been carried out.) The different types of lines 

indicate the sentences thus: 

'(Der gar) mange busser fra Tiflis.' 

'(Der er for) mange timer i statistik.' 

(Al) '(Der garl mange busser fra Tiflis?' 

(Bl) '(Der er for) mange timer i statistik?' 

(A2) '(Mon der gar) mange busser fra Tiflis?' 

(B2) '(Mon der er for). mange timer i statistik?' 

(A3} '(Gar derl mange busser ~ra Tiflis?' 

(B3l '(Er der forl mange timer i statistik?' 

(A4} 

(B4) 

'(Hv6rfor gar derl mange busser fra Tiflis?' 

'(Hv6rfor er der forl mange timer i statistik?' 

(AS) '(Gar derl mange busser fra Tiflis, 

(eller gar der kun £Al?' 

(BS) '(Er der forl mange timer i statistik, 

(eller er der for £Al?' 

Heavy lines occur when two or more traces are merging. 

Note that the averages are averages of five recordings 

only, and since a certain dispersion exists withi.n each set of 

five recordings, the overlap between the 6 sets of traces is 

considerable and the observed differences may not be signifi­

cant in all cases. 

The four subjects are much alike in some (important} re~ 

spects, but they differ in others: 

With NRP and JG the differences in the F
0 

courses appear 

clearly only in the second and third stress groups, and with JG 

they are even rather small in the second stress group. (In the 

sentences A4 and B4 ('Hvorfor gar der mange ... / Hv6rfor er der 

for mange ... ' ( closely dotted lineU mange is the second stress 
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group, which is reflected, by the lower position, in NRP's 

tracings.) 
SH and BH have small differences in the first stress 

group and rather large differences throughout the rest of the 

sentences. mange of sentences A,B4 ('Hv6rfor ... ') is also 

lower than in the remaining sentences with these two subjects. 

The F courses are (remarkably} scattered in ·the -figures, 
0 

a scattering which must reflect several different interro9ative 

intonation contours (related to the semantic/syntactic function 

of the sentences, cf. below). (NRP may be an exception, though! 

His intonation questions (A,Bl) are rather clearly separated 

from the other questions and the statement, which in their turn 

are relatively low and close together, at least in the last 

stress group. Perception experiments will reveal whether the 

contours in these other questions are perceived as being inter­

rogative at all. If not, then it seems as if NRP only utilizes 

an interrogative contour when absolutely necessary, i.e. when 

it is the only cue distinguishing the question from a statement. 

However, the four questions and the statement do not merge, and 

their order of succession on the frequency axis does follow the 

same pattern, as far as a pattern can be established, as the 

courses of the other subjects.} 

Keeping the abovementioned differences between NRP and JG 

on one hand and SH and BH on the other in mind, the F
0 

courses 

(i.e. F
0 

in stressed as well as unstressed syllables} in the 

sentences can be accounted for in the following manner: 

The lowest course is always the statement and the highest 
is always the intonation question (A,Bll, provided they do not 

merge with some other sentence. The lowest but one is the 

'hvorfor' question (A,B41. - The remaining three questions do 

not form a clear pattern which recurs with all subjects. With 

SH they are all rather high and close together and with NRP 

they are, as mentioned above, all rather low and close together. 

There is a tendency, however, for the non-terminal clause (A,B5l 
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to be the highest of the three. This is so for NRP and JG 

(AS is very slightly above and almost merges with the intona­

tion question with JG}. With SH and BH only B3 is higher than 

BS (merging with the intonation question with SH), whereas A3 

and AS merge. There is also a tendency for A,B2 {'Mon' questions) 

to be the lowest of the three. This is so with NRP (A3 merges 

with the statementl and BH and also with SH and JG,. ins~far as 

it does not merge with one of the other questions. 

Looking at the statements and the questions as singular 

events, their contours may be described thus: The intonation 

contour, i.e. F
0 

of the stressed syllables, describes a smooth 

slanting slope in statements. (The order of magnitude of this 

fall is about 30 Hz for NRP anq SH, about 40 Hz for JG and 

50 Hz for BH, which is seen most easily in figs. 4-7.) In into­

nation questions the contour seems to be almost horizontal. 

In the remaining types of questions the contours are more or 

less slanting slopes between these two extremes. The steepest 

fall is found in the 'hv6rfor' questions. Cf. fig. 16. With 

some subjects some of the contours in the interrogative sen­

tences may not be identified as interrogative contours at all. 

Thus it seems as if there is a tendency for the intonation 

contour to be more steeply falling (i.e. more statement-like) 

the more syntactic information about the interrogative status 

is contained in the sentence. This presupposes that an inter­

rogative particle overrides word order inversion with respect 

to 'interrogative information', which is not unreasonable in 

light of the fact that word order inversion is also found in 

non-interrogative sentences. 

3.2.3.1 Stress and F
0 

in interrogative sentences 

The different slopes of the intonation contours may in­

fluence the F
0 

relations between stressed and unstressed syl­

lables, and any changes in relation to the statements would be 

most marked in the intonation questions which are treated in 

the following: 
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No word order inversion, 
no interrogative parti6le, 
the intonation alone sig­
nals the question. 
Non-terminal question with 
word order inversion. 

Word order inversion, no 
interrogative particle . 
No word order inversion, 
interrogative particie 
'mon'. 
Word order inversion, 
interrogative particle 
'hvorfor'. 

Declarative sentence. 

Stylized graph of the intonation contours 
in declarative sentences and in five dif­
ferent types of-interrogative sentences. 
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The last two stress groups in each of the two intonation 

questions show a difference from the F ·course in the statements 
0 

with all four subjects: In the sentence' ... busser fra Tiflis?' 

there are only two unstresse_d syllables between the stressed 

ones, and they seem with all subjects to be higher than both 

surrounding stressed syllables if one introduces a co+rection 

(even if slight) for intrinsic F
0 

differences between [ i] and 

[u, A, n]. This is a confirmation of the rule for stress/F 
.0 

relations in statements. Furthermore, it does not seem as if 

the distance in Hz between the stressed and the succeeding un­

stressed syllable is neither smaller nor greater than in the 

statement, except, perhaps, with BH. In the sequence' timer 

i statistik?' there are four unstressed syllables between the 

stressed ones, and the last two of these (stati-) are (cpnsider­

ablyl lower than the surrounding stressed syllables with all 

subjects. (The difference is rather small with JG.) A likely 

explanation is the following: The unstressed syllables in a 

stress group always perform a fall (whi~h may straighten out, 

or maybe even perform a small rise, towards the end) after the 

initial rise from the preceding stressed syllable. The slope 

of this fall may vary (cf. the difference between SH as against 

NRP, BH, and JG in fig. 8, and the full versus broken line in 

fig. 91. and if there are enough unstressed syllables in a stress 

group the last ones will be below the succeeding stressed.syl­

lable. The higher this stressed syllable is in relation.to the 

preceding stressed syllable, the 'sooner' the level of the pre-. 

ceding unstressed syllables will be brought below it. This is, 

in fact, corroborated by the traces in figs~ 12-15 (and 17-20). 

If the description of the stress/F
0 

relationship is correct, 

i.e. the same basic F
0 

pattern recurs with slight modifications 

which are predictable from the intonation contour, then the 

·definition of intonation contour as the contour described by the 

stressed syllables alone seems justified. - This does not mean, 

of course, that the F course of the unstressed syllables is 
0 

irrelevant for the perception of a given contour, but it is, 

strictly speaking, redundant. 
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3.2.4 Non-terminal clauses 

The intonation contours in the non-terminal clauses will 

also be described in relation to the statements, cf. figs. 17-

20. The different types of lines indicate the sentences thus: 

'(Der gar} mange busser fra Tiflis.' 

'(Der er forl mange timer i statistik.' 

(A6} '(Der garl mange busser fra Tiflis, 

(B6} 

... 
(sa vi kan godt lade bilen sta}.' 

'(Der er forl mange timer i statistik, 

(sa vi bliver nfdt til at stryge et 

par stykker) . ' 

(A7) '(Hvis der garl mange busser fra Tiflis, 
,,. 

(kan vi g6dt lade bilen sta} .' 

(B7l '(Hvis der er for) mange timer i sta­

tistik, (bliver vi n~dt til at stryge 

et par stykkerl.' 

(A8 l ' (Gar derl. mange busser fra Tiflis, 

(kan vi godt lade bilen stAl.' 

(B8} '(Er der for} mange timer i statistik, 

(bliver vi n~dt til at stryge et par 

stykkerl.' 

The reservation mentioned in section 3.2.3 about the 

averages must be kept in mind. 

The four F
0 

courses are dispersed to a greater or lesser 

degree with each subject in much the same fashion as in inter­

rogative sentences, except that the dispersion in the first 

stress group is small or non-existent with all subjects. The 

mutual relations between the four courses are almost exactly 

the same for all subjects (insofar as traces do not merge com­

pletely): The lowest F
0 

course is the statement, next (from 

bottom to top} sentences no. 6, 7, and 8 (cf. above}. 
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With JG the three non-terminal courses are all relatively 

high and close together, - in fact, they are as high as her 

intonation questions, cf. fig. 15. The same is true of NRP, 
sentences B7 and B8. 

It is evident that some of the intonation contours of the 

non-terminal clauses, also with SH and BH, merge with_ the con­

tours in some of the interrogative sentences. I.e.~ th~ clear 

differences which were found with BH (and, partly, SH} in iso­

lated declarative, non-terminal, and interrogative words do not 

generally exist (cf. section 3.2.1.21. 

It seems more than likely that in identification experi­

ments some of the 'interrogative' contours will be confused 

with some of the 'non-terminal~ contours, and vice versa. 

It is possible, also, that the intonation contours will tend to 

be classified in two, rather than three, groups as terminal 

versus non-terminal, i.e. subjects may not be able to distinguish 

interrogative from non-terminal intonation (and such a distinc­

tion may not exist with the speaker, eitherl. 

4. Summary of the results 

The results may be summarized graphically in a (rather 

tentative and hypothetical} model for F
0 

patterns and contours 
in short sentences and non-terminal clauses, cf. fig. 21. 

Figure 21 

A model for F0 in short sentences and non-terminal clauses: 
1) Questions where the only cue distinguishing the sentence 
from a statement is intonation, 2) questions with word order 
inversion, non-terminal clauses in compound sentences, 
3} qu~stions with interrogative particle, 4} declarative 
sentences. 
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This model ~s, of course, a greatly stylized and simpli­

fied v~rsion of the facts as they were found and it must be re­

garded as provisional. Future experiments will probably lead 

to adjustments and modifications. 

A scale has been tentatively indicated. For X equal to 

one it would fit NRP. For other subjects X will have to be 

determined, which is probably not a very simple·procedure. 

If one measures F
0 

of the second stressed syllable in stat~ments 

for SH, BH, and JG and divides that figure by 100 (which is the 

value, for X equal to one, of that syllable in the model), then 

a coarse approximation to X is achieved, although it predicts 

too high. values for the high.est unstressed syllables of BH and 

JG. 

The stressed syllables have been marked with large·filled 

circles in order to avoid specifying the actual F
0 

movement 

within the syllable. The unstressed syllables are small circles 

on the thin, full lines. The number of unstressed syllables 

within a stress group may vary. If there are more than four 

they will probably crowd together on the lines connecting the 

first posttonic syllable to the succeeding stressed syllable, 

and if there are fewer they will spread out on those lines. , 

The black dots connecting the stressed syllables describe 

the intonation contours. The slope of the one in the middle 

may vary, partly according to sentence type, cf. the legend to 

fig. 21, partly with different subjects. 

The difference between SH on one hand and NRP, BH, and JG 

on the other (cf. section 3.1.1.2 and fig. 81 i~ not accounted 

for in the model, which depicts the strategy of SH. By changing 

the slopes of the falling unstressed· syllables in each stress 

group, i.e. by making them steeper, the appropriate model for 

NRP, BH, and JG is achieved, since relatively more unstressed 

syllables will thus be below the level of the succeeding stressed 

syllable. 
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The course oft e unstressed syllables rests on three 

assumptions (which cannot be rejected on the basis of the pre­

sent material), namely 1) that the difference in Hz between 

a given stressed syllable and the immediately succeeding un­

stressed syllable is, for a given subject, the same, irrespective 

of intonation contour; this difference decreases from .the first 

to the last stress group. 2) The slope of the unstressed syl­

lables is the same (for a given subject} in all stress gro~ps, 

which is why the last (of severall unstressed syllables are 

below the level of the succeeding stressed syllable in non­

statement contours, and most clearly so in the second stress 

group, and 3) unstressed syllables where /a/ elision or -assimi­

lation has taken place are assimilated tonally to the preceding 

syllable. 

The model covers single word utterances (including reeling­

offs} if the initial low unstressed syllables are connected to 

the second or third stress group (depending on the individual). 

Presumably, the model would also cover slightly longer 

sentences, containing four and five stress groups, which would 

just cause a given falling contour to be slightly less steep, 

its upper and lower limits remaining the same. 

5. Perspectives for the future 

Some of the investigations which at present seem called for 

are listed below. Some concern universal phenomena, others are 

specific to Danish. When these investigations are undertaken, 

they will probably in their turn bring new problems to light 

and create a demand for still further research. 

We need to know more about: 

Intrinsic F
0 

in unstressed syllables 

Intrinsic F
0 

in stressed and unstressed syllables· in various 

positions in the sentence 
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F
0 

variations caused by surrounding sounds (there are various 

papers on this subject but it is far from exhausted ye~ 

(see Jeel 1975 and the references therein)) 

The F
0 

course of varying numbers of unstressed syllables within 

a stress group, in different positions in the sentence 

The mechanism of tonal assimilation in words with unstressed 

/a/ syllables 

F
0 

in syllables with secondary stress, as opposed to main- and 

unstressed syllables 

Intonation contours in compound ,sentences, and the dependence 

of stress groups upon clause boundaries 
\ 

Intonation contours in free speech. 

The perceptual relevance of F
0 

courses needs to be estab­

lished. There are several, more or less sophisticated, ~ines 

of procedure: 

Trained phoneticians could take down (i.e. transcribe} pitch/ 

intonation as discrete phenomena (i.e. by means of lines 

and dotsl and as continuous phenomena (i.e. in as good 

accordance with the perceived course as possible). 

Trained phoneticians could beat rhythm and mimic intonation 

with a succession of identical CV syllables (i.e. they 

would hear, or produce themselves, a given sentence, 

whereafter they mimic it solely with CV syllables) 

Listeners should adjust sinus- or triangular waves to the pitch 

of a given vowel (or consonant} in a given syllable 

Listeners should identify the various F
0 

courses in the sequences 

mange busser fra Tiflis' and' .. mange timer i 

statistik.' These sequences can be mutilated in various 

ways: One can cut out words in the beginning of the 

sequence in order to find out how much infonnation is 

necessary for the identification, and one can cut out 

words from the end to find out how early identifiable 

differences in the sequences occur 



147 

The difference liroen for F
0 

in connected speech should be estab­

lished. How well do listeners localize a given perceived 

difference in relation to the chain of segments? How are 

several simultaneous differences perceived? 

Are F
0 

courses in voiced obstruents and (non-syllabic) sonorants 

of any perceptual relevance? 

Finally, other varieties of Danish, besides Advanced 

Standard Copenhagen Danish, should be investigated. 
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SOME DATA ON NORTH GERMAN STOPS AND AFFRICATES 

Eli Fischer-J~rgensen 

Abstract: The present paper presents some data-on voicing (3.1), 
duration (3.21, intra-oral air pressure (3.3), airflow 
(3.4), subglottal pressure (3.5), and lip pressure 
(3.6} of German stops and affricates. On the basis 
of these data the last section discusses some more 
general ·problems, viz. the features distinguishing 
pt~ and bdg (4.11, the reduction of aspiration after 

4.2), the distinction between stops and affricates 
(4.Jt, differences due to place of articulation (4.41, 
"heightened subglottal· pressure" (4.5), and the re­
lation between air pressure and airflow (4.6) .. 

1. Introduction 

The present paper brings some data on duration, intra-oral 
1 

and subglottal pressure, airflow, lip pressure, and (to a certain 

extent}_ voicing of North German stops and affricates. The material 

was collected in the course of the years 19~5-1968. The main part, 

comprising stops and affricates in stressed position (lists I and 

Ill was meant as a background material for a description of Danish 

stop consonants (which has never been completed}. A smaller part 

(list IIIt comprising stops in unstressed position is taken from 

a material i~tended for the description of close_and open contact 

in German (see Fischer-J~rgensen 1969) and not particularly set up 

for the purpose of analysing stops. 

Although the material is restricted and, as far as the un­

stressed position is concerned, unsystematic, I have found it 

usef~l to publish it in a separate paper because relatively little 

has been published on North German stop consonant duration and, 

as far as I know, hardly anything on air pressure and airflow. 

Some (rather restricted} instrumental data on duration, particularly 
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the duration of aspiration, can be found in E.A. Meyer (1901 and 

1904}, Hentrich (1925), Weitkus (1931), Schmitt (1931 and 1947), 

v. Essen (1934), Bennett (1935), and Rositzke (1944 and 1947). 

Some scattered data can be found in Zwirner and Zwirner's text 

lists (1936-37). A more comprehensive material on duration and 

voicing (but only comprising one person's pronunciation of~ and 

d) is found in Bothorel-Wit'z and Petursson (1972). 'The three 

most comprehensive studies (Lotzmann 1958/59 on aspiration, 

Meinhold and Stock 1963 and Esawa 1972 on voicing) are not in­

strumental (Meinhold and Stock have taken a few oscillograms 

for control), but based on auditory impressions. Lotzmann has 

not been accessible to me. Meinhold and Stock have listened to 

more than 1000 bdg-sounds in absolute initial position and in 

the position after voiceless sounds spoken by 34 professional 

speakers and actors (in connected texts}. They have made the 

tape recordings at a speed of 30 ips and played them back at 

very slow speeds, and they have only made decisions on presence 

or absence of voicing. This seems to be a very reliable procedure. 

Esawa has listened to voicing of bdg and ptk in various positio.ns 

in 90 samples of 5 minutes length from a connected text spoken 

by ~0 subjects from all over Germany. 

The emphasis of this paper is on the. presentation of data, 

and I am not going into any details concerning the general problems 

of stop features and stop production. A detailed discussion of 
these problems can be found in my paper "Voicing, tenseness and 
aspiration in stop consonants" (1968)_, and a more recent treatment 

with a very useful survey of the literature is given in the paper 
by Bothorel-Wltz and Petursson (1972}. But it is, of course, my 

hope that the data presented here may contribute not only to the 

description of German (and, ultimately, to the teaching of German) 

but also to the description of the distinctive features used to 

separate the two stop categories designated as ptk and bdg, and 

that it may throw some light on the mechanism of stop production. 

In the final section I will return briefly to these problems. 
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4. Subjects, material, and recordings 

2.1 Subjects 

The investigation is mainly based on six subjects: CH, 

ws, KV, HP, and (to a somewhat lesser degree) GJ and GR. For 

subsidiary information about the duration of unstressed stops 

recordings made by three further subjects (HT, .HWL, and HL) 

have been used. They all speak various types of Standard Northern 

German except for GJ, who is from the Western part of Germany 

(Koblenz}, but speaks Standard German. 

CH (born 1934} grew up in Lubeck and Stettin and had at 

the time of recording (1955) been in Stockholm for one year. 

WS (born 1939} grew up in Velbert in the Northern Rheinland. 

He has lived in Copenhagen since 1961. The main recording was 

made in 1966, two others in 1964 and 1968. He speaks German at 

home, and his German seems uninfluenced by Danish. 

KV (born 19411 grew up in Elmshorn near Hamburg. At the 

time of recording he had been in Denmark for six months. 

HP (born 19071 lived in Hamburg until the age of 28. He 

has stayed in Copenhagen since 1935, i.e. at the time of recording 

(19561 for 21 years. He is married to a Dane, and he reported 

that he spoke Danish at home, but German at his job. In spite of 

his long stay in Denmark he was included among the main subjects 

because he was within reach and because his German sounded all 

right. However, the measurements showed that he differed from 

the other subjects on several points, which could be due to Danish 

influence. He should therefore not be taken as a typical German 

speaker. 

GJ (born 1912) grew up in Koblenz. At the time of the 

recording (1955) he had been several years in Copenhagen. He spoke 

German at home, and his German seems to be completely uninfluenced 

by Danish. 

GR (born 1912) grew up in Berlin. At the time of recording 

(1955) he had lived for seven years in Stockholm. He speaks German 

at home, and his German seems quite uninfluenced by Swedish. 

HT and HWL are from Northern Germany; HL from the Ruhr area. 
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2.2 Texts 

The main material (list Il consisted of a series of words 

with initial stop or affricate in stressed position, preceded by 

an unstressed vowel and followed by one of the vowels~, i or u 

The words used in most of the recordings were: 

I Cal b die Bahre, die Busze, die Biese 
d die Dame, die Dusel, die Diebe 
9. die Gabe, die Guten, die Giebel 

E die Paare, die Pute, die Pike 
t die Tafel, die Tute, die Tiefe 
k die .Kate, die Kugel, die Kiefer 

I (b} E! die Pfanne, der Pfuscher, die Pfiffe 
ts die Zahlen, die Zuber, die Ziege 
E die Panne, die Puppe, die Pille 
t die Tasche, die Tunke, die Tinte 

In the case of GJ, GR, and CH's first recording (CH Il an 

earlier version of list Ib was used containing the words: 

E! die Pfanne, der Pfuhl, der Pfiff 
ts die Zahl, die Zunge, die Ziege 
E die Panne, der Putz, der Pilz 
t die Tat, die Tunke, die Tiefe. 

List Ia was intended for a comparison between ptk and bdg, list 

Ib for a comparison between EE. and the affricates. In the second 

version all words were made disyllabic,and E and! were followed 

by short vowels and could be compared to the words with long 

vowels in list Ia. But in this way the t-words got less com­

parable to the ts-words. However, as the differences are signi­

ficant in both cases, this does not matter. 

A subsidiary word list (called II) consisted of the words: 

I (c) bdg das Band, das Dach, das Gatt 
das Bett, das Deck, das Gift 

ptk das Paar, das Tal, das Kalb 
das Pech, das Tempo, das Kind 

This list was only spoken by GJ, GR, and CH. 
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The words appeared twice in the list in groups of three, 

the second time in reversed order, to avoid influence from 

rhythmic factors. 

List I was intended for comparison with Danish, and was 

restricted to initial position. It contained, however, by chance 

some stops in unstressed medial position, and these have been 

included in the present investigation. They were supplemented 

by some. words from list III. 

List II consisted of a list of isolated words. The words 

utilized in the present paper were: piepen, Lippe, tapern, tappen, 

bieten, beten, baten, baten, Betten, Latte, lieben, lebe, bibern, 

beben, Ebbe, bibbern, wieder, laden, Widder, Kladde. 

2.3 Recordings and measurements 

Tape recordings were made of lists I, II, and III, spoken 

by GJ and GR, lists I and II by CH, and lists I and III by WS 

and KV. The subsidiary data from subjects HT, HL, and HWL were 

also based on tape recordings. The recordings were made on pro­

fessional tape recorders in sound treated rooms, those of GR 

and CH at the Technical High School in Stockholm, the others in 

Copenhagen. The tape recordings were used for mingographic 

registration comprising oscillograms and intensity curves. These 

curves, supplemented by spectrograms, were used for measurements 

of duration. 

As start of the consonant closure that point has been chosen 

where the preceding vowel ends, i.e. where the intensity curve 

drops abruptly. The delimitation of the open interval (i.e. the 

distance from release of the closure to the start of the following 

vowel} was sometimes dubious in the case of voiced bdg, and some 

cases have been omitted from the averages. 

Air pressure and lip pressure of HP and CH (lists I and III) 

were recorded in the Cardiologic Laboratory of the University 

Clinic (Rigshospitaletl in 1956 in cooperation with Oluf M. Thorsen. 

The intra-oral air pressure was recorded by means of a small 

plastic tube, seven cm long, with an outside diameter of 1.5 mm 
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and a bore of 0.8 mm inserted into the mouth. It was connected 

to an electrical manometer (for more technical details see 

Fischer-J~rgensen and Tybj~rg Hansen 1959}. Lip pressure was 

recorded by means of a rubber bulb placed between the lips and 

connected to the manometer. The registration was made on an 

Elema oscillograph. The calibration was in mm H2o. The velars 

were left out in these recordings of air pressure .. 
Airflow curves comprised lists I and III spoken by HP and 

KV. The instrwnent used was the aerometer built by Fr~kj~r-

Jensen who assisted at the. recordings. As the instrument could 

not be calibrated at the time, the measurements have been made 

in mm. These curves have also been used for measurements of 

duration. 

