




PERILUS XVIII 

Experiments in 

speech processes 

Department of Linguistics 
Stockholm University 

Published in June 1994 

This issue of PERILUS was edited by Mats Dufberg and Olle Engstrand. 
PERILUS - Phonetic Experimental Research, Institute of Linguistics, Uni
versity of Stockholm - mainly contains reports on current experimental 
work carried out in the phonetics laboratory. Copies are available from 
Department of Linguistics, Stockholm University, S-10 6 91 Stockholm, 
Sweden. 

Linguistics, Stockholm 



ii 

Department of Linguistics 
Stockholm University 
S-10 6 91 Stockholm 
Sweden 

Telephone: 08-162347 
(+468 162347, international) 

Telefax: 08-155389 
(+468 155389, international) 

TelexlTeletex: 810 5199 Univers 

© 1994 Dept. of Linguistics, Stockholm University, and the authors 
ISSN 0282-6690 

PERILUS XVIII, 1994 



iii 

Contents 

The phonetics laboratory group .. . . .. . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . .. . . .. .... . .  v 

Current projects and grants . . . .. . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . .. . . .. .. ... . .. . . .. .  vii 

Conventional, biological, and environmental factors 
in speech communication: A modulation theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 

Hartmut Traunmiiller 

Cross -language differences in phonological acquisition: 
Swedish and American ttl . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  21 

Carol Stoel-Gammon, Karen Williams and Eugene Buder 

Durational correlates of quantity in Swedish, Finnish and Estonian: 
cross-language evidence for a theory of adaptive dispersion . . . . . . . . . . . . . . . . . . 39 

aile Engstrand and Diana Krull 

Acoustics and perception of Estonian vowel types . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  55 
Arvo Eek and Einar Meister 

Methodological studies of Movetrack - coil tilt and placement . . . . . . . . . . . . . .  91 
Peter Branderud, Robert McAllister and Bo Kassling 

Previous issues of PERILUS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  111 

Linguistics, Stockholm 



iv 

PERILUS XVIII, 1994 



The phonetics laboratory group 

Ann-Marie Alme 
Jeanette Blomquist 
Peter Branderud 
Una Cunningham-Andersson 
Hassan Dj amshidpey 
Mats Dutberg 
Arvo Eek1 

Susanne Eismann 
Olle Engstrand 
Garda Ericsson2 

Anders Eriksson3 

Juris Grigorjevs4 

Lillemor Hejkenskjold 
Petur Helgason 
Eva Holmberg5 

Tamiko Ichijima6 

Bo Kassling 

Diana Krull 
Catharina K ylander 
Francisco Lacerda 
Ingrid Landberg 
Bjorn Lindblom 
Rolf Lindgren 
Bertil Lyberg7 

Robert McAllister 
Lennart Nord8 

Liselotte Roug-Hellichius 
Johan Stark 
Ulla Sundberg 
Gunilla Thunberg 
Hartmut Traunmiiller 
Karen Williams 
Evabberg 

1) Visiting from the Laboratory of Phonetics and Speech Technology, Institute of 
Cybernetics, Tallinn, Estonia. 

2) Also Department of Phoniatrics, University Hospital, Linkoping. 

3) Also Department of Phonetics, University of Umea, Umea. 

4) Visiting from Department of Baltic Linguistics, University of Latvia, Riga, Latvia. 

5) Also Massachusetts Eye and Ear Infirmary, Boston, MA, USA. 
6) Visiting from Sophia University, Tokyo, Japan. 

7) Also Telia Research AB, Haninge. 

v 

8) Also Department of Speech Communication and Music Acoustics, Royal Institute of 
Technology (KTH), Stockholm. 

Linguistics, Stockholm 



vi 

PERILUS XVIII, 1994 



Current projects and grants 

Articulatory-acoustic correlations in coarticulatory processes: 
a cross-language investigation 
Supported by: Swedish National Board for Industrial and Technical 

Development (NUTEK), grant to Olle Engstrand; ESPRIT: 
Basic Research Action, AI and Cognitive Science: Speech. 

Project group: Peter Branderud, Olle Engstrand, Bo Kassling, and Robert 
McAllister. 

Speech transforms -- an acoustic data base and computational 
rules for Swedish phonetics and phonology 

vii 

Supported by: Swedish National Board for Industrial and Technical 
Development (NUTEK) and the Swedish Council for Research 
in the Humanities and Social Sciences (HSFR), grant to Olle 
Engstrand. 

Project group: Olle Engstrand, Bjorn Lindblom, and Rolf Lindgren. 

APEX: Experimental and computational studies 
of speech production 
Supported by: The Swedish Council for Research in the Humanities and Social 

Sciences (HSFR), grant to Bjorn Lindblom. 
Project group: Diana Krull, Bjorn Lindblom, lohan Sundberg, 1 

and lohan Stark. 

Paralinguistic variation in speech and its treatment 
in speech technology 
Supported by: The Swedish Council for Research in the Humanities and Social 

Sciences (HSFR), grant to Hartmut Traunmuller. 
Project group: Anders Eriksson and Hartmut Traunmuller. 

Typological studies of phonetic systems 
Supported by: The Swedish Council for Research in the Humanities and Social 

Sciences (HSFR), grant to Bjorn Lindblom. 
Project group: Olle Engstrand, Diana Krull, Bjorn Lindblom, and lohan Stark. 

1) Department of Speech Communication and Music Acoustics , Royal Institute of 
Technology (KTH), Stockholm. 

Linguistics, Stockholm 



viii Projects and grants 

Second language production and comprehension: 

Experimental phonetic studies 
Supported by: The Swedish Council for Research in the Humanities and Social 

Sciences (HSFR), grant to Robert McAllister. 
Project group: Mats Dufberg and Robert McAllister. 

Sociodialectal perception from an immigrant perspective 
Supported by: The Swedish Council for Research in the Humanities and Social 

Sciences (HSFR), grant to Olle Engstrand. 
Project group: Una Cunningham-Andersson and Olle Engstrand. 

An ontogentic study of infants' perception of speech 
Supported by: The Tercentenary Foundation of the Bank of Sweden (RJ), 

grant to Francisco Lacerda. 
Project group: Francisco Lacerda, Bjorn Lindblom, Ulla Sundberg, and Goran 

A 1· 2 . ure IUS. 