A simultaneous recording of intra-oral and subglottal air 

pressure and of airflow was undertaken at the Institute of 

Phonetics in 1966. In this recording the tube used for picking 

up the intra-oral air pressure was inserted through the nose. 

The text was list I, and the speaker was WS. The subglottal 

pressure was recorded by means of a balloon placed in the oeso­

phagus. This technique had been used by Schuhmacher (WS} for 

his investigation of German vowels, and he was kind enough to 

swallow the balloon once more for the recording of stops (for 

more technical details see Schuhmacher 1972). Unfortunately, 

the calibrations of these curves have disappeared, so that they 

had to be measured in mm. As both air pressure and airflow 

scales are linear, the relations between the values measured in 

mm will be correct, and generally only the relations are of 

interest, but for a comparison between the three types of regi­

stration the real values would have given more information. The 
·- - . -- - -

word list was repeated four times, but only repetitions number 

three and four included subglottal pressure. For these two record­

ings the amplitude of the air pressure and airflow curves was reduced, 

but since the number of words was the same in all recordings a 

common mean has been taken of all four recordings. A specimen of 
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these two types of curves is shown in fig. 1. These curves have 

also been used for measurements of duration. 

The duration of voicing has been measured in all the curves 

of the six principal subjects, and in the case of total voice­

lessness and complete voicing the measurements are safe, but in 

the numerous cases of partial voicing with decreasing amplitude 

the delimitation is rather arbitrary, and depends to some degree 

on the amplification used in the individual recording. For a 

material recorded at different times and with different instruments 

the measurements can be compared only with great caution. 

A good deal of the measurements and computations have been 

made, according to my instructions, by 0luf M. Thorsen, Kirsten 

Gregersen, Karsten Vogel, Jente Andresen, H.P. J~rgensen, and 

Mimi Jacobsen. 

3. Results 

3.1 Voicing 

As mentioned in section 2.3 I am somewhat sceptical as to 

the exact measurement of voicing where it is only partial. This 

section will therefore not contain large tables of averages, but 

some information is necessary as background for the judgement of 

other parameters. 

3.1.1 ptk 

The stops ptk are always voiceless in this material except 

for 20-30 ms of weak voicing in the beginning after a voiced sound. 

But it should be kept in mind that the list consisted of isolated 

words. In connected speech ptk may be voiced (see Esawa 1972). 

3.1.2 bdg 

As for bdg their degree of voicing is very variable depending 

on stress and preceding sounds. 
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3.1.2.1 bdg in initial position in stressed syllable 

(a) Absolute initial position 

The main material (list Il did not contain any examples of 

this type (the d of unstressed "die" was always voiceless}. But 

there are a number of examples in list III. CH, HP, and KV al­

ways have voiceless bdg in this position, GJ and GR normally 

have voiceless bdg with a few random exceptions,· whereas·WS 

varies unsystematically between voiced and voiceless band q, 

but always has voiceless~· 

(b) Initial position after word boundary preceded bys 

( s I/=' CV) 

The material only contains 30 examples of bdg in this 

position spoken by CH, GJ, and GR. They are always completely 

voiceless. GJ has also voiceless bdg after other voiceless 

sounds (see Fischer-J~rgensen 1952, p. 123). • 

(c) Initial position in stressed syllable ·after word boundary 

preceded by unstressed vowel (
0
V#'CV) 

The main part of the material consists of words of this 

type. bdg in this position are normally partly voiced, but there 

is a large variation between subjects and also in the recordings 

of the same subject and the same word. As a rough indication of 

the variation between subjects the following values may be given 

(duration of voicing in% of the closure): 

GJ 75%, GR 61%, WS 54%, KV 49%, CH II 40%, CH I 28%, 

HP II 20%, and HP I 14%. 

GJ has a number of fully voiced examples, GR only one. The voiced 

portion is always found in the first part of the closure, never 

at the end, and the amplitude of the vibrations is always decreas~ 

ing, which makes the delimitation dubious in many instances. 

HP's percentage of voicing corresponds to 10-30 ms. The 

averages are often very slightly higher for bdg than for ptk, 

but there is complete overlapping. His bdg must therefore be 

considered voiceless in this position. 



159 

3.1.2 Medial position before unstressed vowel after stressed 

vowel ('VCa) 

In this position bdg are often fully or almost fully 

voiced, with decreasing amplitude of the vibrations. This is 

true of all subjects: GJ, GR, CH, WS, and KV. 1 The voicing 

often stops at the release, but may also continue through the 

release. This is almost always the case for GJ.and GR, and 

often for WS. The degree of voicing in CH's recording is very 

variable. She may have fully voiced or almost voiceless bdg. 

She has sometimes less voicing after short than after long vowel. 

In the case of HP there are great differences between different 

recordings. In one recording he has more than 50% voicing, in 

another the consonants are practically voiceless. KV has voice­

less bdg after short vowel (e.g. Widder), fully or partly voiced 

bdg after long vowel. 

The great variation in the voicing of bdg confirms the 

observations by Esawa (1972), who finds that complete or partial 

voicelessness is found very often, also in Northern Germany in 

all positions of the word, and it is also in agreement with the 

indications of Bothorel-Witz and Petursson (1972) on the voicing 

of d. The finding that bdg are completely voiceless after~ 

and, in most cases, voiceless in absolute initial position is in 

agreement with Meinhold and Stock (1963), who found only 1.3% of 

voiced bdg after a voiceless sound (and they consider these few 

examples to be cases of hypercorrection) and 22.6% voicing ini­

tially with great individual variation (the individual percent­

ages ranging from 14 to 100). 

1) Voicing was not measured for the subsidiary subjects. 
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Table 1 

Duration (in msec} of ptk and bdg 
in the position V'CV: 

s = subject, N = number, C = consonant, 
cl. = closure, op.i. = open interval, 
tot.= total duration,% op.i. = op.i. 
in % of tot. 

s N C cl. op.i. tot. %op. i. 

GJ (6} p 131 32. 163 20 
(6} b 118 11 129 ·9 

(6) t 129 37 166 22 
(6} d 111 18 129 14 

(6) k 94 67 161 42 
(6) g 96 35 131 27 

(18}_ ptk 118 45 163 · 28 
(181 bdg 108 21 129 24 

GR (12} p 134 32 166 19 
(11) b 124 9 133 7 

(12} t 139 42 181 23 
(11) d 143 17 160 11 

(12) k 113 55 168 33 
(12} g 108 22 130 17 

(36}_ ptk. 129 43 172 25 
(34r_ bdg 125 16 141 11 

CH (6) p 108 62 170 36 
I (6) b 106 11 117 9 

(6} t 109 58 167 35 
(6) d 105 10 115 9 

(6) k 91 71 162 44 
(6) g 86 30 116 26 

(18L ptk 102 64 166 39 
( 18)_ bdg 99 17 116 15 

CH (21} p 113 66 179 37 
II (21) b 106 20 126 16 

(23) t 100 73 173 42 
(18) d 101 21 122 17 
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Fi~ure 3 Table 1 
(continued) (continued) 

s N C cl. op.i. tot. %op. i. 0 rso 220 pis t 

IZ:ZZZZZZZZZ1·· 1
·'·

1
··1·• '·I ws (24} p 133 65 198 33 

I, ·'·I (241 b 129 19 148 13 

tz Z Z Z Z Z ZZl 1
••

1
1·,·

1
•• ···•··I (24} t 114 72 186 39 

l,·,··,i (24) d 114 24 138 17 

rzzzz z zzz3 ... •,1 -.•,i, -'·I (24} k 115 74 189 39 
1-: ,,,a (24} g 108 26 134 19 

I ZZ Z ZZZ Z3···'t·1····1···\ 1r3 (72} ptk 120 71 191 37 
I· ,'·'I (72} bdg 117 23 140 16 

12:Z Z Z Z Z ZZ Z ZZ Z3i·•···· •• a·•···•··~• 1al HP (18} p 170 92 262 35 
I (18} b 188 22 210 10 

~ zz zzzzzzzz;a.• •·· ,···· •·· • i, ,-a (18) t 145 96 241 40 
.... (18) d 178 24 202 11 

Ezzzz zzzzzzz;a. • •'··· •'··,· •··'···ii (181 k 142 108 250 43 
(18) g 176 33 209 16 

ezzzzzzzzzzz;a ........ · ...... •·'·'·I (54} ptk 152 99 251 39 
1·1··1·1

111 (54} bdg 181 26 207 16 

czzzzzzzzzz;a.-. ·.·. ··1··'· ·.-.1 HP (16} p 144 66 210 31 
1-: • ·.·I II (15} b 149 26 175 15 

i:zzzzzzz;a., .. •.•. ··'···' ·.•, .. , (18) t 111 98 209 47 
I; I. i • • :1 (18) d 126 37 163 23 

ezzzzzzzz;a-.c.- .. ·al·':11 KV (12) p 120 48 168 28 
l·■ ·I (12) b 108 15 123 13 

IZZ Z Z Z ZZ Z Z 3·t_.,·.·a'a'I (12) t 125 45 170 26 
I'· ··I (12). d 122 16 138 12 

'2!Z Z ZZZZZZJ······· .f ·'··: =I (12) k 118 56 174 32 
1c1··· J (11) g 117 18 135 13 

ezzzzzzza· ...... -.. -!I (36) ptk 121 49 170 29 
1-: .. 1 (35) bdg 115 16 132 13 
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3.2 Duration 

3.2.1 Differences between ptk and bdg 

3.2.1.1 Initial position in stressed syllable after word 

boundary preceded by unstressed vowel (
0
V#'CV) 

Table 1 gives a survey of the duration of- closure, open 

interval, total length and open interval in% of the total 
-·· - --- ·--- - -- - --- ·-

1 ength. In fig. 3 the same facts .re depicted graphically. 

(The durations of E! from list Ib are found in table 6.) 

Duration in this position has been measured for 6 subjects 

who have spoken list Ia and Ib (1092 consonants in all). CH II 

and HP II do not comprise the velars, because these measurements 

are taken from the air pressure curves (CH I is based on a tape 

recording, HP I on airflow curves). 

(a} closure 

Five of the six subjects have a longer closure in E and~ 

than in band g_ (GJ k<s. forms an exception)., whereas the rela­

tion between the closures oft and dis variable, cp. that Nina 

Thorsen (1971} found a variable relation between the durations 

oft and din English, but longer closure in E and k than in b 

and~. (in a more restricted material}. The differences are, 

however, small and not statistically significant. HP has the 

opposite relation: a longer closure in bdg than in ptk, and in 

HP II the difference is significant at the 1% level. This may 

be due to Danish influence. 

(b) open interval 

It is evident that all six subjects have a statistically 

significant difference between the open interval of ptk and that 

of bdg. There is not one instance of overlapping of corre­

sponding consonants. This means that aspiration is an important 

factor in the distinction between the two types of stops. 

But the duration of the aspiration shows considerable varia­

tion between subjects. 
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The general averages for all three stops in list Ia and b 

(in ms and as percentage of the total duration) are: 

GJ GR CH ws HP KV 

ms 45 40 61 68 94 48 

% 28 24 33 36 40 28 

The differences between the subjects cannot be due to 

dialectal background only. Of the three subjects with the 

shortest aspiration one is from Koblenz (GJ), one from Berlin 

{GR), and one from Hamburg (KV). This is peculiar since the 

subject who has the longest durations {HP} is also from Hamburg. 

His very long aspirations may be due to his slow tempo of speech 

(only the absolute values are deviant), but may also be due to 

Danish influence. 

The indications on the duration of aspiration in ptk 

found in the literature show a considerable variation. Some 

have found still shorter aspirations than the minimum found in 

the present material, e.g. Meyer (1904) E 24, ! 26, and k 32 ms 

(in his own North German pronunciation), Weitkus {1931) 36 ms 

fort {22%), v. Essen (1934} 22, 22, and 25% for£,!, and~, 

respectively; others have found durations corresponding to our 

maximum: Schmitt (1947): t 92 ms, 39%, Bothorel-Witz and P~turs­

son (1972): t 80 ms open interval (50%). Of the 80 ms 48 are 

described as "duration of explosion", which probably means: 

fricative phase. This distinction has not been made in the 

present investigation. 

(cl total duration 

Mainly due to the consistent difference in open interval 

the total duration of ptk is always greater than that of bd9, and 

the difference is significant for a~l consonant pairs and all 

subjects, in almost all cases at the 1 or 0.1% level. 

3.2.1.2 Stressed position after word boundary preceded 

~ (s#'CV) 

Three subjects: GJ, GR, and CH have spoken list Ic con­

taining examples of the type: das Band, das Pech, etc. Table 2 

contains the average durations, and in fig. 4 they are given in 

graphical form. 
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2s0u s 
GJ 

GR 

CH 
I 

Table 2 

Duration of ptk and bdg in the 
position s-'CV 

N C cl. op. i.- -tot.·:· %op. i. 

(2) p 132 15 147 10 
(2) b 148 5 153 3 

(2) t 108 25 133 19 
(2} d 117 18 135 13 

(2) k 88 52 140 37 
(2} g 108 20 128 16 

(6} ptk 109 31 140 22 
(6) bdg 124 14 138 . 10 

( 4 }_ p 115 31 146 21 
(4} b 120 6 126 4 

(4) t 69 34 103 33 
(4) d 96 14 110 13 

(4) k 76 49 125 39 
(4} g 100 18 118 15 

(12) ptk 87 38 125 30 
(12) bdg 105 13 118 11 

(4} p 90 28 118 23 
(4) b 120 6 126 4 

(4) t 71 30 101 30 
(4} d 86 11 97 11 

(4) k 69 54 123 44 
(4) ,g 76 20 96 21 

(12) ptk 77 37 114 32 
(12) bdg 94 12 106 11 
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(a} closure 

In the position after~ the relations between the closures 

of ptk and bdg are reversed compared to the position after vowel. 

The material is small, but the relations are stable and statistic­

ally significant at the 1% level. Compared to the position after 

vowel, GJ has a slight shortening of ptk and a lengthening of bdg 

(-9 and +16 ms, respectively}. The two others have shortening 

in both types, but most for ptk (GR -42, -20 ms, CH -25, -6 ms). 

(b) open interval 

Compared to the position after vowel the aspiration of ptk 

has been shortened considerably and the open interval of bdg 

slightly, but there is still a consistent difference without any 

overlapping. After vowel the difference between ptk and bdg was: 

GJ 24 ms, GR 55 ms, and CH 47 ms, whereas after~ it is 17, 25, 

and 25 ms, respectively. GJ's £and! are practically unaspirated. 

We shall come back to this problem in section 4. 

(c) total duration 

Since both closure and open interval have been shortened 

more in ptk than in bdg, the difference in total duration is no 

longer significant and sometimes reversed. 

3.2.1.3 Medial position before unstressed a 

after vowel ('VCat 

The material was not set up for the purpose of investigating 

this position (in the following called unstressed position) and 

does not allow of a systematic comparison between the six con­

sonants, but the main characteristics will be mentioned brief~y. 

(a} comparison with the stressed position 

The relations between stressed and unstressed ptk are rather 

variable and irregular. After a long vowel the closure may be 

either shorter or longer than in stressed position, the same sub­

ject may have different relations for different consonants, and 

different relations in different recordings. Also the duration of 

the aspiration is rather irregular in unstressed ptk. GJ, GR, CH 

and KV have practically unaspirated stops in this position; where­

as WS and HP have rather long aspirations (see table 3). KV has, 

however, a somewhat longer aspiration in a differ~nt recording 

than in the one used here. 
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Table 3 

Open interval (in ms} of ptk in 
position 'VCa 

GJ CH I CH II GR KV ws HP II 

p 15 26 22 11 13 23 31 
t 26 27 43 20 14 61 66 
k 33 29 24 14 46 

bdg show much more regularity than ptk. They are shortened in 

unstressed position for all subjects. As the material contained 

relatively many examples of b, this consonant is chosen as an 

example in table 4. 

s 
N 

Table 4 

Duration (in ms} of the closure of b 
in stressed and unstressed position­

(V'bV: and 'V:ba} 

GJ 

6/6 

V'bV: 118 

'V:ba 93 

.GR 

11/6 

124 

66 

CH 

26/30 

106 

80 

HP 

33/27 

169 

82 

ws 
24/8 

129 

85 

KV 

12/16 

108 

82 

These differences are statistically significant. CH, HP, and WS 

have also a number of d's in this position. Their average dura­

tions are 60, 54, and 68 ms. Similar relations have been found 

for other subjects. 

(b) ptk versus bdg after long vowel 

As ptk are only slightly longer or shorter in unstressed 

position after a long vowel than in stressed position, and bdg 

are always considerably shortened, the consequence is a clear 

difference in the duration of the closure between ptk and bdg 

in this position. The average difference for the recorded 

examples is 44 ms, and this difference is evidently significant. 

Table 5 compares the closures of E and£, t and i (after long 

vowel) for a number of subjects, including some of the sub­

sidiary subjects (HWL, HT, and HL). 
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Table 5 

Duration (in ms) of the closure 
of E vs. b and·t vs~ d in position 'V:Ca 

s CH HP HT KV HWL HL 

N 19/15 36/27 15/12 25/30 6/8 6/9 

p 107 135 122 121 85 124 
b 80 82 65 82 60 72 

s HP ws HT KV 

N 72/12 36/12 35/6 27/6 

t 123 97 108 93 
d 54 68 49 65 

As for the open interval of ptk and bdg HP has a clear distinc­

tion and WS has a significant distinction with some overlapping 

for p/b. On the other hand, KV has complete overlapping. GJ, 

GR, and CH have a distinction between the averages but with some 

overlapping (in CH II the difference is significant fort/d).But, 

as the open interval of bdg is of.ten very difficult to measure 

and the number restricted, the averages are not always quite 

reliable. 

The result is that there is a tendency to distinguish the 

open intervals of ptk and bdg in this position, but this distinc­

tion is rather inconsistent. 

The open interval has not been measured for the subsidiary 

subjects. 

(c} ptk and bdg after short vowel 

The preceding tables only included the position after long 

vowel. After short vowel there is more irregularity. 

German only possesses a very small number of words with 

bdg after short vowel. List III, which was spoken by 10 subjects 

in all, contained some words of this type (bibbern, Kladde, Widder, 

Egge). Most subjects (GJ, WS, HT, HL, HWL} had a slightly longer 

stop in these words, others (CH, GR, HP, and partly KV) showed a 

considerable lengthening of the stop. The extremes are WS, who 
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had a difference of 1 ms between bdg after long and short vowel, 

and HP who had a difference of 90 ms (and this cannot be Danish 

influence}. Those who have lengthened consonant normally pro­

nounce it with less voicing. 

As for ptk, most subjects have also a somewhat longer con­

sonant after a short vowel than after a long vowel. This is true 

of 5 subjects out of 6 for£, and for 8 and 7 out of 10 fort 

and k, but the differences are often small. Only CH, GR, and HP 

(who had also long bdg after short vowel) have an appreciable 

lengthening. 

Because of ·these irregularities the relations between bdg 

and ptk are not so clear in this position.· bdg have longer 

closures than ptk in some cases! but as the words with bdg ~re 

very rare, this is less essential. 

The tendency to longer and only partly voiced b after short 

vowel has be~n observed by Hentrich (1925}. Rositzke (1944} found 

t and k, but not £, to be s·lightly longer after short vowel, cf. 

also E.A. Meyer (1~01 a and bl. 

3.2.2 Differences between stops and affricates 

·Recordings of affricates have been made by GJ, GR, CH, WS, 

HP, and KV. The values of the durations of closure and fricative 

phase are given in table 6 and displayed in graphical form in 

fig. 5. 

All subjects have a shorter closure and, conversely, a 

longer open interval in g and ts than in£ and t (the only ex­

ception is KV's Ef}. As the difference in open interval is larger 

than the difference in closure, the total duration of the affri­

cates is in all cases longer than that of the stops, the averages 

ranging from 111% (HP Il to 142% (CH I}. 

Table 6 contains 8 pairs of averages for each place of 

articulation, thus 16 pairs of averages for elosure( open 

interval, and total duration. As for the closure there are 5 

cases which are not statistically significant, whereas all dif­

ferences of aspiration and all but one difference of total dura­

tion are significant, normally at the 0.1% level. 
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Table 6 

Duration of p,t and pf,ts in the 
position V-'CV 

s N 

GJ (31 
(3} 

(3} 
(3} 

GR (6} 
(61 

(6 }__ 
(6} 

CH (7) 
I (5) 

(6) 
(6} 

CH (18) 
Ill (20) 

(24) 
(20} 

C cl. 

p 142 
pf 113 

t 118 
ts 70 

p 137 
pf 91 

t 118 
ts 88 

p 105 
pf 89 

t 112 
ts 95 

p 117 
pf 101 

t 104 
ts 94 

ws (24) p 142 
(24) pf 141 

(24) t 108 
(24) ts 98 

op. i. tot. %op. i. 

25 
107 

38 
138 

23 
112 

33 
114 

46 
131 

47 
125 

55 
99 

66 
134 

52 
83 

68 
121 

167 15 
220 49 

156 24 
203 68 

160. 14 
203 55 

151 22 
203 56 

151 30 
220 60 

159 30 
220 57 

172 32 
200 50 

170 39 
228 59 

194 27 
224 37 

176 39 
219 55 

ezz zzzzz z z z z;a. ·. •: ·.,. .· ,.. •·.t HP (18) 
(18) 

p 
pf 

175 
145 

86 
145 

261 
290 

33 
50 I,··,·,·,.,: · · · · · · · ·,· ·.I I 

1zzzzzzzzza-· .. • .............. •.·.•.•.=.•1 
1°, ', ', ': : • · '• ·' , , ': t ·• •• t I ,• ,• ,·,·,I 

I Z Z Z Z Z Z Z Z Z 3·· ·,;,··,·A 
l·e ·,. . . . .... I 

ezzz z zz,. · ··• 
I • • I • I ,· I• • • t • I• • • 1 I 

ezzzzzzz, ............ ·.·.·• 

ezzzzzza·.·.··.·1 
I • e I o • r • : • : : : • I 

(18) 
(18) 

HP (13) 
II (11} 

(17) 
(18) 

KV (12) 
(12) 

(12) 
(12) 

t 
ts 

147 
95 

p 148 
pf 139 

t 109 
ts 94 

p 117 
pf 131 

t 124 
ts 109 

99 
193 

62 
104 

86 
158 

40 
80 

42 
118 

246 
288 

40 
67 

210 31 
243 43 

195 44 
252 63 

157 26 
211 38 

166 25 
227 52 



170 

3.2.3 Differences due to place of articulation 

3.2.3.1 Closure 

It has often been found that labial stops tend to have a 

longer closure than dentals and velars, and that dentals (though 

less often) tend to be longer than velars. This tendency is 

also found in the present material. 

In stressed position (table 1, 2, and 6) there are 19 com­

parable pairs of averages for E-! and 9 for !-k and E-~, and 

there are 11 comparable pairs of averages for b-£, and 9 for£-~ 

and~-~. In table 7 a plus sign is used for the averages which 

are in agreement with the general tendencies, a minus sign for 

the others. Similarly, a plus-sign is used for subjects having 

the mentioned difference consistently, a minus-sign for those 

having the opposite relation, and a question mark for those who 

show different relations in different lists. 

Table 7 

Number of pairs of averages and number of 
subjects showing the relation p> t >k and 
b > d > g for closure duration 

averages subjects 
+ + ? 

p> t 15 4 3 2 1 
t>k 7 2 4 1 1 
p >k 9 0 6 0 0 

b>d 9 2 4 1 1 
d>g 8 1 5 0 1 
b>g 8 1 6 0 0 

For four of the six subjects the differences .e> ~ and £>S. are 

statistically significant (for three of them at the 0.1% level). 

This tendency can be further corroborated by the relations 

found in unstressed position. Here .E has a longer closure than 

tin 13 out of 15 comparable pairs of averages, and Ea longer 

closure thank in 8 out of 11 comparable averages, whereas the 

relation between t and k is more random. Similarly,£ is longer 

than din all 8 comparable pairs. 



171 

Finally in the affricates Ef is found to have a longer 

closure than ts in 7 out of 8 averages. 

Bennett (1935, p. 16-21} has found similar relations: 

£> _£, ~>S,, but .9.>d. 

3.2.3.2 Open interval 

For the open interval the opposite tendency has often been 

found, k > t > p and g > d >b. 
This tendency is still more obvious in the present material. 

This is illustrated in table 8 which is set up in the same way 

as table 7. 

Tabl'e 8 

Number of pairs of averages and number of subjects 
showing the relation k > t > p and g > d > b for open 
interval duration 

averages subjects 
+ + ? 

k> t 9 0 6 0 0 
t>p 17 2 4 1 1 
k>p 9 0 6 0 0 

g>d 9 0 6 0 0 
d>b 11 0 6 0 0 
g>b 9 0 6 0 0 

The same relation is found for the fricative phases of ts and£!_. 

In all 8 pairs of averages the fricative part is longer in ts 

than in E!_. In figs. 6, 7, and 8 the average values of closures 

and open interval for the stressed stops of tables 1, 2, and 6, 

respectively, have been plotted in a diagram with closure verti­

cally and open interval horizontally. A comparison between the 

three places of articulation (connected by lines) shows that 

there is in most cases an inverse relationship between the dura­

tion of closure and open interval (i.e. the lines follow mostly 

the direction from upper left to lower right}. 
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3.2.4 Differences due to the following vowel 

It has also often been observed that the open interval 

tends to be longer before high vowels than before low vowels. 

This tendency can also be seen in the present material, though 

less consistently. In list Ia four of the six subjects have a 

longer aspiration in E!! than in~ and ,E!, and a shorter aspira­

tion in ka than in ki and ku, and all have a shorter· aspiration 

in ta than in ti. - There is also an almost consistent difference between the 

durations of the aspiration· in the stops of list· Ia (table 1) 

and those of list Ib (table 61. The former, which are followed 

by a long vowel, have a longer aspiration than the latter, which 

are followed by a short vowel. ·However, a closer inspection of 

the measures shows that the difference is mainly (though ·not ex­

clusivelyl. due to differences before i: and~ versus! and Q, 
less to differences between~ and a, which means that the crucial 

factor also in this case is vowel height, not vowel length. This 

is corroborated by the observation that in Danish, where short 

and long vowels have approximately the same quality, no difference 

in the aspiration could be observed. 

There is a concomitant shortening of the closure of E in 

list Ia compared to list Ib, which might be interpreted as a 

compensation, if it were not for the fact that the t-lists show 

the opposite difference (t before long vowel has both longer 

closure and aspiration), and no such compensation is seen in the 

cases of stop closures before low and high vowels. 

3.3 Intra-oral air pressure 

Intra-oral air pressure has been recorded for subjects 

CH, HP, and WS. 
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3.3.1 Stressed position ( O V# I CV) 

3.3.1.1 Peak 12ressure 

Peak pressure averages in stressed position are given in 

table 9. 

Table 9 

Intra-oral air pressure (peak pressure) 
of stops and affricates in stressed position 
Y,' CV) 

s L- N C mm H2o N C mm H2o 

CH (14) b 43 (17) d 50 

( a} (16) p 53 (15) t 59 
(bl (13) p 58 (19) t 59 

( 13) pf 56 (16) ts 62 

HP ( 23) b 86 (17) d 110 

(a} (22) p 90 (17) t 104 
(bl (14) p 108 (17} t 106 

(10) pf 90 (18) ts 116 

1 mm mm 

ws (24) b 18.9 (24} d 20.6 (24) g 20.7 

( al (24) p 19.8 (24) t 20.l (24) k 20.8 
(bl (24} p 20.3 (24) t 20.8 

(24) pf 18.3 (24) ts 20.3 

The two sets of£!. values are averages of list Ia and of list Ib 

in which the consonants stand before long and short vowel, re­

spectively. The averages are slightly higher before short vowel. 

There is a tendency for£ to have higher air pressure than£, and 

a bendency for dentals (and velars) to have higher air pressure 

than labials (but the latter tendency is reversed in unstressed 

position). However, none of the differences are significant 

except for that between E and~ of subject CH, which is signifi-

1) As mentioned in section 2.3, WS's curves had to be measured in 
mm since the calibration curve had disappeared. 



176 

cant at the 5% level. CH and HP differ as to the voicing of b 

and~, HP having voiceless bd, CH 40% voicing of the closure; 

and as there is normally an inverse relation between air pressure 

and voicing, it is understandable that CH has a more consistent 

difference between E.!: and bd in air pressure. But it is aston­

ishing that WS, who has 68% voicing in bd, has no difference in 

peak air pressure. He has, however, a slower rise of .the.curve 

in bdg. The peak value of the affricates do not differ from 

that of the stops. 

3.3.1.2 Decay of pressure 

The three types of consonants are, however, clearly di­

stinguished by the decay of the pressure curve, bdg having an 

abrupt decay, ptk a somewhat slower decay, and the affricates 

a very slow decay. Moreover, it often happens that the pressure 

of the affricates continues to rise after the release, particular­

ly in ts, so that the maximum is found in the fricative part of 

the consonant (cf. fig. 1}. In HP' s ts -the distance from release 

to maximum is 142% of the duration of the closure. On the other 

hand, KV's E!, has a shorter distance from implosion to maximum 

than his£, and this is therefore not a reliable measure of 

affrication. It has been attempted to quantify the differences 

in decay by two measures: (a)_ the distance (in ms) from the re­

lease to the point where the decay has reached SO% of the peak 

value, and (b} the fall in pressure value 20 and 40 ms after the 

release, indicated in% of the peak value. Table 10 shows the 

average values of these measures for£ and t (list Ia and Ib com­

binedl_ and for E!, ts. No measurements have been made for bdg, 

since they always fall abruptly. In fig. 9 the same differences 

are depicted graphically. The differences between E and Ei. and 

t and ts are evidently significant. 
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Table 10 

Decay of intra-oral air pressure in stops and affricates 
(al distance from release to 50% pressure value (in ms) 
(b} fall in pressure value 20 and 40 ms after the release 
in% of the peak value. 

s 

HP 

ws 

CH 

N 

(30) 
(10) 

(48) 
(24) 

(29) 
(12} 

C 
dist. pressure 

ms fall 
+20ms +40 ms 

% % 

p 
pf 

17 56 82 
57 22 48 

p 41 
pf 70 

p 11 
pf 65 

30 
3 

74 
3 

53 
18 

90 
25 

N 

04-) 
(18) 

(48) 
( 24} 

(34} 
(16) 

C d . t pressure 
1.s • fall 

+20ms +40 ms 
% % 

t 56 20 41 
ts 141 4 4 

t 46 27 44 
ts 105 1.5 2 

t 21 53 
ts 107 -10 

78 
16 

Apart from the differences between stops and affricates 

it also appears from the table that stops tend to have a slower 

decay in t and~ than in E (except for ~/tu). They also have a 

slower decay before~ and! than before~, particularly when the 

vowel is long (list Ia). These differences correlate with ten­

dencies observed in the duration of the aspiration, and similar 

tendencies are found in Danish stops. The differences according 

to following vowel (list Ia} have been quantified in the same 

way as the differences between stops and affricates. They are 

depicted in graphical form in figs. 10 A and B. The number of 

examples included in the averages of different vowels are 4-7 

for CH, 6 for HP, and 8 for WS, HP's distance values for pV: 

(list Ia} have disappeared. HP has a very slow decay in ti, i.e. 

he has affrication. This may be Danish influence. 

3.3.2 Unstressed position ('VCal 

In unstressed positions all consonants have a lowered peak 

pressure. The average values for the examples found in list Ia 

and bare given in table 11. 
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Figure 9 

Decay of intra-oral air pressure 

A. Distance from release to 50% 
of peak value 

B. Decay 20 and 40 ms after release 
in% of peak value. 
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Decay of intra-oral air pressure before 
different vowles. Distance from release 
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HP pa pu pl. ta tu ti 0 

so 

100% 

CH pa pu pi ta tu ti 
0 

so 

100% 

ws pa pu pi ta tu ti ka ku ki 

' 
• ' , • , , , • 0 

50 

100% 

Figure lOB 

Decay of intra-oral air pressure before 
different vowels. Decay 20 and 40 ms 
after release in% of peak value. 
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Table 11 

Intra-oral air pressure (peak pressure averages} 
in stops in medial position before unstressed 
vowel after stressed vowel ( 'vca) 

s N C mm H2o N C mm H2o 

CH (16} p 49 (20) t 46 
(22} b 27 (7) d 19 

HP ( 6} p 98 (18} t 78 
(12} b 86 ( 7) d 54 

mm mm mm 

ws (8) p 18.1 (32) t 16.9 (8) k 17.6 
(32} b 11.6 d (16) g 12.0 

The peak pressure of ptk is only slightly lowered in un­

stressed position (cf. table 9}, and the same is true of HP's 

voiceless~ and 3, but the fully voiced bdg spoken by CH and WS 

have a considerably weakened pressure in unstressed position 

compared to initial bdg, and there is therefore a significant 

difference both between' their bdg in stressed and unstressed 

position and between their ptk and bdg in unstressed position. 

The pressure curves of unstressed bdg also have a slower rise. 

The difference between stressed and unstressed position also 

appears clearly from an inspection of the individual words con­

taining two stops. WS has, for instance, seven words of this 

type (Puppe, Pute, Tute, guten, Pike, Diebe, Gabe) with 8 examples 

of each, and the peak pressure is always lower in the second stop 

except for one example of Pike and two of Puppe. 

3.4 Airflow 

Airflow recordings have been made of the subjects HP, WS, 

and KV. 

3.4.1 Stressed position (
0
V# 1CV} 

3.4.1.1 Peak values 

The average peak values for ptk, bdg, and the affricates in 

stressed position after vowel are given in table 12, and a graphical 

display is found in fig. 11. 
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Table 12 

Airflow (peak values} of stops and affricates 
in stressed position (

0
V~'CV) {(a) before 

long vowel, (b) before short vowel). Number of 
examples: HP and KV 12, WS 17. 

s C mm C mm C mm 

HP b 14.2 d 10.8 g 6.5 

Cal p 18.6 t 18.1 k 18.3 

(bl p 23.3 t 22.7 

pf 17.1 ts 12.5 

ws b 19.0 d 16.0 g 13.5 

(a} p 28.0 t 26.4 k 22.8 

(b) p 29.7 t 33.7 

pf 21.6 ts 21.5 

KV b 34.4 d 27.0 g 15.6 

(a} p 40.8 t 36.3 k 30.5 

(b} p 53.2 t 46.2 

pf 37.7 ts 23.0 

All three subjects have a clear difference between ptk and 

bdg. Furthermore, they all have higher peak values in E and! 

than in E.f and ts. These differences are all significant at the 

0.1% level (KV's p/b at the 1% level). There is further a ten­

dency for the peak value to be higher before short than before 

long vowels (6 pairs), and to be higher in labials than in den­

tals (12 pairs with one exception}, and in dentals than in velars 

(6 pairs with one exception). 
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Figure 11 

Airflow, peak values. For ptk the left column indicates the po­
sition before long vowel, the right column before short vowel. 

k 

k 

k 



184 

3.4.1.2 The rise of airflow 

The rise of the airflow curve after the release has been 

measured by means of the same parameters as the decay of the 

pressure curve in order to facilitate a comparison, i.e. the 

rise has been measured 20 and 40 ms after the release, and it 

is expressed in% of the peak value. In the stop consonants the 

airflow curve has often reached maximum and has started going 

down again within 20 ms. However, for a comparison between stops 

and affricates this measure gives a good deal of information 

(see fig. 1). Moreover, the distance from release to the peak 

of the curve has been measured. Table 13 contains the values 

found in this way. As there is no clear difference between stops 

before short and long vowels the· two ptk-series have been com­

bined. The same measurements are given in form of a graphical 

display in fig. 12 A and B, which may be compared to the display 

of the decay of pressure for WS and HP in fig. 9; but only for 

WS do the measurements belong to the same recording. The averages 

are based on 12 examples of the consonants£, i, ~' _p!, ts, and 

24 of ptk for HP and KV. For WS the numbers are 17 and 34, re­

spectively. 

HP 

ws 

KV 

*) 

C dist. 
ms 

b 13 
p 42 
pf 119 

b 19 
p 26 
pf 65 

b 13 
p 16 
pf 69 

Table 13 

Rise of airflow curve in stops and affricates 
{a) distance from release to maximum {in ms) 
(b) airflow value in% of peak value 20 and 

40 ms after the release. 

flow C dist. flow C dist. flow 
+20 +40 ms +20 +40 ms +20 +40 

100 100 d 18 100 l:00 g 24 * 100 
92 98 t 62 59 86 k 65 53 84 
13 26 ts 151 22 46 

100 100 d 21 100 100 g 25 100 100 
90 99 t 39 71 99 k 45 54 95 
31 66 ts 104 16 35 

100 100 d 12 100 100 g 14 100 100 
100 100 t 23 94 100 k 43 67 98 

21 34 ts 108 19 38 

HP's ~ has not quite reached 100% at 20 ms distance (the 
is 24 ms),but the measurement is missing. distance to the peak 
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It appears from table 13 that the airflow rises more quick­

ly in bdg than in ptk and more quickly in ptk than in P!. and ts. 

There are no exceptions to these relations in the averages, ex­

cept that E and! may reach 100% like bdg. Moreover, it appears 

that labials rise more quickly than dentals and these more quick­

ly than velars. The only exception is the relation b-d _in KV's 

curves, but these were rather dubious to delimit~ These relations 

are the same as those. found in the decay of pressure. There are 

also some differences according to vowels, but they are rather 

inconsistent. 

3.4.2 Unstressed position ('VCal 

In unstressed position the peak of the airflow is normally 

lower than in stressed position. The values for WS and KV are 

given in table 14. 

Table 14 

Airflow (peak value) in unstressed position ('VCa) 

S N C mm N C mm N C mm 

ws ( 6 ) p 2 4 . 6 ( 2 4 ) t 23.9 (6) k 25.0 

(24) b 11.9 d (12) g 11.5 

KV ( 4 ) p 3 6 . 3 ( 16 ) t 24.1 ( 4) k 27.1 

(16) b 26.0 d (8) g 17.9 

These values are somewhat lower than those for the stressed posi­

tion except for WS k and KV~-

Generally the second of two stoJ?s in a sequence 'CV 
O 
CV has __ 

a lower peak airflow than a preceding stressed stop, but there 

are many exceptions. Not only has! in guten a much stronger air­

flow than~, but also in the cases of same type of consonant can 

this relation be found, e.g. WS Diebe, Giebel, Pute. There is 

a significant difference between E-£ and k-~. 
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3.5 Subglottal pressure 

Subglottal .pressure has only been recorded for ws. The 

pressure has been measured at the point of release. This is at 

the same time normally the maximum of the whole word. The averages 
for the stressed position are given in table 15. 

ptk 

bdg 

Table 15 

Subglottal pressure at the point of release 
of stops and affricates (

0
V#'CV) 

s N C mm N C mm N C 

ws (24) p 13.9 (24} t 15.9 (12) k 

(11) b 15.5 (12) d 15.3 (12} g 

( 9) pf 13.4 (12) ts 15.0 

There is no consistent difference between the peak 

and bdg. But the pressure curves of ptk differ from 

and the affricates by having a small dip starting at 

mm 

15.8 

15.6 

values of 

those of 

the re-

lease and ending approximately 10 ms after the start of the vowel. 

This dip is deeper before~ than before! and~ (see fig. 2), 

corresponding to the quicker escape of air at the release before a 

and the quicker drop in intra-oral air pressure. The dip is 

slightly deeper before i and u in list Ib, which has short (and 

thus lower)! and u. The differences are very small, but hardly 

quite accidental. The measurements are given in table 16. 

Table 16 

Size of dip after the release of ptk (in mm) 

pa pu pi ta tu ti ka ku ki 

(Ia) 2.8 0.8 1.1 2.5 1.4 1.2 2.8 0. 9 0. 9 

(Ib) 2.3 1.0 1.6 2.9 1.9 1.6 

Such dips are not found after bdg, and only rarely in the affricates. 

In some cases, however, a dip is found in affricates but not at the 

release, but later, when the airflow starts to rise more quickly 

and the intra-oral pressure goes down. 
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After the dip the curve rises somewhat again, but it does 

not reach the value from before the dip. This is particularly 

true of the dip after~ (see fig. 2}. The result is that at the 

start of the vowel ptk have normally a lower subglottal pressure 

than bdg (see also Ohala 1974). These values (measured. 10 ms 

after the start of the vowel) are given in table .17. 

Table 17 

Subglottal pressure of the stops at 
the start of the vowel (in mm) 

ws p 

b 

12.9 

15.3 

t 

d 

14.6 

15.3 

k 

g 

14.3 

15.6 

After affricates and bdg the curve sometimes rises very slightly 

after the release, particularly before~-

Unstressed syllables rarely have a separate peak. In most 

cases the second stop in words of the type Tute has a slightly 

lower subglottal pressure than the first, but it may have the 

same pressure or (in two cases) a somewhat higher pressure. 

In voiceless sounds the sub- and supraglottal pressure 

should be approximately the same. Unfortunately it could only 

be measured in mm. But there should at least be a close correla­

tion between the measurements. This is also found in so far as 

E has a lower pressure thap t, E.f a lower pressure than ts, and 

Ea slightly higher pressure than E.f in both cases. But the 

relation does not hold for !-ts, and it.does not hold in single 

cases (see the values of intra-oral peak pressure in table 9; 

the relations remain the same if only those recordings are in­

cluded which comprise both intra-oral and subglottal pressure). 
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3.6 Lip pressure 

Lip pressure has been recorded for CH and HP. The averages 

are given in table 18. Before stressed vowel CH has a slightly 

higher pressure in Ethan in.~, but HP has the opposite relation. 

Before unstressed vowel both have higher lip pressure in Ethan 

in~' but in both cases the variation is very large and the dif­

ferences non-significant. CH has often assimilated a following 

syllabic n to the labial stop and this seems to result in a 

higher lip pressure. If these examples are discarded the average 

of her unstressed b will be 6.3 mm H2o and the difference from 

E quite clear, but in that case the average is only based on 4 

examples. 

Table 18 

Lip ~ressure of E and bin the positions 
0
V# CV and 'VCa 

s N C mmH20 N C mmH20 

CH ( 24} 'p 11.7 (12} 'b 10.6 

( 16) 0 p 13.3 (16) ob 12.3 

HP ( 36} 'p 25.2 (18} 'b 33.5 

( 12} 0 p 22.0 (16) ob 17.8 

3.7 Intensity of the explosion 

The intensity of the explosions has been measured in dB 

on the mingograms for CH, GJ, and GR. However, the measurement 

of intensity of such brief bursts of sounds on mingograms with a 

certain integration time and even some high pass filtering 

(these were the first mingograms, taken in 1955) is rather un­

reliable, and there is no sense in giving tables with exact values. 

The only thing that can be said is that there was a certain 

tendency for ptk to have higher intensity than bdg, but with ex­

tensive overlapping and great variation, and that the affricates 

had evidently weaker explosions than the stops. 
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4. Summary and discussion 

4.1 The distinction between North German ptk and bdg 

It seems evident that a common description of North German 

and South German stops is not possible. In Southern Germany ptk 

are normally unaspirated and bdg are voiceless even in rather 

educated speech. The problem is whether all North German speakers 

can be said to have the same distinctive features. 

4.1.1 Aspiration and voicing 

Aspiration is obviously an important factor in the distinc­

tion between ptk and bdg in stressed position. In unstressed 

position ptk may be almost unaspirated, but there is still a 

difference in airflow and often a small difference in open 

interval. 

In unstressed position there is, however, also, in prac­

tically all cases, a difference in the degree of voicing (we must 

here leave HP aside since he may be influenced from Danish). 

Such a difference is not consistently found in stressed position 

after a vowel, it is very rarely found in absolute initial posi­

tion, and never afters. 

In order to produce a voiced stop, two conditions must be 

fulfilled: The glottis must be relatively narrow, and there must 

be a pressure drop across the glottis. After a vowel the glottis 

will be narrow and the pressure drop may be sufficient for some 

time, but after a voiceless sound it is probably not sufficient 

that the vocal cords are approached. Because of the open position 

of the glottis during the preceding voiceless sound, the intra­

oral air pressure will be rather high already at the implosion, 

and a command for an enlargement of the cavities will probably be 

necessary. After a pause it may be somewhat easier to produce a 

voiced stop since nothing prevents the glottis from narrowing 

down, and the subglottal pressure is rising. In our small 

material all stops were voiceless after ans in the preceding 

word, but Esawa (1972) quotes various examples of more or less 
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voiced stops in this position. 

Those Germans who have, or may have, voiced stops after 

voiceless sounds (and perhaps also those who have initial clearly 

audible voicing} may be assumed to have a separate command for 

an enlargement of the cavities, leading to a lower pressure, and 

thus to have voicing as a particular factor. For others the 

voiced stops after voiced sounds may be a simple cas~ of assimi­

lation (see also Schmitt 1947, and Meinhold and Stock 1963), so 

that voicing cannot be considered a separate factor. The dif­

ference from Danish, which normally has voiceless bdg even after 

voiced sounds in stressed position (but normally weak voicing in 

unstressed positionl, is only one of degree, and might perhaps 

be due to a slight difference in_ glottal opening. This is pure 

speculation, since nothing is known about the opening of the 

glottis in German stops. But it is not unplausible. 

One may also speculate further and set up the hypothesis 

that North German is now developing in the same direction as 

Danish. It is conspicuous that the data on aspiration in older 

descriptions (Meyer 1904, Weitkus 1931} indicate much shorter 

aspirations than modern descriptions. The objections to the 

traditional requirement of voiced bdg in all positions have also 

been increasing. This may oe accidental, but it may also reflect 

a development, i.e. North German may be on its way to a new sound 

shift, and in such a situation there will be much vacillation. 

4.1.2 Fortis-lenis 

Some phoneticians think that the common distinction between 

German ptk and bdg in stressed and unstressed position is one of 

tenseness (Schmitt 1947, Bothorel-Witz and Petursson 1972). I 

have not found much evidence for this assumption in the present 

material. In languages where a fortis-lenis difference is more 

evident, e.g. in French or in Swiss German (see Fischer-J~rgensen 

1972 and Dieth and Brunner 1943), this difference is consistently 

realized by a longer closure duration and higher organic pressure 

in the tense consonant. But the difference between the closure 
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duration of ptk and bdg in stressed posi.tion in the present 

material is small and not significant (whereas there is a dif­

ference in unstressed positionl. The same is true of lip pres­

sure. Some think that differences in intra-oral air pressure 

may be suggestive of a fort,is-lenis opposition, but this dif­

ference is not consistent either in the present material. The 

intensity of explosion was also very variable (see ~ection 3.7}. 

It is possible that the assumption of a fortis-lenis opposition 

can be corroborated by other facts, e.g. higher speed of the 

movement of the articulators and consequently quicker formant 

transitions, higher EMG activity of the relevant muscles, etc., 

but this remains to be demonstrated. 

4.2 ptk afters 

The examples of ptk after an~ in the preceding word showed 

a remarkable shortening, not only of the closure but also of the 

aspiration. This should perhaps be seen in the light of the well 

known fact that after ans of the same word ptk in Germanic lan­

guages have not undergone either the Germanic or the High German 

sound shift. Kim (1970). has suggested that this should be due to 

the fact that the opening-closing movement of the glottis neces­

sary for E may start in the~ and therefore come to an end earlier. 

Fr~kj~r-Jensen, Ludvigsen, and Rischel (1971} have found such 

common one-peaked glottis movements in glottograms of combinations 

of voiceless consonants. Petursson (1976, p. 188} has found the 

same in Icelandic. 

4.3 The distinction between stops and affricates 

The measurements undertaken have shown the affricates to 

have shorter closure, longer open interval, slower decay of intra­

oral air pressure, slower rise of airflow and less intensity of 

the explosion compared to stops. This suggests a weaker and 

slower articulation. 
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4.4 Differences due to place of articulation and 

following vowel 

The measurements of German stops have corroborated other 

findings pointing to some more universal tendencies (see e.g. 