Early language-specific phonetic development: Experimental 
studies of children from 6 to 30 months 
Supported by: The Swedish Council for Research in the Humanities and Social 

Sciences (HSFR), grant to Olle Engstrand. 
Project group: Jeanette Blomquist, Olle Engstrand, Bo Kassling, Johan Stark, 

and Karen Williams. 

Speech after glossectomy 
Supported by: The Swedish Cancer Society, grant to Olle Engstrand 
Project group: OIle Engstrand and Eva Oberg. 

Development of technical aids for training and diagnosis of hearing 
and speech impaired children 
Supported by: Allmanna arvsfonden, grant to Francisco Lacerda. 
Project group: Susanne Eismann and Francisco Lacerda. 

2) S:t Gorans Children's Hospital, Stockholm. 

PERILUS XVIII, 1994 



Phonetic Experimental Research, 

Institute of Linguistics, 

University of Stockholm ( PERI LUS), 

No. XVIII, 1994, pp. 1-19 

Conventional, biological, and environmental 
factors in speech communication: 

A modulation theory 1 

Hartmut TraunmDller 

Abstract 

Speech signals contain various types of information that can be grouped 
under the headings phonetic, affective, personal, and transmittal. Listeners 
are capable of distinguishing these. Previous theories of speech perception 
have not considered this fully They have mainly been concerned with 
problems relating to phonetic quality alone. The theory presented in this 

paper considers speech signals as the result of allowing conventional 
gestures to modulate a carrier signal that has the personal characteristics 

of the speaker, which implies that in general the conventional information 

can only be retrieved by demodulation. 

1. Conventional, biological, and environmental factors in 

speech communication 

1.1 The biological background 

The faculty of language, which forms the basis of communication by speech, is 

known to be specific to humans. This biological innovation is, however, superim
posed on a primitive system of vocal communication of the same kind as is used 

by various other species. The secondary nature of speech becomes clear if one 
realizes that some human vocalizations do not carry any linguistic information, 
while natural speech signals inevitably carry some paralinguistic and extralinguis

tic information in addition to their linguistic content. The acoustic properties of 

speech depend on physical properties of the speaker's organ of speech, such as 
vocal fold mass and vocal tract length. The acoustic reflections of these variables, 

which are informative about the age and the sex of the speaker, cannot be removed 

from speech signals. It is not possible to produce speech without any personal 

1) Also in Phonetica 51, 1994. 
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2 TraunmOlier 

quality and an acoustic signal will not be perceived as speech unless it shares some 

basic properties with primitive human vocalizations. 

The priority of the primitive system shows itself in the functions of the 
frequency of the voice fundamental (Fo) in speech. In relation to overall body size, 
both Fo and the formant frequencies are abnormally low in adult males. The 

physiological peculiarities responsible for this have probably evolved due to the 
perceptual association of low pitch with large size, which is likely to have given 

low-pitched males an advantage in reproduction. In paralinguistic communication, 

low pitch is used to express dominance and threat, while high pitch expresses a 
submissive attitude. According to Ohala (1983), this is the source of the widespread 

linguistic use of a final falling Fo contour in assertions and a high or rising contour 
in questions. 

When talking, a speaker produces a vocalization with acoustic properties which 

are primarily determined by the physical shape of his vocal tract. In addition, they 

are influenced by such factors as emotions, attitudes, choice of vocal effort, etc. 

Most of the conventional gestures of the speech code do not have an acoustic 

realization of their own, but they are realized by merely modifying the acoustic 

properties of a vocalization. This is how the prosodic features of speech are realized 

and how vowels, stops, nasals and laterals acquire their acoustic substance. 
The extent to which speakers can modify their vocalizations is restrained in 

such a way that it is not possible for them to produce a spectral copy of the speech 
of any other speaker. Consider, for example, an attempt of an adult male to imitate 

the speech of a kindergarten child, or vice versa. As a consequence of the large 

differences in vocal fold size and vocal tract length there is very little overlap in the 

frequency ranges of Fo and the formants between these two speaker categories. 

They could not possibly communicate with each other by speech if its phonetic 

quality was perceived on the basis of its absolute acoustic properties. This example 

shows clearly enough that in speech perception, listeners do not evaluate the 
acoustic cues directly, but rather in a relational way, taking the personal properties 

of the speaker into account. 

In addition to the effects of biological constraints on the frequency ranges ofFo 
and the formants, they also set the upper limit to the speed with which articulatory 
gestures can be executed. This affects speech rate and coarticulation. In this matter, 

the differences between speaker categories are less prominent than the differences 

between different kinds of speech gestures. The large inertia of the tongue body 

leads to more extended coarticulation than in gestures that involve only the tongue 

tip. The assimilations and reductions that can be observed in casual or 'sloppy' 
speech are also primarily due to this kind of physiological constraint which can, 
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A modulation theory of speech 3 

however, to some extent be counteracted by an increase in articulatory effort and 
restructured neuro-motor commands (Lindblom, 1983). 

Context effects arise also in the perceptual system of the listener due to 

masking, auditory adaptation, and perceptual contrast. In some important cases, 
these perceptual effects work in a direction opposite to that which originates in 

speech production. The quite drastic undershoots in the movement ofF2 that can 
be observed in certain CVC strings present a case in point. These undershoots can 

be said to be required by the listener, as shown by Lindblom and Studdert-Kennedy 

(1967), and this can be interpreted as an effect of perceptual contrast. However, 

since the extent of coarticulation varies with speech style and between speakers, 
this kind of compensation will, in general, be far from perfect. 

The constraints on frequency ranges and on articulation rate are primarily given 
by the restricted capabilities of our organs of speech and not by those of our hearing. 
The latter evolved to handle a wider range of sounds long before the advent of 
speech communication. 