Ilse Lehiste 1970, p. 27-30). The following tendencies have 

been found: labial stops have longer closure, shorter open 

interval, quicker rise of airflow, higher airflow ·pea·k, and 

(as far as ptk are concerned) quicker decay of intra-oral air 

pressure than dental stops. The same relations hold, although 

with less consistency, for dental stops compared to velar stops. 

Moreover, the degree of openness of the following vowel is of 

importance, the open interval being shorter and the decay of 

both intra-oral and subglottal air pressure quicker before a 

than before i and u. 

It seems very plausible to assume that the differences 

due to following vowel must depend on the degree to which the 

flow of air is impeded by constrictions in the oral cavity: 

The low· vowels permit a quicker escape of air and consequently 

a shorter open interval. 

A similar reasoning may then be applied to the place of 
♦ 

articulation of the stops: the labials have no constriction in 

the oral cavity and permit a quicker escape of air, resulting 

in a quicker decay of air pressure, a quicker flow of air, a 

higher peak airflow, and a shorter open interval than dentals 

and velars. Moreover, it may be assumed that the tongue tip 

moves more quickly than the bulk of the tongue, and perhaps 

the lips more quickly than the tongue tip, and this would give 

the same results. The relative speed of the movements mi.ght be 

concluded from the duration of formant transitions measured from 

the point of release. This distance was found to be shorter 

in the order labial< dental < velar in French stops ( see Fischer-

.. ·1 

I 



195 

1 J~rgensen 19721 . As for the relation between closure durations, 

which are normally in inverse relation to the durations of open 

interval, the order being labial>dental>velar, it might perhaps 

be interpreted as a compensation phenomenon. In this connection­

it would have been of interest to measure the duration of the 

following vowel, but the consonants following the vowel were too 

different in the present material to allow of such measurements. 

(In Danish there is not only an inverse relation between op~n 

interval and closure .. duration but also between open interval and 

following vowel for ptk compared to bdg, but the reduction of 

the closure is considerably more pronounced than that of the 

vowel. As for the difference between the different places of 

articulation!, which in Danish is strongly affricated, has 

also a clearly shorter duration of the closure, whereas the 

shortening of the vowel is about the same for the three conso­

nants.} Instead of interpreting the closure durations as caused 

by compensation phenomena, one might also think of direct physio­

logical mechanisms. It might, for instance, be assumed that as 

the closure of E can take place quite independently of preceding 

and following vowels,it may start earlier and last longer (to 

decide this it would be necessary to measure preceding vowels, 

too). Moreover, the closure may be more firm at the lips than 

e.g. at the place of articulation of~ and g (in Danish it is 

quite evident that t has a rather loose and thus a short closure 

as is also the case with German affricates). 

More investigations are needed on this point. 

1) A confirmation for German stops might be sought in Vieregge 
(1969}, but the mathematics of this book exceeds my capacity 

of understanding. 
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4.5 The assumption of heightened subglottal pressure 

in aspirated sounds 

It is well known that Chomsky and Halle have assumed a 

higher subglottal pressure in aspirated sounds. In the present 

material no such difference was found between ptk and bdg. On 

the contrary, there was a small dip in the pressure during the 

aspiration (also found in other languages, cf. Ohala 1972 and 

1974), and it is remarkable that even in such small details as 

the larger dip before~ subglottal pressure seems to depend on 

the conditions in the supraglottal cavities. One might, perhaps, 

modify the hypothesis of Chomsky and Halle by speaking of in­

creased pulmonary effort instead, i.e. by assuming that in order 

to produce a rather constant subglottal pressure during different 

sound types, a higher effort of the expiratory muscles would be 

needed for sounds with a wide open glottis and with escape of 

air through the mouth, i.e. for aspirations, h, and - to a certain 

extent - fricative sounds. If the pressure went up again after 

the dip, this might be an argument in favour of such an assump­

tion, but, as shown in section 3.5, the pressure only rises very 

slightly and is lower than the pressure in bdg at the start of 

the following vowel. It is, however, astonishing that during 

affricates it very often happens that subglottal and supraglottal 

pressure remain at the same level, even if there is a rather 

considerable escape of air. But in order to prove that this re­

quires more energy on the part of the expiratory muscles more 

investigations are needed, and the curves will have to be cali­

brated. 

4.6 Air pressure and airflow 

It has often been assumed that the degree of air pressure 

during the closure determines the amount of airflow at the ex­

plosion. But in the present material there is no close correla­

tion between these two phenomena. For instance, in a word like 
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guten the~ has a higher intra-oral pressure than the!, but the 

latter a much higher peak airflow. And the consistent difference 

in airflow between ptk and bdg is not paralleled by a corre­

sponding difference in air pressure. What is probably more im­

portant for the airflow is the degree of opening of the glottis 

at the moment of release. (See also Petursson 1976, p. 180.) 

4.7 Final remarks 

It appears clearly from this investigation that much more 

research needs to be done before we can give a sufficiently well 

documented description of stop production in general and of 

German stop production in particular. 
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A SYSTEM FOR COMPUTER AIDED PROCESSING OF 

PHONETIC MEASUREMENTS1 

Peter Holtse and Jens H. Stellinger 

(ARIPUC 10, 19761 

Abstract: A set of computer programs is described which will 
sample and average e.g. intonation, air pressure, or 
EMG activity. Data processing is essentially user 
controlled, but trivial decisions may be left to the 
computer if th.is is desired. The programs are acces­
sible to users with little experience with computers. 

1. Introduction 

During the last two years a system of computer programs has 

been developed which aims at providing the phonetician with a 
processing tool for the kind of DC-signals normally recorded on 
e.g. Mingograms. The programs (called the Multi-Channel Pro­
cessing system, or MCPl should enable the researcher to process 
statistically whole patterns of simultaneous events as well as 
single, selected measuring points. 

It has always been a problem, especially when dealing with 
pnysiological recordings, that for practical reasons the investi­
gation is limiteq to selected points in time which the researcher 
hopes will clarify h.is theory. It has been found, most notably 
in the field of EMG, that single points are in most cases only 
poor descriptions of the complex behaviour of the speech organs 
during the articulation of a particular speech utterance. Intona­
tion is another good example of the importance of the pattern 

rather than a point. 

1} The time code and the timing program was designed by Mogens 
M;ller, who has also been of invaluable help with suggestions 

and discussions, especially during the early planning stages. 
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The programs described here is an attempt to provide a 

means of describing such complex measurements combined with the 

usual description of points. And it is hoped that they will be 

found useful in dealing with a variety of different measurements, 

such as for instance air pressure, air flow, EMG activity, into­

nation, and combinations between these and the audio signal. 

Although the original reason for building the _system was 
a project in EMG (see Fischer-J~rgensen 1974), the system is a 

general one, not written with only one kind of signal in mind. 

This means that in many ways it is incomplete, since obviously 

it cannot have every conceivable function ready made. However, 

the system is modular, so that many functions not thought of .. 

during the first planning stage~ can be implemented by changing 

only small sections of the complex of programs. 

It was intended that the programs should be fairly easy to 

operate for the user with little or no knowledge of computer 

programming. This requirement is of course in direct conflict 

with the design features mentioned above. However, we believe 

that the original goal has been partially reached, at least for 

some of the more obvious processing functions. 

2. System survey 

The complete MCP system consists of four main parts: 

1. The analogue recording process, in which the material 

to be investigated is recorded on a frequency modulating tape 
recorder. 

2. Data editing and preparation. During this part of the 

process the FM-recordings are transferred to Mingograms and in­

spected visually. All information describing contents, the 

quality of the recorded material, where it is to be found, etc. 

is noted and transferred to punch tape. 
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3. The actual sampling process, in which the recorded 

material is transferred from analogue tape to digital represen­

tation and stored in digital form with its appropriate descrip­

tion of contents as it was specified during stage two. 

4. The processing stage, during which the experimenter 

causes the digitized, stored data to be averaged and displayed 

in various ways. 

3. Hardware set up 

The MCP system is run on the lab.'s PDP-8/E computer with 

32k of memory. It relies heavily on a 1.6M disk and uses a dual 

DEC-tape ,drive as additional storage. Data is sampled tn.rough 

an eight channel mulitplexed analog-to-digital converter con­

trolled by a real-time-clock. Data, results, etc. are mani­

pulated and displayed via a Tektronix 4014-1 graphic terminal 

&nd a DEC-writer LA30. 

4. Description of the system components 

4.1 Analogue recording process 

The MCP system assumes that the material to be processed 

is recorded on an eight channel FM-tape recorder. Of ~hese eight 

channels one is used by the system for a special time code which 
uniquely identifies ~ny position on each FM-tape. The remaining 

seven channels are available to the user. The time code is 
generated by a computer program and may be recorded on channel 

eight during th.e actual experimental recording, or it may be 
inserted some other time. Fig. 1 shows a system flow chart of 

the analogue recording process. 
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Figure 1 

PDP-8 

computer 

D/A-converter 

Timing signal 
generated by 
computer 

System flow chart of the analogue recording 
process. Seven data channels are recorded on 
the analogue tape recorder together with a 
computer generated timing signal. 

10 ms pulses 

Interpretation 
of octal code 

I . 

Octal 
code 

6. 0 4 7 

Figure 2 

Negative pulses 

) 
detected by 
Schmitt-trigger 

Time signal and twelve bit binary code displayed 
on Mingograms. Upward shift of zero line is inter­
preted as a binary one. Downward shift as a binary 
zero. 
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4.1.1 The time code 

The time code is generated by a special computer program 

(MCTIME} and recorded on the analogue tape via the computer's 

analog-to-digital converter. The code consists of a short 

positive pulse every 1/100 second. Every two seconds the zero 

line is shifted up or down during twelve cycles to form a twelve 

bit binary pattern as exemplified in fig. 2. As may be seen 

from fig. 2, the basic 10 ms marking is recognizable even quring 

the shifting of the zero line. The twelve bits are combined by 

threes and interpreted as a four digit number to the base of 

eight. Hence the code is spoken of as the Octal Code. 

In order to facilitate recognition of the code signal 

during replay into the computer and to ease visual reading of 

the code, the beginning of every octal code and the end of every 

three-bit octal digit is signalled by a short, but large, nega­

tive pulse. During replay the time signal is led to both the 

analog-to-digital converter of the computer and to a schmitt­

trigger entrance. The schrnitt-trigger detects the negative pulses 

at the beginning of the code and starts the A/D-converter samp­

ling the base line during the following twelve centiseconds. 

These samples are interpreted as explained above. 

4.2 Off-line preparation of data 

The contents of the FM-tapes, complete with time codes, 

is printed on Mingograms and inspected visually. This phase is 

of paramount importance, since the system is not an automatic 

data evaluator. Determining the quality of the recordings and 

where the interesting periods are located is left entirely to 

the experience of the researcher, who must later pass on his 

judgements to the MCP system. The results of the researcher's 

evaluation are collected in special files, known as Sampling 

Control files (or S-files}. For each combination of speaker 

and utterance type one separate file must be collected. These 

files will later control the sampling and further data processing. 
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A Sampling Control file must contain the following infor­

mation: The first record of the file identifies the speaker 

and utterance type. The second record describes the contents 
1 b of the seven data channels to be sampled. One record descries 

where every repetition of this utterance is located, i.e. the 

number of the analogue tape on which the individual item is 

recorded, its nearest preceding octal code, and_ th.e_distance in 

centiseconds from the octal code to the beginning of the sampling 

window. The sampling window is a 1.25 second wide window placed 

~ound th.e item to be sampled. Only information within the samp­

ling window will be stored in digital form by the computer. 

Another record describes a number of time references wi~hin 

each sampling window. As many as seven time references may be 

associated with each item. One or more time references are used 

as line-up-points during the later averaging procedure, but the 

researcher is free to use the time references for his own pur­

poses as well, such as describing the time distance between 

various events within the sampling window. 

Finally, the S-file contains a record describing the 

quality of each channel of each sampled item. Thus each item/ 

channel combination is assigned a number in the range zero to 

seven, where zero is normally assumed to describe an empty 

channel. Otherwise there is no inherent hierarchy of the numbers 

of the quality description, and the researcher may use them at 

will to describe the quality of his recordings. 

Special coding forms are available for preparing the 

Sampling Control information. This information is later punched 

on paper tape. The punch tape files are read into a computer 

program, known as the MCP compiler, which checks the tapes for 

spelling mistakes, missing information, etc. From each input 

1} If an experiment needs less than seven channels the remaining 
channels are marked as empty. They are sampled and stored 

but will not appear on any display. 
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tape the compiler produces a proofread S-file containing a 

complete description of all the repetitions of the utterance in 

question. This file is stored on magnetic tape (DEC tape} for 

easy reference later on. Furthermore, the compiler produces a 

printout of the complete S-file. The prints of the S-files 

provide the researcher with a useful survey of his s~pled 

material. 

The MCP compiler is equipped with an extensive default 

system, which allows the user to enter only really necessary 

information from punch tape, while information which is in any 

way predictable is supplied automatically by the default system. 

For instance, describing the contents of a channel will make -

the compiler assume that all repetitions of this utterance as 

spoken by that particular speaker are of acceptable quality. 

Therefore, the quality of the recordings need only be described 

explicitly in the (hopefully rare) cases where the recordings 

for some reason or other are not up to expectations. 

Fig. 3 shows a listing of the Sampling Control information 

for one utterance. 

4.3 Digital sampling process 

The sampling process is controlled from the program MCSAMP. 

First the user enters a list defining the speakers and utterance 

types he wants sampled during the particular run of the program. 

MCSAMP then reads the appropriate Sampling Control information 

from the S-files created during stage two and merges the control 

information into one file. This file is sorted so as to minimize 

tape movement on the analogue tape recorder. 

When sorting is completed the program makes its first re­

quest to the operator for a specific analogue tape to be mounted 

and starts reading the time code. Every time the program en­

counters a code combination defined in the control file it will 

sample a 1.25 second wide window from all seven channels with a 

sampling frequency of 200 Hz and store this record on the disk. 
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5 S I - 0 A T A 

I PUC DATALAB. 

DATE: 76/ 91 8 

UH####################~~t#######l###l#l#l##l####I######################~ 

MCP PROJECT NAME: 
1· 
# EMG-74 
# 
# 

FILENAME: # DEMONZ. JS ----- --- - • -------
# 
# JS 

.. --- ·- - - . 

# 
# 

RESEARCH ITEM:· I DEMONSTRATION 
# ----- ------ ---- -·-------------
# 

CONTENTS OF CHANNEL-NR. # 1 
·-· ·- .. 

--

# 2 
# l 
# 4 
# 5 -- ·------ -
# 6 
# 7 
# 
# 

NUMBER OF RECORDS. -- tt-- • 
IN DATAFILE: # 6 

BICP 
TEMP 
FRON 
CT 
'v'OC 
F0 
I 

- - ------- ------~------------- -·- ·•·•- •• --
# 
# 

-- ---·. ------------
# ANALOGUE TAPES 

AND SAMPLING-POINTS: #REP. NR. AT-NR. OCT-CODE 
.. -- -·- ·- --····· 

# 1 67 316 
# 2 67 325 ------- ---- -- ---

-- -· ------

# l 67 404 
# 4 67 41l 
# 5 67 477 
# 6 68 051 
# 
# 

TI ME-REFER.EJJcE--=-s,_.: _____ #-REP---tA TE: --. -tc TD··---T-E 
# 1 40 ... --------# -- 2 .. 40 

# 3: 40 -···-····- - •·-- #. 4 40 

# 5 40 
---------.---6 •-·-·· 40 

# 
# 

ACCEPTABILITY LEVELS # 
I~, CHANNEL NR. - - - -· ----# 1 

79 
80 
e:0 
6,r, ,, 

8l 
85 

2 

24 53 70 
23 

- ---- 51 ____ 
70 

24 54 72 
15 52 73 
22 5l 75 
21 

57 ______ 
77 

4 5 

DEC-CODE 
10 

°TF 
93 
93 
9l 
97 
98 
S,8 

6 

l2 
41 

126 
39 

142 

TG 
112 
112 
110 
114 
118 
118 

7 
... ·····-- __________ # .. " ............ ~ .................................... _ ............ _ .... _ ...... _ .. ~·-· 

# 1 · 4 6 2 l 5 4 1 
# 2 1 2 l 4 5 6 0 

• - - -·--------------- ·--·· -- ----- - -·· - ----
# l 0 1 2 3 4 5 6 
# 4 S 5 5 s 5 5 5 

• -- # 5 '7 ·--- ---- ---- - ---- . - 7 7 7 7 7 7 
# 6 7 7 7 7 7 7 7 

--..-=~. --=---__,,_,,,_,,...,.., __ .---...-- -
-------- ---------- --------- --- ··---~·-- .. 

tt###tt#############l#####l#l####l##l#ll#l###l##l#l##IIIIIII############## 

Figure 3 

Listing of Sampling Control information 
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When necessary the program asks the operator to rewind the ana­

logue tape or mount a new tape. 

The relatively low sampling frequency implies that most 

signals need to be hardware preprocessed before they can be 

sampled into the computer. Thus EMG activity must, for instance, 

be hardware filtered and integrated. And intonation is investi­

gated by sampling the output of a pitch meter. However, due to 

the modular design of the system this limitation can, if desired, 

be circumvented by altering only the sampling program (MCSAMP). 

These alterations need not affect the controlling and sorting 

programs at all. 

When all requested items have been sampled a special SQ+ting 

program (MCSORTl is called. T~is program reads the sampled records 

and sort~ them into separate files (called Z-files) for each 

speaker/utterance type. At the head of each Z-file is inserted 

the Sampling Control information from that speaker/utterance 

type combination. Thus all sampled items for a given utterance 

and descriptions of contents and quality for that utterance are 

stored in one file. Finally, the Z-files are transferred to 

DEC-tape for long term storage. 

Fig. 4 shows a system flow chart of the complete data­

entry process as described in sections 4.2 - 4.3. 

4.4 Processing of data 

During the design phase of the MCP system it was realized 

that it is impossible to foresee in all detail what the pro­

cessing requirements of the future users of the system will be. 

It was therefore decided to let the user control the procedures 

directly in some detail rather than making a complicated auto­

matic system. This means, of course, that users must spend some 

time typing out orders to the system. But the interactive nature 

of the system will, on the other hand, allow the user to see the 

results of his orders almost immediately, if he wishes. 
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Visual inspection 
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correction of 

MCCOMP Sampling Control 
information 

Sampling Control 
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on DEC-tape (S-filesl 
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([[) 
Sampled data 
stored on disk 

fl Sampled data 
c=:-7/ stored on l::.:::J DEC-tape 

Sorting of sampled data to 
appropriate (Z-l files 

Figure 4 

System flow chart of the MCP data entry process. 
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At the moment the processing procedures consist of the 

following five programs: 

MCMODF - A data modification program which works directly 

on the Z-files. The contents of one specified record of the 

file is displayed on the terminal screen, and the user may enter 

various modification into this record and its corresponding de­

scription in the file head. Erroneous data values may, for 

instance, be deleted or time references may be altered. It is 

possible to delete single measurements in the middle of a speci­

fied channel without discarding the whole channel. 

MCAVEX - Calculates mean values, standard deviations and 

number of tokens from one or more Z-files. The results are -

stored on the disk in a special X-file. For each input file 

(i.e. Z-file} to the program the user must define which pf the 

time references should be used as line-up-point for the averaging 

process. Averaging is carried out with the input records aligned 

to these points, and the results are a 250 points wide mean window. 

This possibility of defining a separate line-up-point for 

each channel is an important feature of the system. It is pos­

sible, for instance, to average the contents of one channel round 

a line-up-point at, say the explosion of a stop consonant, while 

another signal in the same recording is averaged round a line­

up-point located at the beginning of a neighbouring /s/. 

Channels to be averaged are defined by their contents -

not by number. Thus it is possible to ask for, for instance, 

the EMG activity of the Vocalis muscle to be averaged without 

worrying about whether this was stored in channel two or three. 

This feature is particularly useful if somebody wants to average 

a given type of recording from two different recording sessions 

where the contents of the channels for some reason have not been 

ordered in the same way. 

MCAVEM - Is an averaging program similar to MCAVEX, but 

calculates median values and quartile distances instead of means 

and standard deviations. The output is known as an M-file. 
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MCDISP - Displays the contents of all the channels of one 

average file (X- or M-1 on the graphic screen. 

MCKOMP - Displays several specified channels from speci­

fied average files for comparison on the graphic screen. 

The logical interaction of the processing programs is 

shown in fig. 5. 

Great pains has been taken to make communication with the 

processing procedures as simple as possible to the user not 

familiar with the working of computers. This problem has been 

approached by providing a set of supervising programs which 

allow the user to control the processing with approximations to 

normal words. Furthermore, a default system has been incor- -· 

porated so that the programs w~ll assume certain standard values 

for the input parameters if they are not explicitly defined by 
I 

the user. This feature will in most cases cut down appreciably 

the amount o'f typing to be done by the user. 

Hard copies of the displayed data and results are at the 

moment obtained by photographing the display screen. Figs. 6, 

7,8,~ show examples of displays. 

5. System capacity 

The MCP system will handle almost any number of different 

utterance types and speakers, although the number of DEC-tapes 

available will usually put a practical limit to the amount of 

material that can be stored at one time. 

The maximal length of one Z-f ile ( contain.ing raw, sampled 

datal is 17 repetitions. Since, however, the averaging programs 

will combine a maximum of 49 different input files into one mean 

file, utterances repeated more than 17 times per speaker are 

simply stored in two or more files and combined during the 

averaging process. 
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During one run the sampling and sorting programs will 

sample from a maximum of ten different analogue tapes, sort the 

sampled records into a maximum of 63 Z-files (one for each 

speaker and utterance typel, or sample and sort a maximum of 

450 items - whichever of these three limits is reached first. 

Experiments exceeding the limits must run the sampling and 

sorting programs several times. 
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Legend to figs. 6,7,8,9 (pp. 216-219}: 

Figure 6 

Display of sampled data from utterance: 'Deter wiener­
br~det de siger' [de:'vi:?nAbrreo?ddl'st(:A}] as spoken 
once by speaker 'BM'. 
Time references associated with this item are 'lA' at 
the boundary between [v] and [ r:] and 'TB' at the ex­
plosion of [b]. 
The contents of each data channel is printed to the left 
of the display. The two top channels are EMG recordings. 
The two bottom channels are fundamental frequency and 
intensity. (The figures to the right of the display 
are internal scaling factors used by the display rou­
tines.) 
The display was obtained by photographing the Tektronix-· 
screen, which is slightly convex. This reproduction 
technique unfortunately introduces a slight distortion 
to ,the scale, especially towards the edges of the ~creen. 

Figure 7 

Results of averaging all repetitions of the utterance 
by speaker 'BM' which is exemplified in fig. 6. 
Channels 'CT', 'VOC' and 'I' have been averaged with 
time reference 'TA' (fig. 6} as line-up-point. Channel 
'F0' was averaged with 'TB' as line-up-point. The un-
broken lines represent mean values. The broken lines 
indicate +l standard deviation from the mean. 

Figure 8 

Sampled data from utterance: [de:bibi'bi:bibi( ... )] 
spoken once by 'BM'. Seven time references (TA ... Gj are 
used to indicate va~ious points of the utterance. 

Figure 9 

Average of all repetitions of the utterance exemplified 
in fig. 8. Time reference 'TF' was used as line-up­
point for all channels. 
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A PHYSICAL AND PHYSIOLOGICAL STUDY OF BLOWING TECHNIQUE 

IN RECORDER PLAYING 

Niels Bak 

Abstract: The research summarized in this paper has revealed 
some of the specific physiological conditions of 
recorder playing. In order to understand the nature 
of the instrument it is essential to be aware of 
these physiological conditions, although they seem_ 
to have been largely neglected by pedagogues. 

1. 

It appeared during the investigation that registra­
tion of blowing pressure raises a number of problems. 
The author succeeded in identifying some of the spe­
cific causes of measurement error, and the paper de­
scribes an approach which makes it possible to detect 
such errors. 
The measurement errors encountered were found to 
provide interesting information on the technique used 
by the individual recorder player. 