Before they reach the ear of a listener, all vocalizations are affected by the 

medium through which they are transmitted. Most obviously, the intensity of the 

signal decreases with increasing distance from the speaker, but it is usually also 

subjected to reflection and absorption, whereby the frequency components in the 

upper part of the spectrum are typically more affected than those in the lower part. 
The signal is also more or less contaminated by both extraneous sounds and delayed 

reflections of itself. 
Certain properties of acoustic signals are more prone to environmental distor

tion than others. In this respect, Fa is most robust. The frequency positions of the 

formants (spectral peaks) and segmental durations are also much less affected than 

some other properties such as the phase relationships of partials, overall spectral 

shape, antiform ants (spectral valleys) and formant levels. Although we are sensi
tive to changes in the latter aspects, we do not primarily interpret them as changes 

in phonetic quality (Carlson, Granstrom and Klatt, 1979). 
The acoustic cues utilized for vocal communication are primarily those which 

are resistant to distortion by environmental factors. This might lead one to expect 
that the cues utilized for linguistic distinctions in speech communication are those 

that are also resistant to 'distortion' by biological factors. Although speech signals 
do contain some cues of that kind, such as large variations in intensity and in 
spectral balance, most cues are not of that kind. Consider, for example, that not only 
Fa but also the formant frequencies serve as cues for all three kinds of distinctions, 
linguistic, paralinguistic and extralinguistic. 

Linguistics, Stockholm 



4 Traunmuller 

1.2 The kinds of information in speech signals 

The process of speech production starts with a thought that is to be expressed. The 
thought can be transformed into an abstract phonetic string formed according to the 

rules of a particular language. In this way we obtain a canonical form of an 

utterance. It is usually this abstract form which is reproduced in alphabetic writing 

systems. In reality, we have to deal with the idiolect of an individual speaker, which 

is likely to deviate more or less from the general standard. 
The idiolect of each speaker allows some variation in speech style. Most 

importantly, there is usually a range of variation from clear to sloppy speech. 

Although the relationship between these two is always one of articulatory elabora
tion vs. simplification, it is not generally possible to predict the sloppy speech 
forms from the cl ear form of an utterance using only universal rules. Each language 
has its own rules for speaking sloppily, but this is a much neglected topic. There is 

also a lot of between-speaker variation in sloppy performance. 

The various types of information in speech are listed in Table I. The distinctions 
made in this table are applicable not only to auditory perception but also to 

lipreading, and we should keep in mind that the visual channel interacts with the 
auditory in the perception of speech (McGurk and MacDonald, 1976). 

When we have considered the variation in language, dialect, sociolect, idiolect 
and speech style, we have not yet considered anything but the linguistic information 

in an utterance. This is reflected in its 'phonetic quality' and can be reproduced in 
a narrow phonetic transcription of the usual kind. 

What has been labelled 'affective quality' is meant to include all additional 

communicative information. Beside phonetic quality, this also contributes to the 

Table I. The basic kinds of information in speech signals. 

Phonetic quality 
Linguistic, conventional, specific to humans. 

Affective quality 
Paralinguistic, communicative, not specific to humans. 

Personal quality 
Extralinguistic, informative (symptomatic) about the speaker, not about his message. 

Transmittal quality 
Perspectival, informative about the speaker's location only. 
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A modulation theory of speech 5 

'message' of an utterance. It informs the listener about the attitude of the speaker 
and it is reflected in his deliberate choice of vocal effort, speech tempo, Fa range, 
etc. The deliberate expression or 'simulation' of emotions also belongs here. This 

is known to involve culture-specific stereotypes (Bezooyen, 1984). 
The term 'personal quality' refers to all extralinguistic information about the 

speaker's person and state. Differences in idiolect do not belong here. The division 
between affective and personal is based on whether the information is intended by 
the speaker, and thus communicative, or merely informative about his age, sex, 

physiological state (pathology), psychological state (unintentional effects of emo
tion) and environmental state (e.g., the Lombard effect). Such states can, to some 
extent, be faked and since this is the origin of much of the communicative 

paralinguistic gestures, there is no clear division line between personal and affec
tive. 

Finally, speech signals differ in their 'transmittal quality' which, however, tells 

the listener nothing about the speaker or about his message. 

2. Shortcomings of some models and theories of speech 

perception 

In simplistic approaches to the problem of automatic speech recognition, the speech 
signal is first subjected to some kind of spectral analysis that may include attempts 
to simulate the auditory analysis occurring in the cochlea. The result of this spectral 

analysis is then compared with stored reference spectra. This involves the calcula
tion of a spectral dissimilarity measure obtained by a comparison of the amplitude 

in each frequency band of the analysis with that in the same frequency band of the 
stored spectra. Some alternative methods, e.g., based on cepstrum coefficients, are 
essentially equivalent. Provided that the dissimilarity value is below a chosen 
threshold, the speech signal is then identified with that template to which it is least 
dissimilar. 

It is quite obvious that matching of spectra does not provide any means of 
distinguishing the different types of signal quality. When we are interested in one 

type of quality, e.g., the phonetic, but it might just as well be the affective, personal, 

or transmittal quality, this approach cannot be expected to work unless we can be 

sure that there is no variation in any of the other qualities. 
The spectral matching approach has been used successfully in simulating 

certain kinds of listener behaviour, such as that in matching synthetic two-formant 
vowels with more elaborate synthetic vowels (Bladon and Lindblom, 1981), where 
it can be assumed that no variation in any but the phonetic quality was involved. 
However, even with this restriction, the approach remains deficient. It does not take 
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6 TraunmOlier 

into account that the weight that listeners attach to different cues in the signal 
depends on the kind of quality judged (Carlson et aI. , 1979), e.g. , that in vowel 

recognition, we attach a high weight to the frequency position of the formants but 
not to their amplitudes. The success of the calculations by Bladon and Lindblom 

(1981) can only be understood as due to the fact that in oral vowels, the levels of 
the formants are not really a free parameter since they are largely predictable from 
their frequencies. 

In systems for the automatic recognition of speech, the level of the signal or its 
spectral representation is usually normalized prior to comparison with stored 

templates. In this way, some of the effects of variations in vocal effort and in the 
distance between the speaker and the microphone are cancelled. In most present 

day systems for the automatic recognition of speech, this is all that is done to 

eliminate non-phonetic variation prior to spectral matching. 

Another route to speech perception is provided by various models based on 
feature detection. For a review of this, as well as other approaches, see Klatt (1992). 
After a peripheral auditory analysis, these models include a module in which 

certain acoustic properties are extracted. According to Stevens (1972), the property 
detectors should compute such 'relational' attributes of the signal as can be 

expected to be resistant to various types of variation. The output from the property 
detectors subsequently serves as input for phonetic feature detectors. Since they do 

not share a common theoretical framework, it cannot be claimed that any particular 

type of deficiency is common to all models of that kind, but most of the properties 
proposed for detection can be shown to be sensitive to some of the variations that 

listeners ignore in the perception of phonetic quality. 
The more general theoretical frameworks for speech perception that have been 

proposed, such as the revised motor theory (Liberman and Mattingly, 1985) and 

direct perception (Fowler and Smith, 1986) are, in fact, concerned only with certain 
stages in speech recognition. They contain a large black box in which speech 
signals are assumed to be mapped into articulatory patterns. While these theories 
promise to handle certain problems concerning conventional information in speech, 

such as the effects of coarticulation, they have nothing to say about the basic 
problem of how to separate this from the other types of information in speech 

signals. 
In the following section, an attempt will be made to sketch a theory that 

describes how the personal, affective, and phonetic qualities can be discriminated 

from each other in perception, based on considerations of how these qualities arise 
in production and how they are reflected in acoustic properties. 
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A modulation theory of speech 

3. A modulation theory of speech 

7 

In speech production, it is fairly obvious that each speaker uses his personal vocal 
tract, the basic acoustic properties of which are given by its physical size. When 
speakers realize the intended speech gestures, they just perturb their vocal tract. 
Thus, the linguistic information resides in the perturbations, while the unperturbed 
vocal tract reflects the personal information. The modulation theory considers 

speech signals as the result of allowing conventional gestures to modulate a carrier 

signal (see Figure 1) . 

• The properties of the carrier signal are mainly descriptive of the 'personal quality' 
of the speech signal, but they also contain some of the affective information that 
may reside, e.g. , in changes in vocal effort or voice register. The phonetic quality 
of the carrier as such is assumed to be 'neutral' . 

• The carrier signal is modulated in such a way as to reflect the conventional 
gestures, i.e. , mainly 'phonetic quality' but also, occasionally, the conventional 

Phonetic Choice 

Clock 

Phonetic 
Memory 

Speech 
Gestures 

Speech Signal 

Modulator 

Carrier 
Vocalization 
Generator 

Figure 1. Speech production according to the modulation theory. 
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8 TraunmOlier 

components of 'affective quality'. For signals which share the same phonetic and 

affective quality, the modulating signals are assumed to be identical. 
• For each of the various kinds of modulation, its 'gain factor' can be controlled 

within certain limits. The setting of the gain controls is mainly governed by 

'affective' factors. 
The effects of the gain control are most noticeable in the extent of the Fa 

excursions, which can vary within wide limits. For the formant frequencies, the 

limits are much narrower. In loud and clear speech, all the gain factors appear to be 
increased, i.e. , whatever we do in order to speak, we do it with greater intensity. 

In acoustic terms, the modulation represents a complex combination of ampli
tude, frequency, and spectrum modulations, whereby the rate of change over time 
varies between different kinds of modulation. The modulation of formant frequen
cies that results from the movement of the tongue body from one vowel to the next 
is slower than the modulation that represents the consonants. Therefore" it was 
possible for Dudley (1939) to consider the speech signal as a carrier signal 
consisting of a string of vowels that is modulated by consonants. Dudley's concep
tualization describes what actually happens in articulation, as can be seen in 
radiographic investigations (Ohman, 1966). The present theory, however, is con

cerned with the more fundamental interactions between the conventional gestures 

and the biologically given properties of speech. As for speech production, this 
dichotomy is so obvious that it can hardly be neglected. It is perhaps less obvious, 
but equally important for speech perception . 
• If we accept that phonetic information is mapped onto speech signals by modu

lating a personal carrier signal, we must also accept that a listener can retrieve the 
phonetic information only by demodulating the signal. Any approach that cannot 
be interpreted in this way will fail in the presence of personal variation. Further, we 

have to postulate that the final result of the demodulation must not contain any 
information about the carrier (and vice versa). 

The hypothesis that speech is transmitted by modulation of a carrier signal 

immediately raises the question of what that carrier signal looks like when it is 
unmodulated. Since phonation is usually turned off when there is no modulation, 
the carrier signal cannot be observed directly. It might seem, then, that it is merely 

a theoretical construct to which we can ascribe various properties at will. It will, 
however, be shown that the idea of a carrier signal makes an adequate description 
of the behaviour of listeners possible, but we must accept that listeners' assump
tions about the properties of the carrier tolerate individual variation. It is, then, 
possible to explain certain between-listener discrepancies as due to different as
sumptions about the carrier. Various kinds of evidence discussed in the rest of this 
paper suggest that we should think of the carrier as having the properties charac-
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teristic of a 'neutral' vowel, approximately [g], phonated with a low Fo such as is 
usually observed at the end of statements. 

In their system of distinctive features, Chomsky and Halle (1968) made use of 
the concept of a 'neutral position'. It is the articulatory position that speakers 
assume just before beginning to talk. This neutral position of the articulators can 
be assumed to be required to produce an unmodulated carrier signal. Speakers tend 
to assume the same position also just after they stop talking. When phonating in 
this position, a neutral vowel is heard. It is sometimes realized as a hesitation sound, 

among other variants, but it is not exactly the [e] suggested by Chomsky and Halle. 

Given a constant personal quality, the formant frequencies of a neutral vowel can 
be obtained, at least in approximation, by calculating the long-term average posi

tions of the formants in speech. 
Many languages possess a 'schwa' vowel that is used for epenthesis and which 

tends to appear in certain contexts as a result of vowel reduction. Although 

languages differ in their choice of schwa, it appears always to be the least 'colour
ful' vowel in the system. Therefore, it appears reasonable to choose that particular 

vowel where its only function is to facilitate pronunciation. It may be the case that 
the 'neutral position' adopted by speakers and the qualities assumed by listeners to 

characterize the neutral vowel are both influenced by the properties of the schwa in 
the language. 