, 1 
Introduction 

The,changes in musical styles which took place in the eigh­

teenth century led to the replacement of the recorder by the 

transverse flute in orchestral and chamber music, but in the 

twentieth century the recorder has experienced a revival due to 

such factors as growing interest in the music of earlier eras, 

recognition of the value of the recorder in school music programs, 

and widespread use of the recorder as a folk instrument. 

lY In completing this paper I wish to thank Professor Ferdinand 
Conrad and my seven Danish subjects, who kindly allowed me 

to make X-ray recordings of their play. 
The research reported here was done partly at the Copenhagen 
Dental Hospital (X-ray department under the supervision of Pro­
fessor A. Bjork}, partly at the Institute of Phonetics (experi-
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Rising interest in this historical instrument has led in­

evitably to a pressing need for proper guidance, a need which 

leading artists and experienced instrumentalists idealistically 

attempted to provide by numerous reports of personal experience, 

including detailed instructions concerning blowing technique, in 

the pedagogical literature. This initiative has resulted in an 

interesting documentation of the characteristics of different 

methodological schools, but has hardly contributed to clarifica­

tion in the area of methodology, a fact which is reflected in the 

following quotation from the literature: "Is there anywhere else 

in the whole field of educational publishing a literature so 

remarkable for its inadequacies and inconsistencies?" (Rowland­

Jones 1973, p. 41}. 

It is the uncertainty with respect to pedagogical questions 

such as that reflected in the above mentioned literature which 

has motivated the research reported here, the purpose of which 

is to contribute to the required clarification of the subject by 

providing objective information about the physiological and phy­

sical aspects of recorder playing. 

The aspect of sound production in wind instruments which 

so far has been particularly investigated is blowing pressure. 

The results of the measurements reported by various investigators 

are, however, very dissimilar, which is probably due to differ­

ences in the methods used (see, e.g., Anastasio and Bussard 1971, p. 

69, and Fletcher 1975, p. 233). Therefore, in this paper, con­

siderable emphasis is placed on the measurement of blowing pressure, 

(continuedl 
mental phonetics laboratory}. I am grateful to the staffs of 
these institutions for their valuable assistance in my experi­
mental work. Moreover, I wish to extend my thanks to Mr. P.E. 
M~ller Christensen, lecturer in fluid-mechanics at the Danish 
Technical University, for advice concerning measurement techniques, 
to chief physician o.ch. Pock-Steen at Frederiksberg Hospital, who 
lent me special apparatus for the transferring of X-ray recordings 
from video-tape to a film strip, and to chief physician J~rgen 
J~rgensen, Arhus Municipal Hospital, for his expert assistance in 
connection with the tracing of X-ray pictures. I appreciate the 
editorial advice and practical assistance given me by Anders Bak, 
Janet Gunzenhauser, Peter Holtse, and J~rgen Rischel while this 
paper was being prepared for publication. 
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including critical evaluation of the methods employed. The paper 

should be seen in this context as an introduction to the problems 

involved and as a plea for standardization of measurement prac­

tices with a view towards facilitating the exchange of ideas 

among all interested parties. 

The present paper deals exclusively with the recorder it­

self. It may be appropriate to add that, because of its relatively 

simple blowing mechanism, 1 which reduces the number of parameters 

that determine the instrument's character, the recorder presents 

itself to the researcher as a particularly convenient 0bject for 

such investigations, and that the results of this project indi-

cate that research into the problems of recorder playing will 

contribute to a better understanging of the playing techniques 

of related instruments as well. 

2. Previous studies and theoretical perspective 

The studies reported here are a continuation of the author's 

previous research which is summarized in this section by way of 

introduction. 

The first series of experiments, in which F-alto recorders 

were blown by means of a mechanical apparatus, was intended to 

clarify the relationship between blowing pressure and fundamental 

frequency (Bak 1970). The experimental data obtained confirmed 

that, as shown by earlier investigators (Llipke 1940; Mlihle 1966), 

the main principle in playing the recorder is that the blowing 
2 pressure must be increased note by note when playing an ascending 

chromatic scale. The author's studies showed, furthermore, that 

l} See fig. 1 for a schematic drawing of the sound generating 
system. 

2) "Blowing pressure" is, strictly speaking, not an unambiguous 
term, for, as the word "blowing" implies, besides the (excess) 

static pressure which acts equally in all directions, flow, and 
hence aerodynamic forces, are also present in the air channels. The 
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MOUTHPIECE 
4 

'\ 

Figure 1 

Parts of the recorder which are referred to in the paper. 

tape 
recorder Q...0 

Qmic. < 

plunger 

Figure 2 

length 298 mm > 
probe 
mic. 

air supply) 
2. recording 
Vol.: 24 cm3 

Block diagram of the experimental setup used for evaluating 
the sound spectrum of the recorder tone as a function of 
the resonant properties of the artificial mouth during 
mechanical blowing. 
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there is a clear positive correlation between blowing pressure 

and the fundamental frequency with unchanged fingering. Finally, 

in pilot studies made in connection with the present project, 

investigations were made to find out whether changes in the 

volume of that section of the air channel which corresponds to 

the instrumentalist's mouth and throat can influence the acoustic 

output of the recorder, as contended by schools based on the 

theory referred to in this paper as the "vowel-" or "resonance-" 

theory. 1 The final and most important studies in the latter 

series were based on the assumption that if, as believed by some 

teachers, the musician may influence tone and pitch appreciably 

by changing the resonances of the mouth cavity, then it should 

be possible to register at least a tendency toward such a re­

lationship when using mechanical blowing technique via an 

artificial "mouth". 

(footnote, continued from the preceding page) 

transfer, during play, of muscle power to the sound generating 
system of the instrument (the functioning of which influences the 
pitch of the tonel is due to just this combination of the two 
forms of energy. 

Because of the simultaneous presence of the two forms of 
energy, it is only in special cases that an unambiguous connection 
may be found in flute playing between oral air pressure alone and 
frequency. Such a case exists when one is dealing with a large 
reservoir with negligible air velocity inside the mouth and a 
well defined geometry of the outlet from the mouth, where all 
pressure energy ultimately--is converted into kinetic energy, cf. 
Bouhuys (1964, p. 974). By employing mechanical blowing, it was 
possible to fulfil this condition and, under such stable condi­
tions, the author succeeded in demonstrating that the frequency 
(f) of the tone emitted by the recorder is related to the blow-
ing pressure (p) (within certain limits), according to the equa-
tion f = k x poc 
where k and ex are constants (Bak 1969; 1970). 

The changes in measurement conditions during natural blowing 
by human subjects are discussed later in this paper. 

1) The terms "vowel theory" and "resonance theory" were invented 
for this paper for the sake of clarity of exposition. The 

terms are synonymous, the former being used particularly in the 
context of pedagogical issues, and the latter in dealing with 
acoustic aspects. • 
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After various futile attempts to affect tone and pitch by 

varying the resonance conditions of the artificial mouth, the 

series was terminated with experiments using the apparatus 

sketched in fig. 2. 

The tone blown in the experiment described here was o5 
(frequency 587 Hzl. 

The artificial mouth itself consisted of a cylindrical tube 

closed by flat plates at either end. Normally, the sound field 

within the "mouth cavity" is not audible, but in this experiment 

it was registered by means of a probe microphone as shown in 

fig. 2, whereas the tone produced by the recorder was recorded 

by a microphone placed 50 mm above the mouthpiece. Both micro­

phone signals were recorded on tape for use in subsequent analyses 

in which the spectral composition of the two signals could be 

compared. 

With the probe microphone pilot studies of the acoustics 

of the artificial mouth were carried out before attachment of the 

variable resonator. Standing waves with maximum sound pressure 

variation at the end plates of the tube and a sound spectrum com­

prising a set of partials corresponding to those of the recorder 

signal were registered. The first harmonic was of considerable 

intensity (with a sound pressure level of more than 100 dB, re 

2 x 10- 5 N;m2 } which was expected, since the length of the "mouth 

cavity" was approximately half the wave length for a tone equal 

to 587 Hz. 1 

Finally, the extra resonator, whose resonance frequency 

could be adjusted by moving a plunger, was coupled to the arti­

ficial mouth. In the experiments which followed, the plunger was 

l} As wave length (Al depends upon frequency (f} and the velo­
city of sound (cl according to the formula A= f, then, when 

c is set equal to ea. 34,400 cm/sec and f is 587 Hz, A~ 
(34,400/587) cm= ea. 58.6 cm. An effective half-wave resonator 

must therefore ha e the length l = 1/2 A = 1/2 x 58. 6 cm = 29. 3 cm. 
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adjusted in such a way as to produce a considerable variation in 

sound pressure level for each of the first three harmonics within 

the artificial mouth in turn. The object of these experiments 

was to investigate the degree to which such internal acoustical 

changes could influence the tone produced by the recorder as 

registered by the external microphone. 

The following example illustrates a typical result: The 

plunger was first set for 6 cm3 volume, and then for 24 cm3 . 
. 3 d At 6 cm the probe microphone in the artificial mouth registere· 

a total sound pressure level of 133 dB (re 2 x 10- 5 N;m 2 ), and 

the sound pressure level of the first harmonic was also 133 dB. 

At 24 cm3 (maximum resonance)., the total sound pressure level 

fell to 109 dB and the level of the first harmonic to 94 dB. 1 

The tone emitted by the recorder, however, underwent no measur­

able changes. 

All additional tests in this series confirmed what is indi­

cated by the results mentioned above: no changes in the acoustic 

conditions in the cavities behind the "windway" can in any way 

influence the tone produced by the recorder as heard in the 

auditorium. The possibility that the musician's sensation of 

the tone can be influenced by the sound field in the mouth and 

throat through transmission of the sound by tissue and bone con­

duction cannot, of course, be excluded. An examination of this 

question has not, however~· been included in the present studies. 

Since the results mentioned above, together with the studies 

reported below, suggested that the "vowel theory" must be abandoned, 

interest centered upon the pedagogical works on the recorder 

written in English, where traditionally no resonance effect is 

ascribed to the mouth and throat cavities (Rowland-Jones 1973 p. 107; 

1) The acoustic conditions under which a resonator has a damping 
effect are discussed, among other places, in Rayleigh 1945 

P~ 2, and in Beranek 1954 p. 69. 
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Hunt 1963 p. 113). But even in English methodology, viewpoints 

are encountered which are irreconcilable with the conclusions of 

the research reported here. For, although the English school 

advocates the principle that control of variations in blowing 

pressure is the decisive factor in playing the recorder, the 

respiratory muscles are apparently considered the only legitimate 

source of variations in pressure. Thus, aside from special 

activity during attack, the articulatory organs are assigned the 

passive role of adjusting themselves so as "to allow an unimpeded 

flow of breath" 1 (Rowland-Jones 1973 p. 44). 

However, as will be documented below, the X-ray recordings 

made during the present investigations clearly show that the -

articulatory organs~ active, and that this activity displays 

such significant common characteristics among the different ex­

perimental subjects that it must be regarded as an important, 

integral ~art of the blowing technique for the recorder. 

Since an interpretation of the experimental results pre­

sented here thus cannot be based upon existing theories, emphasis 

will be placed in this paper upon continual evaluation of the 

degree to which the material collected provides a basis for an 

alternative theory. Thi.s possibility will be examined in the 

concluding discussion after presentation of the graphs and r&dio­

graphic material. 

3. The experiments 

The remaining part of this paper is concerned with a research 

program in which the activities in mouth and throat during play 

were investigated with the use of X-ray equipment in combination 

with recordings of tone and blowing pressure. 

ll "Impeded/unimpeded flow of breath" will, for the sake of 
simplicity, be used to indicate that a narrowing - especially 

at the lips - creates a resistance to the airflow which is either 
greater ("impeded"} or less ("unimpeded") than the normal resist­
ance produced during passage of the exhaled air through the "wind­
way". 

• I 



231 

3.1 Procedure 

The experiments were carried out at the X-r~y department 

of the Copenhagen Dental Hospital in mid-January, 1972·, all 

using the same F-alto recorder. 

While the subjects played a previously determined program, 

a continuous X-ray recording of the movements of the lips; jaw, 

tongue, and throat was made on video tape, in synchrony with a 

tape recording of the sound produced. 

The blowing pressure was recorded through a hole bored in 

the tip of the mouth piece, as shown in fig. 3a. The aperture 

of this bore was connected by a polyethylene tube to a pressu~e 

transducer (an electromanometer}, the output voltage of which 

was recorded by a Mingograph {ink jet recorder}. Thus, graphs 

of pressure as a function of time were recorded as the subject 

played. - The instruments used for this part of the experiment 

were moved to the dental hospital from the Institute of Phonetics 

{University of Copenhagen}. 

• In later experiments the static pressure in the windway 

was also registered, by means of a small probe tube, probe II, 

as shown in fig. 3b. The reason for introducing this extra 

measurement of pressure will be discussed below. 

Graphs indicating variations in frequency were drawn up 

later at the Experimental Phonetics Laboratory of the Institute 

of Phonetics during follow-up analyses of the microphone signals 

recorded on tape. The same Mingograph was used for tracing of 

both pressure curves and frequency curves, making it possible to 

assign approximately equal graphic areas to equal time periods 

and, later, to identify temporally related features of the two • 

curves and thereby identify those pressure and pitch qurves which 

belonged together. 

The registration technique using the Mingograph was later 

employed in, the same manner in order to compare variations in 

pressure and frequency with the resulting changes in the harmonic 

structure of the tone. The results of this investigation will be 

discussed in a subsequent paper. 
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3.2 Subjects 

The seven recorder players who offered their services re­

presented all levels of proficiency from the complete beginner 

to artistic players. They have been assigned the letters A to G, 

arranged roughly according to descending level of technical 

ability, so that the first letters of the alphabet represent 

subjects who are fully developed professionals, while subject G, 

who had no prior experience in playing wind instruments, played 

the recorder for the first time during the experimental recording 

session. 

A valuable supplement to the experimental data was obtained 

by repeating the experiments with Professor Ferdinand Conrad of 

Hannover as a subject. Professor Conrad was visiting Copenhagen 

on a concert tour and was kind enough to place himself at the 

author's disposal. A different instrument was used during these 

experiments. This instrument was provided with an extra probe 

as shown in fig. 3b. While the subject played, pressure curves 

were thus registered simultaneously both at the tip of the mouth­

piece and in the windway. Therefore, two pressure curves were 

available for each recording of Professor Conrad in the examples 

cited below. 

3.3 Measurement of blowing pressure during natural blowing 

In earlier experiments reported in the literature, the intra­

oral pressure during blowing was registered by means of a probe 

placed inside the mouth (Roos 1936 p. 4; Roos 1940 p. 139; Bouhuys 

1964 p. 968; Bouhuys 1965 p. 453; Anastasio and Bussard 1971, p. 64, 

cf. Fletcher 1975 p. 233} Since, in the present investigation, 

it was considered particularly important not to interfere with 

the activity of the articulatory organs while the X-ray recordings 

were being made, it was decided to measure the blowing pressure 

by means of a hole bored in the extreme tip of the flat end of 
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Figure 5 

Schematic drawings in Linde (1962), reflecting the peda­
gogical ideas of schools adhering to the "vowel theory". 

Figure 6a 

Subject A 
playing G4 

Figure 6b 

Subject B 
playing A4 

Figure 6 

Figure 6c 

Subject C 
playing G4 

X-ray tracings from recordings of the three professional 
subjects intoning in the deep register of the recorder. 
It is seen that subjects A and B tend to have a relatively 
closed jaw position and a constriction at the lips, in 
contradistinction to subject C, whose articulation provides 
for a free passage of the airstream at the entrance to the 
windway. 
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the mouthpiece, as shown in fig. 3a. The pressure measured at 

that point, i.e. just at the level - perpendicular to the direc­

tion of flow - where the exhaled air begins to flow into the 

windway, is here taken to be the blowing pressure. 1 

For comparison purposes, the bottom curve in fig. 4 shows 

the pressure registered through the aperture during mechanical 

blowing, where it was ensured that the airflow passed unhindered· 

from the artificial mouth into the windway. It will be noted 

that the pressure curve and the simultaneously recorded frequency 

curve follow each other in a monotonous up-and-down motion. 

The uniformity of the pressure at probe I on one hand, and at 

the entrance to the windway on the other, would undoubtedly be 

~reserved if the human subjects fulfilled the traditional peda­

gogical demand for "free passage for the exhaled air", as exempli­

fied by the schematic drawing in fig. 5, taken from a recorder 

textbook in German inspired by the above mentioned "vowel theory" 

(Linde 1962 p. 251, or by the English schools' instructions to 

maintain "an unimpeded flow of breath" (Rowland-Jones 1959 

p. 44). Several of the subjects actually did fulfil this require­

ment, for example subject C, as seen in fig. 6c. 

But if the flow of breath is "impeded" by a constriction 

of the lips, as indicated by some of the X-rays (cf. figs. 6a and 

6bl, it is quite possible that the method employed for measure-

ment of pressure will produce misleading results, since the correct 

1) Note the similarity of the chosen method of measurement to 
. measurements of the total pressure by means of a pitot tube, 

an open-ended tube facing the airstream (Ower 1966 p. 9). 



236 

measurement requires that the aerodynamic conditions at probe I 

are not disturbed. 1 As long as the narrowing of the lips is 

moderate, this will presumably still be the case, but with in­

creased reduction of the lip aperture a number of aerodynamic 

effects may occur which prevent a uniform distribution. In 

1) It is doubtful whether traditional methods of measuring pres-
sure inside the oral cavity would be of more use under these 

conditions, for according to theory the oral pressure may only be 
regarded as identical to the blowing pressure as long as the 
exhaled air passes unhindered from the mouth into the mouthpiece 
of the instrument (cf. footnote on p. 239}. When, as in the qase 
in question here, resistance at the lips is introduced, the 
potential energy consisting in the higher pressure within the 
mouth is expended in overcoming the variable resistance to the 
flow of air at the lip opening as well as on sound production in 
the instrument. Consequently, under these conditions, no unambi­
guous relationship exists between the oral pressure and the energy 
consumed in blowing the recorder. In order to throw light on 
these relationships a supplementary experiment was made, whose 
result is given in the diagram of fig. 7. In this diagram the 
blowing pressure is given as a function of the constriction be­
tween two artificial lips, the system being supplied with air 
by mechanical blowing. The two notes blown in this manner, viz. 
D5 and A4, were kept at constant frequencies of 587 Hz and 440 Hz, 
respectively. The experiment was performed in an ambient tempera­
ture of 19° C. 

As might be expected, the results indicate that variations in 
the distance (hl between the artificial lips have the greatest 
effect in the range where the constriction is narrowest. Thus, 
the note D5 comes out with practically the same fundamental fre­
quency regardless whether one chooses the combination 

h = 0.8 mm; pressure= ea. 29 mm H2o 

or the combination 

h = 1.6 mm; pressure= just below 18 mm H2o, 

whereas an increase of h in excess of 1.6 mm does not necessitate 
any considerable lowering of the pressure in order for the fre­
quency to remain constant. It is conceivable that relationships 
of this kind may explain why Bouhuys (1964 p. 972) found such a 
strikingly small difference in pressure when the notes F4 and F6 
were intoned on a recorder: his subject may have regulated the- -
air supply to the instrument by using his lips as a reducing 
valve instead of varying the blowing pressure by means of his 
respiratory muscles. 
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Figure 7 

Mechanical blowing pressure required to give a constant funda­
mental frequency with different degrees of constriction be­
tween the upper and the lower lip of the artificial mouth. 
The parameter fundamental frequency is shown for fingering of 
D5 and A4 , respectively. 
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Tracings of pressure curve and oscillogram showing that 
erroneous measurements of blowing pressure may occur at 
probe I. Subject A intoned F 5 using "vowel position i". 
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extreme cases, the thin, now highly accelerated airstream origi­

nating from the lips may create quite uncontrolable aerodynamic 

conditions at probe I which completely invalidate the measure­

ment of blowing pressure at this point.
1 

That such disturbances actually occur is clearly illu­

strated by the pressure curve in fig. 8. The note played was 

F5 , produced by subject A. The oscillogram at the top of the 

figure shows that the tone was played with "customary intensity". 

Nevertheless, the pressure curve indicates "sucking" instead of 

blowing during the first part of the tone, since the curve falls 

below the base line representing atmospheric pressure. Obviously, 

this is a case where the measured value is erroneous, since air­

flow in the windway in the direction from window to the player's· 

mouth would necessarily prevent the blowing mechanism of the 

recorder from functioning. 

1) Space does not permit a detailed discussion of the many factors 
which influence the measurement of pressure in air which is 

in motion in a specific direction. For general orientation, it 
may be mentioned that - in the relatively low range of blowing 
pressures employed in the lower registers of the recorder - the 
(mean} jet velocity, v, issuing from a lenticular orifice some­

what like that of the windway, can be derived from the blowing 
pressure, p, by the formula 

V = K X yP 
where the constant, K, under the conditions in question can be 
set to ea. 3.78, velocity, v, being expressed in m/sec, and blowing 
pressure in mm water. This value of K is calculated on the basis 
of data taken from Coltman 1968 p. 988, and 1966 p. 104-105. 

From this formula it is easily seen that at a blowing pressure 
of only 4 mm H2o (being about the lowest blowing pressure en­
countered in recorder playing), the velocity exceeds 7.5 m/sec, 
and at a pressure of 9 mm H2o it exceeds 11 m/sec. Because of 
turbulence (cf. Reynold's number), the velocity will increase at 
a lower rate than indicated by this formula if the pressure is 
increased still more (Bouhuys 1964 p. 974). 

For detailed information on the effect of a fluid's viscosity 
on measurement, the boundary layer, the effect of a velocity 
gradient on measurement, turbulence, and other aerodynamic con­
ditions, the reader is referred to the literature dealing with 
the measurement of airflow, for instance Ower (1966) and Eck 
(1944). 
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The discovery of this measurement error necessitated a 

critical re-examination of the data. The object here was to 

ascertain not only how often or seldom errors might occur, but 

also the degree to which it was possible to assign such errors 

to specific playing conditions. 

For this purpose a minor part of the recorded material 

was compared on a statistical basis with the pressure-frequency 

relationships established with mechanical blowing. The material 

in question consisted of sections from a program of eighteen 

minutes' duration performed by six different players. The pro­

gram, which was largely the same for all subjects (except that 

it had.to be modified for subjects E and F, see below), com­

prised various specific exercises as well as selected passages 

from compositions for the recorder. 

The material was used to furnish data on three different 

notes, viz. A4 , F 5 , and c6 . For each of these notes four tokens 

were selected from different parts of the material, representing 

the subject's responses to different instructions with regard to 

deliberate use of oral articulation, viz. 1) blowing with "vowel 

position i", 2) blowing with "vowel position a", 3) blowing with 

"vowel p~;ition ,!;!",
1 and 4} "free" performanc~, i.e. a tone cut 

out of a melodic sequence played according to the subject's own 

habits. 

The subjects E and F were too inexperienced to perform the 

program in its entirety and had to be given less demanding tasks. 

1) Concerning the playing with vowel positions the following 
instructions were given: "Intone A 4 as a long, sustained, 

and completely steady tone (no vibrato), using the three "vowel 
positions" in turn: the first time the vowel position a, the 
second time i , and the third time u ". The same instructions 
were also given prior to the intonation of the notes F5 and c6 . 
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The material for the investigation dealt with here is, therefore, 

somewhat deficient with regard to them, there being 5 tokens 

missing for subject E, and 1 for subject F. - Subject G (repre­

senting the beginner with absolutely no experience in recorder 

playing} intoned only the note o5 and is not included in the 

statistical treatment of the material under consideration. 

The tokens were analysed with regard to the relationship 

between blowing pressure and frequency. Since the values do not 

remain constant during the production of a tone, a series of 

different pressures with corresponding frequency values can be 

measured within each token and, moreover, a given pressure value 

may recur so that there are several - possibly different -

frequency measures corresponding to that specific pressure within 

one single token. 

The data used in the statistical treatment consisted of 

pairs of pressure and frequency values, each pair being defined 

by its pressure component. A finite number of pairs was obtained 

by choosing the pressure levels coinciding with divisions on the 

pressure scale employed (i.e. whole multiples of 2 mm H2o}. For 

each pressure level, all occurrences of it within the token in 

question·were identified and the corresponding frequency values 

read off. The pressure-frequency pair was then obtained by 

taking the pressure value in question together with the mean 

value of the frequency measures. 1 (Standard deviations for the 

frequency measures were found to be less than 0.5.l This gave 

a total of 267 pairs of numerical values, which in turn were 

confronted with the numerical values for mechanical blowing, 

1) Typical curve~.presented schematically: 

f p 

P, 
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each (mean} frequency measure in the recorded material (natural 

blowing)' being compared with the frequency measure that would 

occur with mechanical blowing under condition-·of the same pres­

sure and a temperature of 27° C. The difference between these 

two measures was calculated and expressed in percentage of the 

latter. The resulting (non-dimensional) quantity is here termed 

"deviation". 1 

For six tokens the calculation of deviation turned out to 

be impossible because the pressures measured were too low to 

produce the notes in question with mechanical blowing (cf. later 

in this section). For each of the remaining tokens all devia­

tions were pooled, and a "mean deviation" was calculated for -

each token. These mean deviations - 60 in total - are shown in 

the histogram, fig. 9. 