The fact that the perceptual quality of a neutral vowel is often described as 
'colourless' lends support to the idea that judgments of the 'colouredness' of 
vowels involve a perceptual evaluation of the extent to which a personal carrier has 

been modulated. If it has not been modulated at all, it appears reasonable to assume 
that it will be judged as 'colourless' even though its FI, F2, and F3 are better 
separated from each other than in peripheral vowels. 

The assumption that the neutral value of Fo is close to the lower end of the 

speaker's Fo range is based on various observations of how speakers realize 

linguistic Fo movements in changing paralinguistic situations. According to Traun

muller and Eriksson (1994a), there is a stable point about 1.5 standard deviations 
below the mean value ofFo. When speakers increase the liveliness of an utterance, 

they expand the excursions ofFo from that point on the frequency scale. 

The modulation theory entails the claim that the primitive features of speech are 
judged on the basis of the properties of an inferred carrier and not on the basis of 
properties of the speech signal as such. Thus, it predicts that, although the sound 
pressure of vowels depends on their formant frequencies in addition to phonational 

and transmittal factors, this will not be reflected in judgments of vocal effort or 
speaker distance. This agrees nicely with the experimental finding that judgments 
of 'loudness', as defined by naive listeners, correlate more closely with the 
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10 Traunmuller 

subglottal pressure at which syllables are produced than with their sound pressure 
level (Ladefoged and McKinney, 1963). 

The theory also entails the complementary claim that listeners have to demodu
late the speech signal in order to perceive the conventional information. As for the 

intensity and the Fo of the signal, it is fairly clear what is meant by demodulation, 
while the demodulation of the spectrum is a non-standard procedure. 

The result of the amplitude demodulation can be properly described by the ratio 
between the intensity of the signal and the estimated intensity of the carrier as well 
as by the difference in level between the two (in dB). The theory does not specify 

what scale to apply, except for the condition that the description must be uncorre
lated with the properties of the carrier. 

The frequency demodulation ofFo is necessary in order to recover the phonetic 
and affective information that is cued in the Fo excursions. The result must be 
described in such a way that it does not contain any information about the Fo of the 
carrier (Foe). It may not be immediately obvious that this condition is fulfilled by 

the frequency ratio FolFoe and by the pitch difference between the two, expressed 

in semitones, but results of experiments in which subjects had to rate the liveliness 
of a synthetic sentence that was produced at different Fos (Traunmuller and 
Eriksson, 1994b) support this assumption. There were, however, indications that 

the relation between FIe and Foe also has some influence on the perceived liveliness. 

In acoustic phonetics, it is common to describe the spectra of speech sounds, 
especially of vowels, by a list of their formant frequencies. Since formant levels 

and bandwidths are known to be of secondary relevance in perception, such a list 
usually contains sufficient information to identify the speech sounds. In order to 

demodulate the spectrum then, a listener has to find out how far the formant 
frequencies deviate from those of the carrier. Even in this case, the result must be 
described in such a way that it does not contain any information about the carrier. 

In a perceptual experiment with synthetic two-formant vowels (Traunmuller 
and Lacerda, 1987), it was observed that listeners evaluated the frequency position 
of the upper formant (F2') in relation to two reference points. One reference point 
turned out to be located at 3.2 barks above Fo. Within the present framework, this 
point can be identified as FIe. The other reference point had a frequency position 

that allows it to be interpreted as F 3e. The phoneme boundaries corresponding to 

distinctions in frontness vs backness and in roundedness could be described by 
listener-specific constants 12', calculated as 

12' = (F2' -F2c)/(F3c -FIc) (1) 
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Subsequently, Traunmuller (1988) assumed that vowels are identified on the basis 
of the frequency positions of e ach of their formants in relation to these two 

reference points. Within the present theory, however, it must be assumed that each 
resolved formant is demodulated on its own and the lower reference point, now 
interpreted as FIe, is now more loosely and indirectly tied to Fa by its function as a 
predictor of FIe. If we generally use the neighbouring peaks of the carrier in the 
denominator, we obtain in analogy with Equ. (1) 

II = (FI-FIe)/(F2e -FOe) 
12 = (F2 -F2e)/(F3e -FIe) 
b = (F3 -F3e)/(F4c -F2c) 

(2) 
(3) 
(4) 

with all Fn in barks or in a logarithmic measure of frequency, which gives a 

similar result. In vocalic segments, the higher formants are not likely to be resolved 
individually. The present approach is equivalent to the former as far as F2e and F4e 
are predictable on the basis of FIe and F3e. 

It is perhaps not so clear how the formant detection and frequency demodulation 

required by this theory can be achieved in a model of audition. The theory itself 
says nothing about this. 

Since the theory is compatible with the previous approach to the description of 
between-speaker variation due to age, sex, vocal effort and whispering (Traun

muller, 1988), the examples discussed there will not be repeated here. That discus
sion was only concerned with the intrinsic properties of speech sounds and their 
relation to their perceived phonetic quality. It was not concerned with the extrinsic 

effects that can be caused by the context of stimulus presentation. Such effects have 
been demonstrated in a classic experiment by Ladefoged and Broadbent (1957), 

who observed that the phonetic identification of synthetic monosyllabic words was 
affected by varying the personal quality of a precursor phrase. Variation of its 

phonetic quality did not affect the identifications (Broadbent and Ladefoged, 
1960). 

Within the framework of the present theory, extrinsic effects of this kind are to 
be expected due to the assumptions about the carrier which listeners establish on 
hearing the precursor phrase. Thus, when F 1 in all the vowels of the precursor 

phrase was increased, the listeners assumed a higher F Ie- The vowels of a following 
test word were subsequently heard as less open than in the original case. 

Johnson (1990) attempted to explain the apparent effect ofFo on the perceived 
identity of vowels presented with and without a precursor phrase as due to the 
listener's assumption about speaker identity and not directly as due to Fa. This is 
compatible with the present theory since ' speaker identity' can be specified in terms 
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12 Traunmuller 

of Fnc. However, assumptions about speaker identity can hardly explain that a 
change in the Fo contour of a vocalic syllable can tum monophthongs into diph

thongs, as observed by Traunmilller (1991). Although very large between-listener 

variations in behaviour were observed in these experiments, the average result is 
compatible with the modulation theory if it is assumed that listeners estimate FIc 
on the basis ofFo in a time window of roughly 400 ms. The variability of the results 

ties in with the modulation theory if we allow listeners to adopt a wide range of 
different strategies in estimating FIe-A superficial inspection of the results obtained 
by Johnson (1990) revealed that the perceived change in the phonetic quality of his 
stimuli could also be explained as an effect ofFo in a time window of about 400 ms. 

The modulation theory does not say how listeners estimate the Fnc, but it 
suggests that an ideal listener should use any cues that can be of any guidance. This 

includes his visual perception of the speaker as well as his previous experience. In 
ordinary speech, F 1 and F2 vary over a wide range due to variations in phonetic 
quality but the variation in Fo and in the formants above F2 are dominated by 
personal quality. On this basis, listeners can obtain a rough estimate of the Fnc 
irrespective of phonetic quality. Once some phonetic segments have been identi
fied, it is possible to obtain more accurate estimates of the Fnc. 

As for speech rate and timing, the assumption of a carrier signal is of no help 

since speech rate can only be specified for speech gestures. In the model of speech 
perception shown in Figure 2, timing is handled by a slave clock that is assumed to 
be synchronized by the speech signal, thereby representing an estimate of the 
speaker's speech rate. Phonetic distinctions in quantity have to be based on the 
segment durations as measured by the slave clock. Details ramain to be worked out. 

The box labeled 'AGe' is thought to function like the 'automatic gain control' 

in a radio receiver. It normalizes the amplitude of signals. This is clearly necessary 

in order to handle the affective variation in Fo excursions and it makes it readily 
intelligible that emphasis can be signalled by reducing the Fo excursions in the 
context as well as by increasing them on the emphasized word (Thorsen, 1983), but 

10 may be the only kind of property for which an automatic gain control is required. 
Investigations of speech perception have revealed various kinds of factors that 

have an effect on phonetic identifications (Repp and Liberman, 1987). I am not 
aware of any case that could not be accommodated within the frame of the 

modulation theory, but this remains to be checked. However, the theory does not 
tell anything specific about coarticulation, which can be said to be the major 

concern of the motor theory and the theory of direct perception. Its major concern 

is exactly the one which remains unspecified in those theories, namely how do we 

extract the properties descriptive of the speech gestures from the acoustic signal. 
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4. Perception despite missing evidence in the signal 

13 

Evidence to the phonetic quality of speech segments is often obscured due to 
masking by sounds from other sources. Listeners are, however, able to perceive the 
phonetic quality of speech segments even if they are replaced by other signals of 

short duration. This is known as perceptual restoration and it is not specific to 
speech. If a tone is periodically replaced by a masker, the tone will nevertheless be 

heard as continuous if the level of the masker is high enough to render the tone 

inaudible if it was present (Houtgast, 1972). This is known to work for more 
complex signals such as speech and music as well. From this we have to draw an 

age, sex, effort 
register, phonation 

distance 

Speech Signal 

Spectral 
Analysis 

Carrier 
Estimator 1"'----.,)/ Demodulator 

Slave 
Clock 

AGC 

Comparator 

phonetic quality 
af fect. emphasis 

speech rate 

Phonetic 
Memory 

and 
Expectations 

Phonetic Interpretation 

Figure 2. Speech perception according to the modulation theory. 
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important conclusion: We hear what we expect to hear, as long as we do not notice 

any counter-evidence in the signal. 

F or models of speech perception, this implies that the bottom-up analysis must 
allow for any interpretations with which the signal is not clearly incompatible. 
Thus, the comparison with stored patterns must be something like testing the 

compatibility of the signal with the presence of each one of the distinctive features, 
phonemes, words, or whatever is assumed to be stored. In order to comply with 
these considerations, it is necessary to calculate an incompatibility measure instead 

of the measure of spectral dissimilarity or 'perceptual distance' that is often used. 

An incompatibility measure can conveniently be defined as a number between 0 
and 1 that indicates how sure the listener can be that the feature or speech sound in 
question is not present in the speech signal, given its observed properties. This will 
often leave several alternatives as highly compatible. A decision between these can 
be achieved at higher levels or by top-down processing. Ifthere is a strong masking 

noise in a string of speech, the masked segment must be considered as compatible 
with the presence as well as with the absence of any feature or phoneme. 

Evidence for a similar kind of compatibility testing has also been obtained in 
investigations of word recognition whose results can be understood assuming that 

listeners arrive at the intended word by successive elimination of alternative 
candidates (Marslen-Wilson, 1987). A word will be recognized at a point in time 

when the signal is no longer compatible with any alternatives. 
The 'fused' responses to audio-visual presentations of consonants with conflict

ing cues (McGurk and MacDonald, 1976) can be understood as a straightforward 
result of incompatibility testing. The typical response to an auditory presentation 
of [ba] paired with a visual presentation of [gal has been found to be [da]. In this 
case, the visual mode informs us that the signal is clearly incompatible with [ba] 
since the lips are not closed, but since [da] and [gal are more difficult to distinguish 

visually, the signal is compatible with both. The auditory mode informs us that the 

signal is incompatible with [gal, whose characteristic transitions ofF2 and F3 set it 
clearly apart from the other two alternatives. Although the auditory signal alone is 
more compatible with [ba] than with [da], after combining the information from 

the two modes, the stimulus can only be perceived as [da] since [ba] is ruled out 

by the visual mode. 
The modulation theory suggests that for formants that cannot be detected in the 

signal, listeners are likely to assume that their positions do not deviate from those 

in the carrier, as long as there is no reason to expect anything else. This prediction 
can be tested with synthetic one-formant vowels. 

Figure 3 shows the identifications of some one-formant vowels by speakers of 
Austrian German (Traunmtiller, 1981). The identifications are grouped according 
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16 Traunmuller 

to openness (vowel height) and according to the distinctions frontlback and 

rounded/unrounded. 
These results were interpreted to mean that the distance, in barks, between F 1 

and Fo is the major cue to perceived openness (vowel height). This is largely 
compatible with the modulation theory, according to which openness must mainly 
be cued by 11, i.e. , by the deviations of F 1 from FIe, but the latter is likely to be 

estimated on the basis ofFo. 