It appears from fig. 9 that there is good agreement between 

natural and mechanical blowing. The arithmetic mean of the de­

viations is 0.11% (standard deviation 0.7) , 2 which shows that 

the temperature of the recorder has been in the vicinity of 27° C. 

This is consistent with the fact that the recorder was almost 

1) For a given subject (Sl and a given blowing pressure (pi) 
the deviation is given by the expression 

f(pi(S)) - f(pi(M)) x 100 (per cent) 
f(pi(M)) 

where f(pi(Sll is the mean value of the frequencies occurring 
with blowing pressure Pi when the note in question is blown by 
subject S, and f(pi(M)}_ is the frequency occurring with mechanical 
blowing of the same recorder, with the same blowing pressure Pi, 
and with temperature correction to 27° C (see Bak 1970 concerning 
temperature correction}. 

The definition of f(pi(M)) requires an addition with respect 
to the note c6 : this note is understood to be intone~ with a 
rather small aperture at the thumb hole during mechanical blowing. 
This addition is necessary because CQ might have been intoned 
with covering of a lesser part of this finger hole, which would 
result in higher f(pi(Ml}-values. 

2} As mentioned above, subject G was excluded from this shatist-
ical treatment. Instead, one of the tones produced by this 

subject was examined. On the basis of 9 pairs of frequency and 
pressure values a mean deviation was calculated which was found 
to be -0.0202% (standard deviation: 0.1929). 



■ 

20 -
15 • 

10 -
5 • 

0 - - I 

243 

-X 
I 

' I 

f 
I 
I 
I 
I 
t 

' t 
I 

t 
t 
I 

' I 
I 

-2 -1.5 -1 -0.5 0 0,.5 1 1.5 2% 

i=0.11 ; S=0.70 

Figure 9 

Histogram showing how tones blown by human subjects deviate 
from the frequencies. calculated on the basis of mechanical 
blowing. (Deviations are expressed in per cent.) 
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constantly in contact with the subject's fingers during the ex­

periments. (Note that heating of the recorder via the fingers 

plays a considerably greater role than heating via the airstream 

entering the mouthpiece during blowing.} 

It is understandable that the deviations have values other 

than zero. Firstly, the degree of accuracy as well as the fluctu­

ation of temperature must be taken into consideration. But, 

secondly, the deviations may be due in part to variations in the 

concentration of water vapour and carbon dioxide in the airstream 

during natural blowing. With notes requiring a great consumption 

of air it can often be observed that the frequency curve declines 
-

smoothly in relation to the pressure curve, which can be explained 

like this: the bore of the recorder is gradually filled with air 

exhaled from the lungs, so that the concentration of carbon dioxide 

is increased. See fig. 10 for an illustration of this relation-

h . 1 
S 1p. 

1) This interpretation of the observed differences in frequency 
for the same blowing pressure is based upon the fact that the 

exhaled air entering the t~be of tb~ reco~de~ wilt have a higher 
density with increased co2 content. With increasing density 
the sound velocity will decrease, as a consequence of which 
the resonance frequency and, hence, the blowing frequency will 
be lowered (cf. Coltman 1966 p. 103; Backus 1969 p. 43-44; 
~ederveen 1969 p. 17-18; Meyer 1966 p. 13). 

Bouhuys (1964 p. 9711 shows a record of the breath-to-breath 
variations in end-tidal expired CO2 concentrations, which range 
from 1.94 to 5.48% in the complete recording from the subject in 
question (a clarinet player}. In recorder playing a CO2 conten~ 
of 1.94% would have a flattening effect of 0.51% (-8.8 cents), 
and a co2 content of 5.48% would have a flattening effect 
amounting to 1.4% (-24.7 cents). 

(It may be added that different values of the CO2 concentration 
in exhaled air are given by Roos (1936 p. 23) and Coltman (1966). 
Roos measured a CO2 content ranging from 5.772% to 6.726% in the 
rest of the supplemental air collected in a sample tube after 
playing a tone for 19 and 43 seconds, respectively. Coltman, who 
probably collected air from the very beginning of the exhalation, 
filled a tube with breath and found that the resonance frequency 
of this closed tube was 12 cents (some 0.7%} lower than that of 
the same tube filled with saturated moist air at the same tempera­
ture. Coltman concludes that this change in frequency corresponds 
to a calculated co2 content in the exhaled air of 2.5%.) 
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Fig. 9 above showed how the (mean} deviations for all tokens 

cluster around a mean value. According to this histogram the 

curve material is not subject to any considerable uncertainty. 

Exception must, however, be made for the six tokens referred to 

earlier, which were left aside because the pressures measured 

were inadequate with mechanical blowing. The reliability of the 

remaining bulk of data is suggestive of a basic difference be­

tween the six tokens and the rest, and it is worth while looking 

for a specific explanation fdr them. 

Out of the six tokens four were played by subject A, and 

the remaining ones by subject B, i.e. the two most professional 

players in the whole group of subjects. As for the oral articu­

lation of the player, four out of the six tones were played with 

intended vowel position u, and two with intended vowel position 

!. , i.e. the two positions which - unlike vowel position a 

may serve to impede the airstream at the lips. It is, moreover, 

noteworthy that the lower notes are predominant among these six 

special cases, cf. the following survey: 

tone F5, intended vowel position i 

subject A " II II " u 

tone A4, intended vowel position i 

" " " II u 

tone c6, intended vowel position u 
subject B tone A4, intended vowel position u 

On the basis of these instances it seems reasonable to venture a 

hypothesis according to which the aberrant measures have a physio­

logical cause: professional players - like subjects A and B -

use a constriction of their lips to reduce the airstream from the 

mouth to the windway, if such a use of the lips as a controlled 

valve is necessary, e.g. in the production of tones of low frequency. 
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Figure 10 

Variations in blowing pressure (lower curve} and funda­
mental frequency (upper curve} during subject D's intoning 
of note F5 . The deviations of instantaneous frequencies 
from calculated frequency are found to vary from ea. 
-0.1% at the beginning of the tone to ea. -1.2% towards 
the end of the tone. The pressure curve shows that subject 
D used a blowing pressure of ea. 25 mm H2o on an average. 
This is a high value considering that the test instrument 
requires only 12.5 mm H2o for the intonation of F 5 in 
accordance with.the equal-tempered scale based on A4 = 
440 Hz (the frequency of F 5 then being 698 Hz}, cf. fig. 
20 at_the end of this paper. - In this particular case, 
the decrease in "deviation" during the sustained tone, 
which has a duration of only some 2.5 sec, is unusually 
large, probably because the consumption of air is extremely 
high as a consequence of the relatively high blowing pres­
sure employed .. 

Figure 11 

Schematic drawing showing the placement of probes a, b, and c 
for measuring the static pressure in the windway during tone 
production. Cf. fig. 12. 
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In fact, the X-ray recordings do show an activity of this 

very kind, although it is only occasionally that the constrictions 

seem strong enough to produce the effect on measurements which 

is found in the six aberrant tokens. 

In order to estimate more concretely the risk of erroneous 

measurement and to develop an effective control on the reliability 

of the pressure measurements for use in supplementary studies, 

experiments were made with another recorder, which was provided 

with three extra probes (apart from that corresponding to probe I 

in fig. 3a} for measurement of the static pressure at three places 

in the windway. 1 The placement of these extra probes is shown in 

fig. 11. 

Using this arrangement, several tests were made to determine, 

both with mechanical and natural blowing, the static p·ressure in 

the windway at probes a, b, and c as a function of the blowing 

pressure. 

Some of the values registered with the additional probes 

and using mechanical blowing under conditions of "unimpeded flow" 

(cf. fig. 6c). are depicted in fig. 12. A linear relationship 

is observed between oral pressure and the static pressure at the 

various measurement points in the windway, which means that, 

under these conditions, the oral pressure can be calculated from 

a pressure measurement taken in the windway. That, for a given 

blowing pressure, successively falling values oc~ur for the 

pressures read at probe a, probe b, and probe, is hardly sur­

prising, since a similar decline in pressure always occurs 

with a conducting tube of constant dimensions. However, these 

drops in pressure have a special importance in the subjects 

under discussion. 

From figs. 6a and 6b it •is easily observed that the pro­

trusion of the lips can extend the windway and, in those cases 

l} Static pressure may be defined as the pressure acting in all 
directions at a point in a fluid (Ower 1966 p. 6). 
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Static pressure measured in the windway of a test recorder during 
mechanical blowing. The static pressure is given as a function 
of the blowing pressure in the artificial mouth. Stars= measure­
ments made with probe a; small filled circles= measurements 
made with probe b; large filled circles= measurements made with 
probe c, cf. fig. 11. 
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where the transition between the lip opening and the windway is 

so smooth. that the airflow does not strike the aperture of bore I 

in the tip of the mouthpiece, probe I will assume the same status 

as probes a, b, and c, which register successively falling values 

for the static pressure as the air flows downstream. However, 

the strictest requirements for the procedure to be followed when 

measuring "wall static pressure" {Ower 1966 p. 139-140) will 

hardly be fulfilled at probe I, so the pressure registered at 

this probe may be expected to exhibit random variations slightly 

below the true oral pressure. 

A different situation is produced if the opening of the 

lips is made especially narrow compared to the size of the wind­

way. In this case, the conditions for measuring static pressure 

at probe I cease to be sufficiently stable (cf. Ower 1966 p. 78 

concerning "fully-developed pipe flow", and p. 139 ff), and a 

drastic reduction of the pressure at probe I may easily result. 

After the results of these tests using mechanical blowing 

were known, a series of supplementary investigations were carried 

out at the Institute of Phonetics with the cooperation of subject 

A. The recorder used was the same one that was employed earlier 

in the main series of recordings with subjects A - G, but it had 

now been provided with an additional probe (probe II, fig. 3b) 

for registration of the static pressure halfway down the windway, 

i.e. at a point corresponding to that at which probe b (fig. 11) 

was inserted in the other test instrument. 

The subject was first requested to improvise passages of 

as different character as possible on the test instrument, so that 

the possibility of measurement errors at probe I during free play 

could be investigated. This was done by comparing the pressure 

curve from probe I with the frequency curve and the pressure curve 

from probe II. 

Although the test was repeated many times, no irregularities 

were observed. Only when the subject was asked to form a very 

marked narrowing of the lips while playing a sustained tone 
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did an aberration from the normal relationship between the curves 

occur, viz. the effect shown in fig. 13. It will be seen that 

the frequency curve and the two pressure curves first follow each 

other monotonously (in accordance with Bak 1972), but that farther 

along, the pressure curve recorded at probe I begins to fall off, 

while the pressure curve recorded at probe II and the frequency 

curve continue unchanged. This effect of the narrowing of the 

lips has been shown to be reproducible. 

Earlier in this paper it was hypothesized that the lips 

function as a reducing valve in the case of subjects A and B. 

This hypothesis can be substantiated by consideration of the 

cineradiographic material recorded as part of the present investi­

gation. If one observes the moving X-ray pictures it is possible 

to see directly that the jaw, tongue and lips move to a greater 

or lesser extent during recorder playing. This is true of all 

subjects. Among the more significant movements it deserves 

mentioning that the tongue creates a larger oral cavity for high 

tones compared to low tones. Similarly, the jaw is lowered for 

the production of high tones and thus contributes to the same 

effect on the size of the oral cavity. However, it is more 

important' that movements of the jaw influence the aperture at 

the lips and hence the functioning of the lips as a reducing 

valve. 1 

Fig. 14 serves to provide a documentation of the most 

essential jaw movements during recorder playing. It depicts the 

curves obtained by simultaneous X-ray, pressure, and sound re­

cordings of a melodic sequence played by subject A. The notes 

to be performed are shown at top, an oscillogram of the audio 

signal at bottom, and the pressure curve is placed just above 

the oscillogram. Between the pressure curve and the musical 

1) Note that the tongue and jaw movements, which are charac­
teristic of all the subjects, are strikingly at variance 

with the contention of the vowel theory. 
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notation the movements of the jaw are depicted as a broken curve. 

Each point on this curve marks the distance from the edge of the 

lower front teeth up to a line connecting the edge of the upper 

front teeth with a characteristic point on the hindmost molar in 

the upper part of the mouth, see fig. 15. The X-ray film has 

sixteen frames per second. In this part of the film the just 

mentioned distance was measured on every frame, so that there is 

a dot - representing a ~easurement - every one sixteenth of a 

second. 

It is seen that the jaw movement follows the same general 

pattern as the pressure curve and the musical notation. 1 There 

are also indications of movements associated with the attacks -

but they are more difficult to interpret, one reason being that 

there is a minor uncertainty with respect to the synchronization 

(it is possible that there is a constant offset of a magnitude 

of a few centiseconds between the curve depicting jaw movement 

and the other curves). 

In comparison with the other subjects the jaw movements 

tound with subject A were unusually small. Fig. 16 shows how a 

section of the same musical passage is performed by another sub­

ject, D; here the scale for the jaw movement curve has been com­

pressed to half the size it had in fig. 14, but still the excur­

sions of the curve are greater than for subject A. The fact that 

subject A has such small movements of the jaw may be taken as an 

indication that this subject employs a narrower reducing valve 

than the other subjects. 

4. Discussion 

The experiments reported here served to test two predominant 

views of blowing technique. These can be characterized briefly 

as follows: 

1) Note the peculiar jaw movement at the note F 6 (in fig. 14 
above), which can be explained as a reflex reaction to a 

failure in the attack. 
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ll The "vowel theory" or "resonance theory 11 contends that 

a good command of alternating vowel positions is a necessary com­

ponent of the technique of recorder playing. This emphasis on 

vowel positions has been motivated in terms of an assumption 

about the mouth-throat resonance being an integral part of the 

acoustical characteristics of recorder playing. It is character­

istic of many adherents of this theory that they advise their 

students to develop their proficiency in switching among vowel 

positions rather than training their command of variations in 

blowing pressure. 

The just mentioned theory is met with in specialist litera­

ture written in German, but this does not mean that its acceptance 

is limited to a definite, geographical area. One of the clearest 

presentations of the theory that I know of is by the French acou­

stician E. Leipp (19621_, who is wholeheartedly in favour of it 

with regard to wind instruments in general. 

2} According to the opinion that is prevalent in school 

recorder tutors in English vowel positions are of no importance, 

since the mouth and throat are simply part of an air channel 

through which the expiratory air must pass unimpeded from the 

lungs to the windway of the recorder. This school particularly 

emphasizes the importance of being proficient in varying the 

blowing pressure during recorder playing. As a consequence of 

the requirement of "unimpeded flow of breath", the regulation of 

blowing pressure is assigned exclusively to the respiratory 

muscles. 

The above division of current viewpoints into two main 

theories was useful in connection with the establishment of a 

research program for the present project. On the other hand, 

there are several differences of viewpoint among the pedagogues 

which are interesting in themselves but which fail to emerge in 

a discussion within this simplified framework. To take one 

example, the division into a resonance theory and an unimpeded­

flow-of-breath theory leaves no room for a special version of 
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the latter which is presented quite briefly by the English 

musicologist A. Baines (1963 p. 721. Baines adheres, without 

any reservation, to the traditional conception (shared by the 

different schoolsl according to which the recorder player is 

deprived of control of the airstream by means of the lips and 

hence must resort to other means. For the purpose of "keeping 

the notes steady in pitch through the rise and fall of loudness 

demanded by musical expression" fingering is used, but in addi­

tion Baines suggests that "it may be that the throat comes into 

play, being more relaxed in the forte to allow a full stream of 

air to pass into the instrument; and more tightened in the piano, 

to send forward a thinner stream of air at the same speed, so 

that the note keeps its pitch but has less volume". Baines' 

statement seems to imply that the respiratory muscles serve to 

establish a relatively constant subglottal pressure, the admission 

of air to the instrument being regulated by the larynx muscles. 

The preceding summary of the issue will now be followed 

by an attempt to explain the above mentioned, strongly divergent 

views of the use of oral control mechanisms in recorder playing. 

The X-ray material and the Mingograph curves of the present 

project give ample documentation of the activity of the articu­

latory organs and the variations in blowing pressure. After 

having occupied himself with this material for an extensive period 

of time, the author has acquired a definite impression to the 

effect that recorder playing of good quality requires the same 

precise interplay among the muscles of the articulatory organs 

as does speech or singing. This activity is performed with a 

precision which suggests that it is controlled - like in speech 

and singing - via highly developed nerve patterns with intimate 

connections to the conscious and (particularly} the subconscious 

brain mechanisms, and probably includes the associated, essential 

feedback mechanisms as well. 

On this background it is interesting that the present ex­

periments indicate that this highly developed command of the 
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articulatory muscles is utilized here for a basically different 

purpose than in speech and singing: in recorder playing it seems 

to serve solely to control the stream of air admitted to the 

instrument. In practice this is implemented by establishing re­

duction valves as described earlier. As mentioned above, Baines 

points to the possibility that the larynx muscles are used to 

control the airstream. Since the function of the larynx was 

outside the scope of the present investigation, there is no 

possibility of testing Baines' interesting hypothesis in this 

context. 1 However, the present investigation gives evidence for 

another controlled reducing valve being used by skilled pro­

fessional· players, viz. their lips. Moreover, there is reason 

to assume that the tongue, which functions as a closing/opening 

valve, also contributes to the ever important airstream control 
2 

during sustained notes. 

It is pertinent now to ask whether any alternative theory 

can explain the marked theoretical discrepancies among the 

schools. This question can be answered in the affirmative. 

For the sake of clarity we shall start by hypothesizing 

two different, extreme cases: 

(Il A recorder player who really lives up to the stringent 

requirement of "unimpeded flow of breath' .. as prescribed by the 

'".English. scho61" must obviously do anything he can to train his 

respiratory muscles to perform the task of varying the blowing 

1) It must be stated, however, that the present investigation 
does not lend support to Baines' assumption as regards the 

effect of airstream control (i.e. to vary the volume of tone 
whilst keeping the pitch constant, according to Baines). Under 
condition of unimpeded flow above the glottis during the blowing 
of a note a widening of the glottal slit would inevitably result 
in increased oral pressure. Such a change in pressure would, in 
turn, cause the fundamental frequency to rise, as established by 
the research reported in this paper. 
21. The question whether a constriction of the airstream (in, terms 

of "tightened throat" or half-closed lips)_ produces a change 
in tone or volume is touched upon by Rowland-Jones (1973 p. 107). 
Rowland-Jones contends that "there is no analogy with the flute here". 



259 

pressure (this is, in fact, emphasized by that school}. There 

is no alternative possibility for him to adapt the blowing pres­

sure to the ever changing conditions in his performance of music. 

(II) A recorder player who, instead, regulates the admis­

sion of air by means of a lip function while keeping the pulmonic 

air pressure relatively constant, is blowing under markedly dif­

ferent physiological conditions, since (i} the respiratory muscles 

now work in a very different, slower rhythm, and (ii} the intra­

oral air pressure will, on an average, be higher because of the 

resistance introduced at the lips. 

These relationships are mentioned here because they may 

underlie the cleavage between the different schools. This becomes 

evident if one considers the situation of recorder players 

trained within the school represented by pedagogical literature 

in German ( "vowel theory") . These persons do not a· pr·iori repre­

sent any of the two extremes described above, but since they have 

not been warned against impeded flow to the same degree as pupils 

of the "English school", it is conceivable that a greater number 

of them actually use their lips as a reducing valve (even if 

they are not conscious about their use of this mechanism}, as did 

the most proficient subjects of the present investigation. 

This would reduce the necessity of using the respiratory muscles 

for rapid changes in air pressure (see item (II,i) above}, and 

it is natural that such players come to give a lower priority to 

the training of their command of overt variations in air pressure 

(air supplyl than is usually done within the "English school". 

This attitude is in good agreement with the general statements 

of the vowel theory. 

It is more difficult to suggest a plausible explanation of 

why the vowel theory prescribes the use of "vowel positions" 

going with different pitches, although the positions in question 

are in fact not used in recorder playing (as shown by the investi­

gations of the present author). 
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The vowel theory is often explained with reference to the 

acoustics of the organ. The organ pipe has two separate cavities, 

the pipe foot and the pipe body, which are almost separated by 

a metal plate. There is a possibility of coupling between the. 

two cavities via a slit - the flue - through which the blowing 

air leaves the pipe foot along the edge of the just mentioned 

metal plate, producing a jet which is an integral part of the 

sound generating mechanism that sets the air column in the pipe 

body in vibrations (note that the tone production is based on 

the same principle as that of the recorderl. It has been assumed 

that there is a significant acoustic coupling between the cavi­

ties below and above the flue when the pipe is blown, and a tone 

is produced, and it is natural enough that this viewpoint has 

been transferred to the mechanism of tone production in the 

recorder. The analogy obviously gives weight to the contention 

that the oral cavity should vary in size according to the pitch 

intended in blowing the recorder. This may help to understand 

the theoretical attitude of the school in question. However, 

recent experiments with organ pipes indicate that the acoustic 

coupling in fact loses its importance as soon as there is a 

perceptible airstream, i.e., it can be concluded that the pipe 

foot does not influence the resonator under normal conditions 

of tone production. 1 This is in agreement with the results of 

the present investigation of the recorder: the resonances of 

the oral cavity are of no importance in recorder playing. 

It is entirely possible that there is also an impression­

istic reason for the vowel theory. It should be noted that 

there is always a tendency for the oral pressure to be highest 

during the intonation of the most high-pitched notes (cf. fig. 

17), even in cases in which the magnitude of the pressure is 

influenced by the function of the reducing valve. It must be 

1) Kuhn 1940 p. 23; Sundberg 1966 p. 89. 

- I 
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assumed that the person playing the recorder is more likely to 

feel his oral pressure if there is a resistance at the lips (cf. 

item (II,iil above). Now, an investigation of spoken syllables 

with different vowels (Brown 1973 p. 141-151) has revealed that 

there are specific levels of intra-oral air pressure associated 

with different vowels. If, possibly, the subjective impression 

that one is using definite "vowel positions" is not primarily 

a matter of muscular feeling but rather due to the person's un~ 

conscious sensing of his own intra-oral air pressure, we will 

be facing the following paradox: with high notes the recorder 

player feels an /i/-like "vowel position" (because of the higher 

pressure), and with low notes he feels an /u/-like "vowel posi­

tion" (because of the lower pressure), even if it is really the 

other way round as regards the shape of the oral cavity. 1 

5. Conclusion 

The physiological conditions of recorder playing were 

investigated by means of continuous X-ray recordings along with 

simultaneous registrations of blowing pressure and recordings 

via a microphone of the tone emitted by the recorder. 

The results of analyses of this material disagree on 

essential points with the principles of blowing technique ad­

vocated by existing schools. As a consequence of this, an alter­

native theory is put forward, a theory which implies that the 

blowing technique used with the recorder is probably less funda­

mentally different from that used with the transverse flute than 

has hitherto been assumed: in both cases, it seems, an important 

lip function is employed. 

1) Brown (1973) found that the mean intra-oral air pressure 
during the production of the syllable "di" was slightly 

above 35 mm H2o. During the production of "du" and "da", the­
air pressure was lower. 
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This paper has dealt at length with problems having to do 

with the technique of measurement employed in measuring blowing 

pressure. Hopefully, the solutions found to some of these 

problems can be utilized in connection with future measurements 

of a similar kind. For example, it was found that there is 

frequently a greatly varying resistance to the airstream at the 

lips, and that, for this reason, a system resembling a pitot-

tube (such as probe I of fig. 3) is preferable to a system 

measuring the intra-oral air pressure. Under extreme aerodynamic 

conditions the pitot-tube system may fail, however. But such 

failure may be detected if the static pressure in the windway is 

measured at the same time, since this pressure has been shown to 

be proportional to the total pressure measured with the pitot­

tube under conditions of no disturbance. 

The occasional disturbance of the pitot-tube measurements 

indicates that at least the most proficient recorder players 

among the subjects for the present investigation make use of 

varying constrictions at the lips. The X-ray recordings show 

that these constrictions serve to control and stabilize the 

transfer of energy to the instrument. 

It may be mentioned in this context that the X-ray re­

cordings make it possible to observe many different movements of 

the articulatory organs during recorder playing. Several of 

these are very clearly associated with the musical expression, 

and may undoubtedly give interesting differential· information 

on the individual characteristics of the subjects. However, 

with the exception of the control of lip constriction dealt with 

above, the gestures are generally too complex to be interpreted 

with any certainty on the basis of the present material. 
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Legend to figs. 17-19: 

Figure 17 shows the blowing pressure of some of the subjects 
during repeated performances of the notes shown at top. (In 
subject D's second recording the end of the final note has been 
cut off for considerations of space.) 

The second recording of subject A was dealt with above in 
connection with fig. 14. The attack of F6 in subject B's second 
recording is likewise found to be rather unsuccessful. It is 
possible that the marked pressure rise at the beginning of note 
F6 may be interpreted as a correcting gesture. 

As for subject D, possible risks of failure in the attack of 
F6 are, as it were, circumvented by this subject's use of un­
usually high blowing pressures. 

Because of a hysteresis effect it seems generally necessary 
to perform the attack of high notes with a relatively high 
blowing pressure. After the starting transient, however, the 
pressure can be safely lowered to its normal level (according 
to fig. 20 below} during the sustained tone, cf. subject B's 
third recording. 

Figure 18 shows Professor Conrad's performance of the same 
musical sequence as in fig. 17. 

Figure 19a, b, c: pressure curves serving to illustrate indi-' 
vidual styles of recorder playing. All curves refer to per~ 
formance.s of the melodic sequence given in musical notation at 
the top of fig. 19a. Only the sections indicated are included 
in the illustrations of blowing pressure. 

For subject Band Professor Conrad, two different recordings 
are shown. It is noteworthy how similar the repetitions are to 
the first recordings, although there was a considerable break -
filled by recordings of other parts of the program - between the 
two performances. 
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from Telemann: Sonat• In F major 
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Figure 17 
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Figure 18 



266 

from T8lemann: ~onata in C major, 2.movement 
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Figure 20 

Mechanical blpwing pressure adequate for the equal­
tempered A 440 scale with the test recorder used in 
the majority of experiments. 
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6. Appendix: Individual characteristics 

More than one pressure registration for the same subject's 

execution of a musical passage is included in figs. 18 and 19b,c 

in order to demonstrate the extent to which individual character­

istics in the curves are reproduced when the same passage is 

recorded repeatedly. This reproducibility is also seen to ob­

tain even when other music has been played between the test 

recordings, as was the case with Professor Conrad and to some 

extent with subject B. 

The curves in figs. 17 - 19 are also included for the pur­

pose of illustrating the individual characteristics of the subjects. 
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PROBLEMS IN THE USE OF THE PHOTO-ELECTRIC GLOTTOGRAPH1 

Birgit Hutters 

Abstract: This preliminary study originates in some of the 
recurrent problems encountered at this institute 
in the course of several years of working with the 
photo-electric glottograph. The relationship be­
tween the amplitude of the glottogram and the 
glottis aperture is studied by means of synchronous 
glottographic and fiberoptic recordings of the 
glottis during the articulation of long, unvoiced 
consonants in syllables with emphatic stress. 
According to this study, one does not very often 
find a linear relation between the glottis aperture 
and the amplitude of the glottogram. It is pointed 
out that the non-linearity may be caused by one or 
several factors affecting the amplitude of the 
glottogram. This non-linearity is crucial for the 
interpretation of the amplitude of the glottographic 
curve. 

1. Introduction 

Photo-electric glottography, 2 like most other methods of 

registration, entails some important sources of uncertainty, 

which must be taken into account in the application of the 

method. 

1) Part of the thesis for the cand.mag. degree, completed in 
May, 1975. I am most grateful to J~rgen Rischel, Svend E. 

Lystlund, Mogens M~ller, and Hajime Hirose for many valuable 
suggestions and an inspiring guidance. 

2) The reader is referred to Sonesson 1960, Malecot and Peebles 
1965, Ohala 1966, and Fr~kj~r-Jensen 1967 for a general intro­

duction to the method of photo-electric glottography. 
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The present paper summarizes a preliminary study of 

problems in the interpretation of glottograrns. The experiments 

to be reported originate in some of the recurrent problems en­

countered at the institute of phonetics in the course of several 

years of working with the photo-electric glottograph. 

2. A view of the relationship between amplitude of the glotto­

gram and glottis aperture 

One of the problems associated witn the photo-electric­

glottograph is the relationship between glottis aperture and the 

a~plitude of the glottogram: Is there a linear relation between 

these two variables, i.e., does a chang~ in the amplitude of the 

glottogram correspond to a proportional change in glottis aper­

ture? 

I know of only one methodological study - in a narrower 

sense~ of that problem. R.F. Coleman and R.W. Wendahl (1968} 

made synchronous high-speed film and glottographic recordings 

of the vocal fold vibrations in order to compare the variation 

of the glottis ~rea and the variation of the glottograrn during 

a vocal fold vibration. The authors (1968, p. 1734) conclude: 

"••• that while photocell monitors, under controlled conditions, 

may provide an indication of laryngeal periodicity, relating 

waveforms thus derived to glottal area is not only hazardous 

but invalid in many cases." The authors may be right, but the 

glottograms shown in the article look so strange that it is 

tempting to conclude that there was something wrong with the 

glottographic set-up. 

In contrast to the results just cited R.J. Harden (1975} 

concludes - likewise on the basis of synchronous high-speed 

film and glottographic recordings of the vocal fold vibration -

tt+at "Although the correspondence between the curves is not exact 
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in modal and vocal fry register phonations the photoelectric 

cell does appear to be capable of generating reasonably approxi­

mate information." (p. 734}. 

In the following subsections some of our general experi­

ences about sources of error in the use of the photo-electric 

glottograph are presented, serving as an introduction to the 

experiments to be reported later in this paper. 

2.1 1 Factors influencing the amplitude of the glottogram 

First of all, it is important to know whether the glotto­

graphic set-up itself has a non-linear performance in some p~rt 

of its registration range, since the input-output characteristics 

of the set-up are decisive for the relationship between glottis 

aperture and the amplitude of the glottogram. But even if the 

voltages occurring during the glottographic recording are with-

in a linear range, many other factors may influence the ampli­

tude of the glottogram. 

These other factors are partly associated with the light 

source and its position in relation to the larynx, and p~rtly 

with the phototransducer and its position. 2 

2.1.1 The light source 

The position of the light source in relation to the glottis, 

as well as the diameter and direction of the light beam, influ­

ence the glottogram to a considerable degree. If, for instance, 

it is the hindmost part of the glottis that is illuminated, the 

light will be strongly modulated by small movements of the carti-. 

11 The factors influencing the zero line level and the temporal 
variation of the glottogram will not be treated in this 

paper. For a brief survey of sources of error, see Fr~kj~r-Jensen, 
Ludvigsen, and Rischel 1971. 

2} This study is based on the set-up employed at our institute, 
in which the light source is placed in a subglottal position 

and the transducer in a supraglottal position. If the two are 
placed in the reverse positions, the problems should, in prin­
ciple, be the same. 
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laginous glottis. If it is the front part of the glottis that is 

illuminated, the light will be strongly modulated by small move­

ments of the vocal folds. Therefore, with the first mentioned 

position of the light source, the glottogram will show a great 

difference between the maximum amplitudes of the two functions 

of the glottis, viz. the vibratory pattern and the gross move­

ments; with the second position, on the other hand, the glotto-

gram will show a smaller difference. This means that it cannot 

be taken for granted that there is a linear relationship between 

glottis aperture and the amplitude of the glottogram with different 

functions of the glottis, and certainly not if a light source is 

used that illuminates only a part of the glottis. 

If the larynx, and thus the glottis, is moved relatively.to 

the light source the relationship between glottal configuration 

and light entering the pharynx via the glottis slit may be altered. 

This will affect the amplitude and thus the relationship between 

glottis aperture and the amplitude of the glottogram. Care must 

therefore be taken to ensure that, during a recording in which 

amplitudes are to be compared, the subject does not move. If such 

movements do occur a comparison between successive data is rather 

doubtful, even within the~ function of the glottis. It is 

very difficult, as will be demonstrated later, for the subject to 

remain in exactly the same position in relation to the light 

source for any long period of time. it is, of course, not possible 

to prevent the larynx from altering its position in normal speech. 

Light reflected from the structures above the glottis may 

also influence the amplitude of the glottogram. This reflected 

light may vary both as a function of variations in the position 

of the larynx and as a function of changes in the structures 

above the glottis. 

2 ~ 1. 2 The ;§>hototransduc·er 

The factors mentioned above, which may influence the ampli­

tude of the glottogram, should be seen in relation to variations 



279 

in amplitude which are due to the phototransducer and its posi­

tion in the pharynx. 

It may be of great importance that the phototransducer does 

not alter its position during a recording, especially if the 

transducer is rather directional, i.e. picks up light only within 

a rather small angle, Furthermore, the transducer is hardly 

equally sensitive in all directions within the angle in which it 

picks up light, which aggravates the problem. The position of 

the phototransducer may be altered both by movements of the 

subject's head and neck and by the transducer tube being pushed 

about by the velum, the back of the tongue, or the pharyngeal 

wall. 

The first problem can be solved by fixing the subject's 

head. The second problem can be solved to some extent by fixing 

the polyethylene tube containing the transducer in the oesophagus 

(Malecot and Peebles 1965, Ohala 1966). Furthermore, sounds with 

a pharyngeal articulation should probably be avoided. The optimal 

position of the transducer and whether it is to be fixed or not 

depends on the light source (its position and the diameter of the 

light_beaml, and on the directional selectivity of the transducer. 
, 

Structures above the glottis (as, for instance, the root of 

the tongue and the epiglottisl may with certain articulations and 

types of phonation enter the light field in the pharynx and reduce 

the quantity of light picked up by the transducer. This may 

greatly affect the amplitude of the glottogram. 

A potential source of uncertainty is the fact that the 

phototransducer is sensitive to temperature variations. Malecot 

and Peebles have eliminated thl~ source of uncertainty "by pro­

viding the subject with an air supply heated to body temperature 

from an electric heater and blower connected to a Bennett face 

mask." (Mal~cot and Peebles 1965}. But, unfortunately, the 

authors do not explain how important temperature sensitivity is 

to the glottographic output. 
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3. A study of the relationship betwe.en the .amplitude of the 

glottogram and glottis ape.rture 

The study I am going to survey here covers only a small 

fraction of the complex of problems mentioned in the above section. 

3.1 The purpose of the study 

I chose to approach the problem of the relationship be-

tween the amplitude of the glottogram and glottis aperture by 

studying fairly large glottis apertures, i.e. apertures of such 

dimensions as may be found in the case of long unvoiced consonants 

in syllables with emphatic stress. The reason for this choice 

being that under these conditions iit was possible, with our out­

fit, to take photographs of the glottis which would serve to 

determine the glottis aperture - viz. by means of a fiberscope 

connected with a still camera. As there was no possibility of 

photographing successive variations of the glottis aperture, the 

study was made on the basis of three fixed glottal positions and 

synchronous glottographic recordings. At best, this study will 

show whether it is possible, on the basis of the amplitude of the 

glottogram, to obtain information about the relative size of 

rather large glottis apertures. 1 

3.2 The instrumental set-up 

The central components of the instrumental set-up 1 which 

is shown in fig. 1, are the photo-electric glottograph and the 

fiberscope with a still camera ~onnected to it. 

The glottograph of this study is a modified version of the 

photo-electric glottograph described by Fr~kj~r-Jensen (1967, 

1968}. The light from a light source fed with DC current is led 

1) One cannot, by this approach, get any absolute information on 
the glottis aperture, since the photo-electric glottograph 

cannot be calibrated with living larynges (van den Berg 1968}. 
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to the larynx through a 40 cm long, conic plastic rod, The dia­
l meter of the rod is 1 cm at the larynx end. The phototransducer 

(Texas Instruments LS 4001 is contained in a protecting poly­

ethylene tube with an outside diameter of 3 mm. The transducer 

is inserted through the nose into the pharynx. In order to secure 

the transducer in a relatively stable posicion in the pharynx 

it is fixed at a distance from the lower end of the transparent 

protecting tube which is swallowed into the oesophagus. The tube 

containing the transducer is, furthermore, fixed to the subject's 

cheek. The glottographid signal is led partly to the oscillo­

scope (Tektronix 5103 N), partly to the DC tape recorder (Lyrec 

TR 861. The fiberscope (Olympus VF, type 4A) is described by -

Sawashima and Ushima (1971). The diameter of the optic cable is 

4.6 mm, and the angle of the lense is 42°. It should be mentioned 

here that it is difficult to fix the fiberscope tube in a quite 

stable position during the articulation. The M-X synchronizing 

switch lever of the still camera attached to the fiberscope was 

used to synchronize the glottogram and the picture of the glottis. 

Furthermore, a microphone signal (Neuman KM 56) was recorded. 

After the recordings mingograms were made of the three signals: 

glottogram, synchronization pulse, and microphone signal (paper 

speed: 100 mrn/secl. 

3.3 Measurements on the synchronization and input-output 

characteristics of the set-up 2 

3.3.1 Synchronization 

The pulse from the M-X synchronizing switch lever (set at 

Ml was used to synchronize the photographs and the glottograms. 

1) This diameter of 1 cm is an arbitrary choice, since we have 
not yet made a careful study determining the preferable dia­

meter of· the light conducting rod. 

2l These recordings were made without human subjects. 
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As the switch lever and the shutter of the camera are not syn­

chronous, th.e time offset between the movements of these two 

parts was measured. In a special set-up the photo-electric glotto­

graph was used to determine the open period of the shutter. The 

transducer - placed in a cardboard tube - and the light conducting 

rod were placed on either side of the objective and the shutter. 

With this set-up the duration of the period during which •light 

was passing the objective could be registered, as well as its 

temporal relation to the pulse from the switch lever. The switch 

lever pulse and the "shutter pulse" were led to a storage oscillo­

scope, the screen of which was photographed. The time offset be­

tween the two pulses was detennined on the basis of these pictures. 

As it could not be taken for granted that the offset was the same, 

irrespective of exposure time, it was measured for different ex­

posure times. The difference in time between the start of the 

pulses was about 13.0 ms, irrespective of exposure time, the shutter 

lagging behind the switch lever pulse. In some cases it was diffi­

cult to determine the moment of cessation of the switch lever 

pulse, but it ended about 4.0 ms later than the shutter, regardless 

of exposure time. 

3.3.2 The input-output characteristics of the 

glottographic set-up 

It is important to know whether a non-linear relationship 

between the amplitude of the glottogram and glottis aperture might 

be due to the input-output characteristics of the glottographic 

set-up. 

The sensitivity of the transducer to variations in illumi­

nation 1 was checked. In a darkroom a set-up involving the photo­

electric glottograph, an enlarger, and a voltmeter was assembled. 

The transducer was fixed in a stand and placed below the diaphragm 

and the bulb of the enlarger. Care was taken to position the 

1) Or, properly speaking, "luminance". 
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transducer so that the whole angle within which the transducer 

was sensitive was inside the cone of light, irrespective of the 

aperture of the diaphragm. The aperture of the diaphragm was 

varied, i.e. the illumination was varied in well defined steps, 

and the corresponding voltage for each ste~ of the diaphragm was 

read off. In order to obtain enough steps the measurements were 

performed with two different distances between transducer and 

diaphragm, the greater distance being chosen so that the voltage 

for the greatest aperture of the diaphragm with this distance was 

equal to the voltage for the smallest aperture of the diaphragm 

with the smaller distance. These measurements were performed for 

settings 1 to 8 of the glottographic amplifier. The light picked 

up by the transducer in the pharynx is diffuse light, and the 

light used for these measurements was diffuse light, as well. 

In an earlier experiment the transducer was checked for sensi­

tivity to white and red light because the glottographic light in 

the pharynx belongs to the red part of the spectrum. There being 

no noticeable difference between the characteristic curves for 

white and red light, the subsequent measurements were made only 

for white light. 

In fig. 2 the voltages are shown as a function of illumina­

tion with setting 6 which is the setting used in the recordings 

(the division of the abscissa corresponds to steps in the aperture 

of the diaphragm; every step corresponding to a doubling of the 

luminance}. 

It seems evident that the glottographic set-up for setting 6 

has a non-linear characteristic curve in the lower end of the 

voltage range, which means that the relationship between glottis 

aperture and the amplitude of the glottogram cannot be linear in 

this lower end of the voltage range (unless this non-linearity 

happens to be neutralized by other factors}. - These findings 

imply that, in fact, the voltage ranges occurring in each of the 

glottograph~c recording sessions dealt with in the following 

sections should have been measured, in order to reveal whether 
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the voltage range for a given recording was within a linear range 

or not. Unfortunately, I did not realize this at the time when 

the recordings were made. 

Furthermore, the performance of the transducer at different 

angles of incident light with two different degrees of rotation 

was measured. The transducer was ground at the free end and the 

black paint had been removed in order to make it less directional. 

The position of the transducer was varied within an angle of 180° 

in relation to an immovable light source, and the output voltages 

were read off the glottograph. Two series of measurements were 

made, where in the second series the transducer was rotated 180° 

around its longitudinal axis relatively to its position in the 

first series. In fig. 3 output voltage is shown as a function of 

the angle of incident light. It is seen that the transducer picks 

up light within an angle of at least 150°, and that its sensitivity 

depends on the position of the transducer relatively to the light 

source. Furthermore, it is evident that the output voltage varies 

when the transducer is rotated around its own longitudinal axis, 

but such a rotation is not possible when the lower end of the 

protecting tube is swallowed into the oesophagus. On the other 
~ 

hand, the non-uniform sensitivity of the transducer as dependent 

upon the angle of incidence of light may influence the amplitude 

of the glottogram. Therefore, whenever light source and trans­

ducer change their position relatively to each other, it cannot 

be taken for granted that there is a linear relationship between 

the amplitude of the glottogram and glottis aperture, even if 

the transducer picks up the same quantity of light. Furthermore, 

in the case of two glottis apertures of different sizes, a linear 

relationship is not to be expected, even if the glottographic light 

is of equal density across the illuminated area of the glottis. 

I have not checked whether the sensitivity of the trans­

ducer to variations in heat caused by the inhalation and exhala­

tion of air, seriously affects the performance of the glotto­

graphic set-up used in these experiments. 
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Figure 3 

The performance of the phototransducer at 
different angles of incident light for two 
different degrees of rotation. 



288 

3.4 The material 

As mentioned above (section 3.11, this study of the rela­

tion between the amplitude of the glottogram and the aperture of 

the glottis is based on recordings of glottis apertures of such 

dimensions as may be found in long unvoiced consonants in syl­

lables with emphatic stress. In order to obtain information 

about this relationship it is necessary to record at least three 

glottis apertures of suitable difference in size. _.The choice 

fell upon the sustained consonants [g::J, [s::J, and[~::] em­

bedded in the following Danish sentences: "De viste lb billetten. 

De viste Li~ibyllen. De giger" (pronounced [gi 1~::i :A] with 

very strong emphasis on "-hi-"). The sentences were always said 

in this succession. In order to minimize the risk of inter­

ference from artifacts arising from tongue movements and move­

ments of the pharyngeal wall the sentences contained no velar 

or pharyngeal sounds. It should be emphasized that it was not 

the purpose of these experiments to study the glottal behaviour 

in the production of these consonants ([~] is not even found in 

normal Danish), but solely to obtain three glottal apertures 

differing sufficiently in size. Therefore, the position of the 

vocal folds in the production of the three sounds is called 

a, b, and c, respectively, and a recording of all three glottis 

apertures in succession is named an abc-series. 

3.5 Subjects 

Two phoneticians, highly experienced in experimental phon­

etics, acted as subjects: JR and BFJ. For subject JR 54 abc­

series were recorded over three sessions, for subject BFJ 53 abc­

series were recorded over two sessions. 

3.6 Light and exposure time 

Owing to the synchronous recording of the glottograms and 

the photographs the light source of the fiberscope set-up had to 

be switched off. The pictures were taken by the light from the 

j 
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glottograph passing the glottis slit from below. Consequently, 

these photographs do not show the actual structures of the 

larynx, but only the contours of some part of the glottis. 

Therefore, in order to control the position of the fiberscope 

pictures of the glottis were taken before and after each abc• 

series by the fiberscope light, i.e. with illumination from 

above. For th_ese "control pictures" the subject articulated 

a sustained [s::J. The two [s::]'es are indicated by Sands+, 

respectively. If the control pictures of an abc-series were not 

identical - indicating that the fiberscope had altered its posi­

tion - it was the intention to reject the series since the 

pictures of the glottis aperture within one abc-series can only 

be compared if they are taken under identical conditions. 1 

When taking the control pictures the glottographic light was, 

in most cases, also switched on in order to observe how the 

light from this source was passing through the glottis slit. 

The exposure time of the abc-series was 1/60 sec. The 

same exposure time could be used for the control pictures with 

an appropriate adjustment of the fiherscope light. 

The film was a Kodak TX 135-36. 

3.7 Positioning of fiberscope, transducer, and light source 

In the recordings described here the tip of the fiberscope 

was positioned rather close to the glottis in such a way that 

the glottis slit took up as much as possible of the field of 

vision. This was done in order to maximize the accuracy of 

measurement. But, consequently, it happened rather often that 

1) It should be mentioned that even if the control pictures are 
identical this is no guarantee that the fiberscope has not 

moved back and forth, or up and down, during the abc-series, but 
this can be checked only by means of a synchronous X-ray recording. 
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a minor part of the glottis escaped the visual field owing to 

movements of the speech organs. Thus; the position of the fiber~ 

scope had to be readjusted fairly often. 

In two recordings (JR 29/5 and JR 22/7} the light conducting 

rod of the glottograph was placed in such a way that the light 

entered the neck slightly below the cricoid cartilage. In this 

position the light passes primarily through the central part of 

the glottis slit. As for the position of the transducer of the 

glottograph the maximum voltage range was obtained when the 

distance between the transducer and the outer nostril was 16 cm. 

In all other recordings the rod was placed in such a way 

that the light entered the neck between the thyroid cartilage 

and the cricoid cartilage. In this position the light passed 

primarily through the anterior part of the glottis and the 

maximum voltage range was obtained when the distance between the 

transducer and the outer nostril was 14 cm. 

3.8 Measurements of the glottis aperture and the 

amplitude of the glottogram 

The negatives were converted into contour drawings by 

tracing a projection with a magnification of the order of 30:1. 

A microfiche viewer was used for this purpose. 

As the fiberscope cannot be calibrated (at least no such 

calibration has been described), the pictures yield information 

only about the relative size of the glottis aperture. The 

distance between the vocal processes is generally referred to 

as a measure of the glottis aperture. This distance is directly 

proportional to the glottis area, provided that the glottis is 

a triangle in which the baseline and the line drawn between the 

processes are parallel. 

The distance between the vocal processes could not be used 

in this study, partly because the light source illuminates only 

part of the entire glottis slit (in its longitudinal direction) 
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Control picture [s::] 

a [g::] 

b [s::] 

C [<;::] 

Figure 4 

Photographs of one abc-series including one 
of the two control pictures. The glottographic 
light passes the anterior part of the glottis. 
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if the cartilaginous glottis is open, and partly because the abc­

pictures reveal only the contour of the glottis. Therefore, an­

other line, parallel to the baseline of the glottis triangle, was 

used. As this relative measure of glottis aperture is to be 

used for a comparison, the line has to be drawn at the same 

distance from the anterior commissure of the glottis in all photo­

graphs. In order for the contour of the anterior commissure to 

be observable the light must pass the anterior part of the glottis; 

if it does not, the commissure must be determined by extrapolation. 

In some cases the extrapolation method was applied. In certain 

other cases I employed a constant distance from the upper limit 

of the field of vision. This method, which may be even more in­

accurate than the extrapolation method, implies that the glottis 

has a fixed position in relation to the upper limit of the field 

of vision throughout the recording of an entire abc-series. 