Since there was no second formant in these vowels, the subjects had no reliable 
cue for the distinctions frontlback and rounded/unrounded. The response distribu
tion shows, nevertheless, a non-random structure. One of the 23 subjects perceived 
all the stimuli as back vowels. All the other subjects heard mostly front rounded 
vowels, except for the most open ones, which were heard as [ee] or [a] and the least 

open ones, which were heard as [u] more often than as [y]. The modulation theory 
suggests that listeners are likely to assume an inaudible F2 to have the frequency 
position that it has in an unmodulated carrier, i.e. in an [g]. Except for the back 
vowel responses, this agrees nicely with the results: The stimuli should be heard as 
front rounded vowels, except for the most open ones, which should be heard as 
unrounded, just as observed. 

If vowel spectra show prominent energy only in the lower part of their spectrum, 

gross spectral matching leads one to predict that they will be heard as back rounded 
vowels. The modulation theory does not exclude such a behaviour since the 
between-vowel variation in the skewness of the spectrum is not removed by the 
demodulation. The observed between- listener differences in the frontlback distinc

tion can be explained as due to differences in the weight balance between that gross 
spectral cue and the h cue. The most common back vowel response should be [u] 

since this is the vowel whose spectrum shows the most pronounced skewness. The 
data in Figure 3 confirm this and they show back vowel responses to become less 
frequent with increasing openness, just as expected. We must here except the most 
open category, in which neither a frontlback nor a roundedness distinction exists 
since it has only one member, [a]. 

Support for the prediction of the modulation theory can also be found in the 

results of an experiment in which Swedish subjects had to identify synthetic stimuli 
which had phonational characteristics and phase spectra similar to those of the nine 

long vowels of Swedish, but all with the same peakless envelope of their amplitude 
spectra (Traunmiiller, 1986). Such vowels were presented at Fos of 70, 100, 141, 
200, and 282 Hz. The fact that most subjects were able to identify the vowels as 
intended when Fo was 70 or 100 Hz can be taken as an argument for the relevance 
of the frequency positions of the formants irrespective of their amplitude. However, 
the responses to the stimuli with higher Fos, in which it was evident that most 
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A modulation theory of speech 17  

subjects could not detect any landmarks in the spectral envelope, are more relevant 
here. The response distribution was the following: [e] 301, [0] 280, 'not a Swedish 
vowel' 141, [re] 137, [0] 115, [H] 95, [y] 92, [u] 86, [0] 81, and [i] 74. Thus, there 
was a clear bias towards [e] and [0]. Among the allowed response categories, these 
were the two which were most similar to the neutral [g] that the theory predicts to 

be most likely to be heard under these circumstances. 
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Abstract 

Our understanding of phonological acquisition has benefited immensely 
from cross-linguistic investigations which allow researchers to separate 
biological and learned factors. To date, most cross-linguistic studies have 
focused either on differences in phonetic inventories or on differences in 
frequency of occurrence of particular phonetic and phonological properties 
in the adult language. This paper describes a third type of study: compari
sons of segments that occur in two (or more) languages, but differ in their 
phonetic properties. We present perceptual and acoustic analyses of adult 
and child productions of word-initial alveolar It! in American English and 
dental It! in Swedish. Results showed that listeners' perception of place of 
articulation was strongly associated with language (alveolar: American 
English, dental: Swedish) for both adult and child tokens, and was effective 
in assigning individual speakers to language groups. Three acoustic mea
sures, voice onset time (VaT), burst intensity, and burst spectral diffuseness 
correlated with language for both child and adult tokens; the latter two 
measures correlated with perception as well. The findings suggest that 
American and Swedish children at 30 months of age have acquired some 
language-specific phonetic aspects of It! phonemes. 

1. Introduction 

Speech development begins not with the production of the first words, but in the 
months shortly after birth. Babies vocalize from the first week of life and their 
subsequent productions conform to a regular sequence of stages, from mostly 
vowel-like utterances ('coos' or 'goos') in the first 3 months to the production of 
adult-like CV syllables, (i.e., "canonical" babbles) around 6-7 months (Oller, 

1) Also in Phonetica 51,1994. 
2) Department of Speech and Hearing Sciences, University of Washington, Seattle, 

Washington, USA. 
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1980). The consonantal elements in canonical syllables appear to be universal: 
regardless of the language community in which an infant is raised, stops, nasals and 
glides dominate the consonantal repertoire. Furthermore, when children enter the 
stage of meaningful speech, their early words are formed from these same syllable 
and segment types (Locke, 1983; Stoel-Gammon, 1985). 

Universal patterns, however, are not sufficient to fully explain the course of 
prelinguistic development. Individual differences in the consonantal repertoires of 
canonical syllables, even within children from a single linguistic community, have 
been reported. These differences often persist in the transition from babble to 
speech and are reflected in individual differences in early word patterns ( Stoel
Gammon & Cooper, 1984; Vihman, Ferguson & Elbert, 1986; Vihman, 1992). 
Interestingly, investigations of children with delayed onset of speech indicate that, 
in many cases, their babbling patterns are less advanced than those of peers with 
normal language development, another example of variation in babbling persisting 
into the period of meaningful speech (Stoel-Gammon, 1992). 

A third factor that must be considered in explaining patterns of early vocal and 
verbal development is the influence of exposure to the child's "mother" tongue. 
This influence is obvious in the meaningful speech stage when French or Japanese 
children attempt to say French or Japanese words, but is also present in earlier 
stages when some phonetic features of the adult language can be detected in the 
prelinguistic period, prior to the production of identifiable words. 

Thus, if we are to fully understand the processes underlying speech and 
language development, we must take into account the relative contributions of three 
factors that play different, perhaps conflicting roles: (1) the influence of a common 
biological base shared by all normally developing infants, regardless of language 
community; (2) the presence of individual differences across subjects within the 
same language group; and (3) the influence of the adult language to which the child 
is exposed. 