It should be borne in mind that the basic prerequisite for 

a comparison of glottis apertures on the basis of photographs 

taken through the fiberscope is that the distance between the 

glottis and the lens of the fiberscope is kept constant during 

the reco~ding. As mentioned above (footnote to section 3.6), 

this cannot be taken for granted, even in the case of identical 

control pictures. 

Fig. 4 shows photographs of the glottis contour for one 

abc-series and for one of the control pictures. The glottographic 

light is positioned in such a way that the light passes through 

the anterior part of the glottis. 

From the control pictures it is obvious that some trans­

illumination of the vocal folds occurs. How much cannot be de­

termined on the basis of the photographs because of the satura­

tion threshold of the film (cf. footnote to section 3.9). How­

ever, the error caused by the transillumination is probably the 

same for the three measurements of the glottis aperture within 
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b 
. 1 one a c-series. Another problem is whether the addition to the 

amplitude of the glottograrn, caused by the transillurnination of 

the vocal folds, is constant - irrespective of the glottis aper­

ture - which is probably not the case. So, here we may have 

another source of uncertainty to the glottographic method. 

The amplitude of the glottogram was measured 10 ms after 

the start of the switch lever pulse. As mentioned before, the 

exact time lag between the start of this pulse and the shutter 

was 13 ms. But truly precise determination of the start of ex­

posure seems to be rather meaningless, considering the inaccuracy 

introduced by other parts of the adopted procedure. When the 

amplitude of the glottogram varied no more than 1 mm during the 

exposure, the average was measured. The glottogram was rejected 

if the variation exceeded 1 mm. The zero-line level was arbi­

trarily determined, but it is, of course, fixed within each abc­

series. 

3.9 Results 

Out of 107 abc-series 64 series were rejected for one or 

several 0£ the following reasons: 

ll The picture had been taken too soon or too late in relation 

to the consonant 

2)_ The glottographic signal was overloaded 

3)_ The fiberscope was not in a stable position 

4) Both the amplitude ·a·nd the relative glottis area differed 

very little, i.e. 1 mm or less, from a to b or from b 

(i.e. the series is not sufficiently informative) 

5). The variation of the glottographic curve exceeded 1 mm 

during the exposure. 

to C 

It is obvious that one rejected recording within an abc-series 

entails a rejection of the whole series. 

ll Since the difference in size between the observed light spot 
and the illuminated part of the glottis slit seems to be con­

siderable, it is obviously desirable to develop a different pro­
cedure in which the pictures are taken with light from above, the 
glottographic light being intermittently switched off, triggered 
by the camera. 
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Actually, the requirements were satisfied only in a few 

cases, inasmuch as the position of the fiberscope (or of the 

larynx) changed in most cases during the recording of an abc­

series. Still, if there was only a slight disturbance, the 

series was included among the usable material. There is reason 

to suppose that the inaccuracy of measurement caused by minor 

displacements of the fiberscope does not exceed the inaccuracy 

of other parts of the procedure. 

It must be emphasized that measurements of amplitude and 

aperture can only be compared within one series, as it is only 

during this short sequence that attempts have been made to ke~p 

the recording conditions constant. The fiberscope may have been 

readjusted between series. Furthermore, the films sometimes re­

veal unintentional disturbances of the glottographic light during 

a recording session. It cannot be taken for granted that the 

light {from the kind of light source employed in this study) will 

remain in a stable position during a recording. 

In the table and the figures identical control pictures are 

indicated by S=S+, almost identical control pictures are indicated 

by S(=lS~. The measures of aperture and amplitude (both in mm) 

are called A and GL, respectively. 

The results from the serviceable series are seen in table 1. 

In figs. 5-9 GL is shown as a function of A. It is seen that the 

three points in most cases deviate more or less from a straight 

line, and in one third of the cases there is even a negative cor­

relation between the glottis aperture and the amplitude of the 

glottogram. 

Minor deviations from a straight line may be explained by. 

the inherent characteristics of the glottographic set-up (see 

section 3.3.2 above), i.e. by the characteristic curves showing 

the output voltage as a function of varying illumination {lumi­

nance) and as a functiqn of variations in the angle of incidence 

of light. As previously mentioned, the output voltage range of 

the glottographic recordings were not measured for each session, 
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since I did not realize until later that that was necessary in 

order to know whether the voltage range for a given recording 

was within a linear range or not. If the voltage range for a 

given recording lies in the low, non-linear range the curve would 

bend off "to the right", provided that the glottographic output 

were influenced by that factor only. But since several factors 

may simultaneously influence the amplitude of the glottogram it 

is impossible to propose one single explanation for each devia­

tion from the straight line. There is another essential source 

of error, viz. that the transducer and/or the glottographic light 

may have moved during the recording of a series. To judge by 

the films (see footnote to section 3.6), the light does not seem 

to have moved during the recording of any of the series which 

show only minor deviations from a straight line. In order to 

find out whether the transducer may alter its position during the 

production of [9::], [s::J, and[~::] X-ray pictures of those 

sounds were taken for subject BFJ, the transducer (and the fiber­

scope} being positioned as dur~ng the actual recordings. The 

X-ray pictures show that the transducer was pushed slightly down­

wards du~ing the articulation of [s::J. As only one picture of 

each sound was taken i cannot be proven whether this varying 

location of the transducer is random or systematic. But according 

to my experience, minor displacements of the transducer will not 

influence the glottographic output very much. Also, the trans­

illumination of the vocal folds could explain part of the devia­

tion from a linear correlation. Of course, the applied procedure 

for measuring the glottis aperture causes a certain inaccuracy of 

the measurements. 

For a large part of the series the results deviate very much 

from a linear correlation, and, as mentioned above, one third of 

all series show a negative correlation (all but one instances of 

negative correlations are found with subject BFJ}. This cannot 

just be due to the characteristics of the glottographic set-up. 
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T~ble 1 

Results of the measurement of glottis 
aperture and amplitude of glottogram ,_ 

Recording JR 29/5 Recording JR 22/7 

A GL A GL A GL (mm} (mm} (mm} (mm} (mm) (mm) 

l.S(=)S+ 8.S(=)S+ l.S=S+ 
a 15.0 9.5 a 15.0 12.0 a 11.0 5 .o b 22.0 14.0 b 21.0 17.5 b 16.5 9 .0 C 21.0 19.5 C 21.0 23.0 C 26.5 16.0 

2.S(=)S+ 9.S(=)S+ 2.S=S+ 
a 14.0 8.0 a 15.0 11.0 a 12.5 22.0 

I b 21.5 16.0 b 18.5 17.5 b 15.0 26.0 -
C 25.5 23.5 C 22.0 26.0 C 20.5 34.0 

3.S=S+ 10.S=S+ 3.S=S+ 
a 17.0 14.0 a 15.0 13.0 a 13.0 17.5 b 26.0 27.0 b 20.0 22.5 b 16.0 26.0 
C 21.5 22.5 C 21.0 24.5 C 22.5 33.0 

4.S(=}S+ 11.S=S+ 4.S=S+ 
a 17.0 12.5 a 10.0 4.0 a 11. 5 19.0 b 22.0 22.0 b 20.5 8.0 b 16.0 32.0 
C 21.5 20.0 C 22.0 6.5 C 20.0 33.0 

5.S(=lS+ 12.S=S+ 5.S=S+ 
a 16.5 12.0 a 16.0 7 .o a 10.5 15.5 b 21.5 17.0 b 20.0 8.5 b 15.0 26.0 
C 23.5 24.0 C 22.0 12.0 C 19.5 33.5 

------------------- ---~------------
6.S(=}S+ 

Recording JR 28/8 
a 17.0 12.5 l.S(=)S+ 
b 21.0 18.S 
C 24 .o 25.5 a 10.5 5 .0 

b 11.5 7.5 + 7.S=S 
C 14.5 18.0 

a 14.0 10.0 
b 19.0 13.5 
C 22.5 21.5 

. I 
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Table 1 

(continued) 

Recording BFJ 18/9 Recording BFJ 14/10 

A GL A GL A GL 
(mm) (mm) (mm) (mm) (mm) (mm) 

l.S(=)S+ 9.S=S l.S(=)S+ 

a 6 .o 13.0 a 12.5 14.5 a 8.5 10.5 
b 8.0 15.0 b 15.5 15.0 b 12.0 15.0 
C 9.5 29.5 C 19.5 20.0 C 12.5 13.0 

2.S(=)S+ 10.S(=)S+ 2.S(=)S+ 

a 5.5 5.5 a 12.5 17.5 a 9.5 10.0 
b 9.5 10.0 b 16.0 18.0 b 12.0 13~0 
C 16.0 16.0 C 17.0 23.0 C 14.0 12.5 

3.S(=)S+ 11.S=S 3.S(=)S+ 

a 7.0 8.5 a 9.5 14.5 a 8.0 9 .o 
b 11.5 12.5 b 16.5 17.5 b 12.5 16.0 
C 16.0 21.0 C 18.5 11.5 C 13.5 13.5 

4.S(=)S + 12.S(=)S+ 4.S(=)S+ 

a 6 .o 6.5 a 11. 5 11.5 a 8.0 7 .o 
b 11.0 9.5 b 16.5 14.5 b 9.5 10.5 
C 14.0 15.5 C 19.5 12.0 C 16.0 13.0 

5.S(=}S+ 13.S=S+ 5.S(=)S+ 

a 6 .o 7.5 a 12.5 13.0 a 8.5 8.0 
b 11.5 9 .o b 17.5 18.0 b 11.5 10.5 
C 18.5 19.5 C 24.5 18.0 C 16.5 13 .o 

6.S(=)S + 14.S(=)S+ 6.S(=)S+ 

a 6.5 5 .o a 10.5 11.0 a 8.0 7.0 
b 11.0 8 .o b 17.0 16.0 b 12.0 12.0 
C 14 .o 10.5 C 21.5 14.0 C 14.5 11.0 

7.S(=)S 
+ 15.S(=)S+ 7.S=S+ 

a 7.0 6.5 a 11.5 12.0 a 11.5 8.5 
b 10.5 7 .o b 17.5 19.5 b 13.5 13.0 
C 18.5 15.5 C 26.0 20.0 C 17.5 13.5 

8.S(=)S+ 16.S=S+ 8.S(=)S+ 

a 12.0 18.0 a 10.5 14.5 a 8.5 8.0 
b 13.0 12.0 b 19.5 22.0 b 13.5 11.0 
C 21.5 21.0 C 24.5 21.5 C 13.5 6 .0 

-------------~--- 9.S(=)S+ 

a 8.0 9.5 
b 12.5 14.0 
C 15.5 16.0 

------------------
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Figure 5 

Recording JR 29/5 

Amplitude of the glottogram, GL, is shown as 
a function of the glottis aperture, A. 
Identical control pictures are indicated by 
S=s+, almost identical control pictures are 
indicated by S{=)s+. 
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It must be brought about by one or several of the following factors: 

ll The glottographic light has been disturbed during the 

recording of the series 

21 The glottograph transducer has moved considerably during 

the recording of the series 

31 Something has shaded the glottograph transducer. 

The first mentioned factor may explain the negative correlation 

in JR 29/5 series no. 11. The film shows that the part of the 

glottis in which the film is saturated is larger for b than for c. 

The same factor may explain the negative correlation in BFJ 18/9 

series no. 8, because the density of the film in the anterior 

part of the glottis is less for b than for a. In all other cases 

where the deviation from a straight line is considerable, this 

explanation does not apply, judging by the films. 1 

It is not possible to say whether the transducer has been 

considerably moved in some cases since this would have required 

synchronous X-ray pictures. 

The most obvious explanation of the fact that the correla­

tion between a, b, and c is in many cases so far from bei~g linear, 

and very~ften even negative, is that something has shaded the 

transducer. It can hardly be the epiglottis or the tongue root 

as all the sounds included in the sentences are articulated with 

an advanced tongue root. It is rather the fiberoptic tube that 

has shaded the transducer. The negative correlation is most fre­

quently seen for subject BFJ, and it is most often the correlation 

between band c that is negative. Therefore, BFJ made a supple­

mentary glottognaphic recording of 28 abc-series, the light and 

the transducer being positioned as in the actual recordings, but 

without the tube of the fiberscope. 

ll It may be problematic to estimate the relative quantity of 
light passing the glottis on the basis of the films. The film 

has a saturation threshold, and will thus be saturated at and above 
a certain light intensity; thus the film shows maximum density 
irrespective of the light intensity beyond this threshold. Further­
more, the absolute size of the saturated area seen on the film 
depends partly on the distance between the lens of the fiberscope 
and the glottis, partly on the angle between the plane of glottis 
and the plane of the lens. 
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If it is correct that the fiberoptic tube under certain 

conditions shades ~he .transducer, this-recording made without the 

tube should show a greater amplitude for c than for bin the vast 

majority of cases, as the films normally showed a larger glottis 

aperture for c than for b. This is exactly what the 28 series 

show: out of 28 series only 2 have a smaller amplitude for c 

than for b. This result supports the hypothesis that the fiber­

optic tube may have shaded the transducer in certain cases. 

It seemed methodologically preferable to confine this study 

to the relationship between the amplitude of the glottogram and 

the glottis area under the simplest conditions, viz. with articu­

latory gestures involving the same type of glottis function. 

Still, I tried to get a hint of the relationship for series in­

volving two different glottis functions. But as the procedure was 

fairly inaccurate, and the data very limited, this part of the 

study will not be reported here, except for one observation per­

taining to the fiberscope. The recordings comprised, in addition 

to the three unvoiced consonants, synchronous fiberoptic pictures 

and glottograms of sustained vowels [ i::] and [re::] (for the vowels 

it was th~ maximum glottis aperture during the vibratory cycle 

that was registeredl. It appeared from the film that the whole 

glottis was positioned considerably closer to the upper limit of 

the field of vision during phonation than during the articulation 

of unvoiced consonants. This may be due to movements of the velum, 

pushing the fiheroptic tube about during the recording. The X-ray 

recording mentioned above snowed that the distal end of the tube 

was bent forward to the greatest extent in the articulation of 

I ~: : ] , [ s: : J, and [ c;: : ] , less in [ i : : ], and least in [re: : ] . This 

displacement, and the subsequent variation in the relative location 

of the glottis within the field of vision, may be explained by 

variations in the velopharyngeal closure depending on the type of 

sound (Lubker 1968, 1970I: the higher the position of the velum, 

the more the distal end of the fiberoptic tube is bent forward 

because both the velum and the pharyngeal wall press against the 

tube. 
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4. Concluding remarks 

In this preliminary study the relationship between the 

glottis aperture and the amplitude of the glottogram has been 

examined under rather specific conditions of articulation and 

with one specific glottographic set-up. I. did not have any 

possibility of studying continuous variations in glottis aper­

ture, which of course would be of interest, too. To mention 

another limitation, only one type of light source was used. 

Furthermore, the applied procedure for measurement of the glottis 

aperture causes a certain inaccuracy of the results. Neverthe­

less, it is justified to make some concluding remarks. 

The results demonstrate that the relationship between 

glottis aperture and the amplitude of the glottogram is sometimes 

approximately linear, and at other times far from linear; in many 

cases even a negative correlation is seen. 

The negative correlation found in this study is probably 

caused in most cases by the fiberoptic tube shading the photo­

transducer, i.e. it is caused by an artifact stemming from the 

complex procedure followed in this study and not by an artifact 

associated with the glottographic method itself. But other 

factors may give rise to a negative correlation: the tongue root 

and the epiglottis may shade the transducer and the glottographic 

light may alter its position during the recording. 

It is true of all types of photo-electric glottographs 

that the linearity of the system has to be established in order 

to know whether the signal voltages delivered by the glottograph 

in a given recording are within a linear range or not. In inter­

preting the data of this study a means to divide the results into 

two groups would have been desirable, one for which the voltage 

range is within a linear range, and one for which it is within 

a non-linear range, in order to preclude that greater or lesser 

deviations from a linear relationship between amplitude and aper­

ture may be caused by the system's inherent non-linearity for 
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varying illumination. Since I had not realized that such a 

problem exists at the time when the recordings were made, and 

hence did not measure the voltage range for each recording 

session, this is not possible with my data. It can only Qe 

stated th~t one does not very often find a linear correlation 

betw~en th.e glottis aperture and the amplitude of the glotto­

gram~ Deviations from a linear relationship may be caused by 

one or several of the factors influencing the amplitude of the 

glottogram: the characteristics of the glottographic set-up, 

instability of the light source, shading effects, and so on. 

The combined effect of these different facto~s acting simul­

taneously may sometimes increase and sometimes decrease the 

deviation from a linear relationship, depending on the factors 

involved. 

The non-linearity of the system is a problem in compari­

sons between glottographic curves of different sounds, if and 

when the amplitude is taken to be some kind of measure of glottis 

aperture. It may, however, also be crucial for the interpreta­

tion of the amplitude variations observed in a glottogram of a 

continuous glottis movement. For one thing, the pronounced non-
, 

linearity of the system in the lower voltage range makes it 

highly dubious to take the "bottom" of the glottogram of a single 

vocal fold vibration as a realistic representation of the true 

physiological conditions. 

I wish to add that according to my experience it is very 

difficult to keep the fiberoptic tube stable during articulation. 

This may be a relevant problem when the fiberscope is used for 

some sort of quantitative analy~is of the glottis area. 

As for the glottograph, I venture the general conclusion 

that the amplitude of the glottogram may be influenced by so 

many factors that it is hazardous to take for granted - without 

further proof - that there is a linear relationship between 

glottis aperture and the amplitude of the glottogram. Therefore, 

it may be "not only hazardous but invalid in many cases" to draw 

conclusions about the relative size of glottis aperture on the 

basis of glottograms. 
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Constructional work on a function generator for speech 

synthesis 

(J~rgen Rischel) 

The phoneme system of Advanced Standard Copenhagen 

(Hans Basb~ll) 

English stops after initial /s/ 

(Niels Davidsen-Nielsen) 

Voicing, tenseness, and aspiration in stop consonants, with 

special reference to French and Danish 

(Eli Fischer-J~rgensen) 

Comparisons between vowel formant frequencies in speech and song 

(B~rge Fr~kj~r-Jensen) 

Fourier analyses of photo-electric glottograms 

(B~rge Fr~kj~r-Jensen and J~rgen Rischel) 

Vowel quantity in Czech 

(Per Jacobsen) 

Acoustic cues for the perception af accent in Japanese when the 

accented vowel is devoiced 

(Hideo Mase) 

Notes on the Danish vowel pattern 

(J~rgen Rischel) 

ARIPUC 4, 1970: 

An attempt to register lip pressure and lip rounding by means 

of the electro-glottograph 

(Carl Ludvigsen) 

Construction of a segmentator 

(Poul Thorvaldsen) 

Notes on the phonology of Danish imperatives with a digression 

on vowel quantity 

(Hans Basb~ll) 

Close and loose contact ("Anschluss") with special reference 

to North German 

(Eli Fischer-J~rgensen and Hans Peter J~rgensen) 
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Falling word tones in Serbo~Croatian 

(Per Jacobsen) 

Measurements of the length of some Japanese vowels with special 

reference to their devoicing 

(ttideo Mase) 

Morpheme stress in Danish 

(J'6rgen Rische!) 

Comparative phonetic-acoustic analysis before and after speech 

therapy of voices suffering from recurrens paresis 

(Kai Lauritzen and B'6rge Fr'6kj~r-Jensen) 

ARIPUC 5, 1971: 

Voicing in British English t and d _in contact with other con­

sonants 

(Nina Thorsen) 

A study_ of internal open juncture in British English 

(Kirsten Gregersen) 

A comment on-lexical insertion 

(J'6rgen Rische!) 

A study of peak amplitude measures 

(P. Mansell) 

Syllable and accent in Japanese 

(Hideo Mase) 

Energy measurements of speech sounds 

. ( Car 1 Ludvigsen) 
Comparison of sound pressure level and loudness (GF) 

mea5.urements on speech sounds 
(Carl Ludvigsen and Nina Thorsen) 

A study of consonant quantity in West Greenlandic 

(Hideo Mase and J'6rgen Rischel) 

ARIPUC 6, 1972: 

A formant-coded speech synthesizer 

(J'6rgen Rische! and Svend-Erik Lystlund) 

• 
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Spectrographic analysis of English vowels 

(Peter Holtse) 

Formant frequencies of long and short Danish vowels 

(Eli Fischer-J~rgensen) 

Kinesthetic judgement of effort in the production of stop 

consonants 

(Eli Fischer-J~rgensen) 

Perceptual studies of Danish stop consonants 

(Eli Fischer-J~rgensen) 

On universals in vowel perception 

(~irgit Hutters and Peter Holtse) 

Some conditioning phonological factors for the pronunciation 

of short vowels in Danish with special reference to 

syllabification 

(Hans Basb~ll) 

Compound stress in Danish without a cycle 

(J~rgen Rischel) 

Comparison between auditive and audio-visual perception of 

PB-words masked with white noise 

(Carl Ludvigsen) 

Some remarks on acoustic parameters in speech disorders 

(Nils H. Buch and B~rge Fr~kj~r-Jensen) 

Construction of an automatic data collection system 

(Poul Thorvaldsen) 

On British English p-, b-, sp- and -s + b­

(Henry Petersen) 

A reply to Henry Petersen 

(Niels Davidsen-Nielsen) 

Investigating the influence of blowing technique on pitch and 

tone in recorder playing 

(Niels Bak) 

ARIPUC 7, 1973: 

A study of the role of syllable and mora for the tonal mani­

festation in Greenlandic 

(Hideo Mase) 
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Influence from dialectal background on the score in hearing 

tests employing speech stimuli 

(Carl Ludvigsen) 

Notes on Danish consonant combinations 

(Hans Bash~ll) 

Perception of German and Danish vowels with special reference 

to the German lax vowels /I, Y, U/ 

(Eli Fischer-J~rgensen) 

An instrumental investigation of the Danish "st0d" 

(Pia Riber Petersen) 

Identification and discrimination of closely spaced synthetic 

vow~ls 

(Peter Holtse) 

Falling word tones in Serbo-Croatian (II) 

(Per Jacobsen) 

A glottographic study of some Danish consonants 

(B0rge Fr~kj~r-Jensen, Carl Ludvigsen, and J~rgen Rische!) 

ARIPUC 8, 1974: 

The inflQence of tongue height on the perception of vowel 

duration in Danish 

(Niels Reinholt Petersen) 

A mathematical model of speech aerodynamics 

(John J. Ohala) 

Word-medial !!,E., ,!i, &-clusters and syllabification in English 

(Niels Davidsen-Nielsen) 

The phonological syllable with special reference to Danish 

(Hans Basb0ll) 

Intervocalic affricates in present-day Hungarian 

(Tamas Szende) 

Some airflow and glottogram data on Danish whisper 

(Philip Mansell) 

The feature tenseness in the modern French vowel system: 

a diachronic perspective 

(Hans Basb~ll) 
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Electromyographic investigation of Danish consonants, stress, 

and st~d 

(Eli Fischer-J~rgensen) 

Acoustical and perceptual P+Operties~of the Danish st~d 

(Nina Thorsen) 

rreliminary work on computer testing of a generative pQonology 

of Danish 

(Hans Basb~ll and Kjeld Kristensen) 

Evaluation of speech disorders by means of long-time-average­

spectra 

(B~rge Fr~kj~r-Jensen and Svend Prytz) 

Preliminary experiments with syntehsis by rule of Standard 

Danish 

(Peter Holtse) 

ARIPUC 9, 1975: 

Asymmetric vowel harmony in Greenlandic fringe dialects 

(J~rgen Rischel) 

On the phonological interpretation of the falling diphthongs 

in Danish 

(Hans Basb~ll) 

Grammatical boundaries in phonology 

(Hans Basb~ll) 

Danish rand adjacent short stressed vowels 

.(Steffen Heger) 

The influence of acoustic and physiological factors on some 

vowel changes in Danish 

(Peter Molb2k Hansen and Bent M~ller) 

An investigation of the fundamental frequency of vowels after 

various consonants, in particular stop consonants 

(Vivi Jeel) 

Perspectives in phonology 

(Eli Fischer-J~rgensen) 

Registration of voice quality 

(B~rge Fr~kj~-Jensen and Svend Prytz) 
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FuI'.th~r _:f~~k on computer testing of a generative phonolo9y of 
Dani.ah 

(Hans Basb~ll and Kjeld Kristensen) 

Statistic ~esearch .on changes in speech due to pedagogic 

treat~ent (the accent method) 

(Svend Smith and Kirsten Thyme) 
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