Cross-linguistic investigations 

Cross-linguistic studies provide a natural experiment for separating biological 
factors from learned aspects resulting from exposure to the ambient language. If 
the adult language has no influence on infant productions, then vocal output will 
be largely determined by biological factors and the vocalizations of infants from all 
linguistic communities will be essentially the same. In the perceptual domain, it is 
clear that a great deal of learning takes place during the first year of life. Cross-lin
guistic investigations have shown that: (a) babies can distinguish between their 
mother tongue and other languages shortly after birth (Mehler et aI., 1988); (b) 
characteristics of the ambient language influence infants' categorization of particu-
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lar phonetic elements by 6 months of age (Kuhl, Williams, Lacerda, Stevens & 

Lindblom, 1992); ( c) by 9 months, infants prefer to listen to a list of words spoken 
in their own language as opposed to words from another language (Jusczyk, 1992); 
and (d) infants' ability to distinguish between certain phonemic contrasts not 
present in the mother tongue declines between 6 and 12 months of age (Werker & 

Tees, 1984). 
The findings regarding language-specific effects on prelinguistic productions 

are less clear. As noted earlier, there is a substantial body of evidence showing that, 
individual differences notwithstanding, infants proceed through the same stages of 
prelinguistic development, regardless of the ambient language; and that the 
"sounds of babble" are highly similar in babies around the world (Locke, 1983). 
This universal pattern, coupled with the individual variation within babies from the 
same linguistic community, has made it difficult to identify language differences. 

Evidence of an early influence of the ambient language can be of several types. 
The most convincing is the presence of language-specific segments in the babbles 
of infants from one language community, but not another. Thus, for example, 
presence of [1] in the babbles of American infants but not Spanish infants, or 
production of front rounded vowels by Swedish, but not Japanese, infants would 
show an influence of the adult language during the prelinguistic period. Unfortu
nately, this type of evidence is hard to come by; several decades of research on 

infant vocalizations have shown that the consonants that predominate in babbling 
(and in children's early words) are similar in babies around the world, and have a 
high degree of overlap with the set of consonants occurring in the majority of 
languages of the world. Moreover, those consonants that are less common in the 
world's languages, such as ejectives, trills, and clicks appear infrequently in the 
prelinguistic period, regardless of language background. In their discussion of 
universal patterns of consonantal systems of the world's languages, Lindblom and 
Maddieson (1988; see also Lindblom, 1992) note the high degree of similarity 
between the babbling repertoire and the consonants they categorize as "basic" 
articulations in all languages. 

The effects of exposure to the ambient language may also be evident in 
differences in frequency of occurrence of particular segments or sound classes in 
prelinguistic vocalizations. Thus, for example, nasal consonants occur more fre
quently in adult French (as measured by running speech samples) than in English; 

if the prelinguistic vocalizations of French babies evidence a higher proportion of 
nasals than found in the vocalizations of American babies, the difference in 
proportional use could be attributed to differences in the ambient language. Work 
by Boysson-Bardies et a!' (1992) and Vihman (1992) suggests that by 9-10 months, 
some differences in frequency of occurrence are apparent. This type of evidence is 
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more subtle than the type described above; the difference here is not in phonetic 
inventories per se (i.e., in phonetic types), but in the relative use of a particular 
sound or sound class (i.e., in phonetic tokens). Given the high degree of inter-sub
ject variability, large pools of subjects and relatively large speech samples from 

each child are needed to identify consistent language-based differences in fre
quency of occurrence. 

We are currently engaged in examining a third class of language specific effects: 
differences in the segmental phonetic characteristics associated with the "same" 
sound in Swedish and English. As part of a more comprehensive comparison of 
speech development in infants and toddlers aged 6-30 months, we are investigating 
productions of particular phonemes that occur in both languages, but whose 
phonemic properties and/or phonetic manifestations differ from one language to the 
other. It is our hypothesis that in the prelinguistic period, language-specific differ
ences will be minimal, but with continued exposure to the adult language and 
increased control over the articulatory mechanisms associated with production of 
these segments, the productions of American and Swedish infants will begin to 
diverge and conform to characteristics of the adult phonologies. We further hy
pothesize that initially infants will produce "default" or "unmarked" articulations, 
namely segments that require the least amount of learning. 

In order to convincingly show the effects of ambient language on early speech 
productions, there is a need for data from subjects exposed to different languages 
showing: (1) that between-group differences are greater than within-group differ
ences; and (2) that the differences conform to phonetic and phonological patterns 
of the language to which the infants are exposed. To achieve this goal, we have 
devised a framework that entails acoustic analysis of adult and child productions 
coupled with perception and categorization tasks performed by adult judges. The 
analyses involve a series of questions which build successively on one another, in 
the following sequence. Taken together, the acoustic and perceptual findings allow 
us to investigate language-specific influences from multiple perspectives. 

Question 1: What are the acoustic and perceptual properties of the adult 
productions in each language? The acoustic analyses should examine a range of 
phonemic and allophonic properties of the adult language, because we do not know 
a priori which of these features may appear first in babble or early productions. 

Question 2: Are there measurable differences in the acoustic properties of 
productions of infants and toddlers raised in different language environments? Are 
there perceptible differences? 

Question 3: Do the acoustic and perceptual properties of children's productions 
mirror the differences documented for the adult languages? 

PERILUS XVIII, 1994 



Phonological acquisition 25 

Coronal stops in Swedish and American English 

American English (AE) and Swedish ( S) prevocalic coronal stops (It I and Idl) differ 
subtly in place of articulation. In S, the stops are laminal-dental, articulated with 
the tongue placed against the back of the teeth. In AE, the stops are apico-alveolar 
and are articulated further back in the oral cavity with the apex of the tongue against 
the alveolar ridge. The distinction between the dental and alveolar stops is not 
phonemic in either S or AE; dental allophones of It I and Idl occur in AE in some 
phonetic contexts (e.g., preceding an interdental consonant), and alveolar allo
phones occur in S. Thus, babies from both language groups are exposed to both 
articulation types, but with different distributional patterns. In this study we 
examine It I produced by adult speakers of S and AE in order to identify the 
language-specific properties of this phoneme; we then analyze Itl occurring in word 
productions of S and AE 30-month-olds. Our research plan is to continue to 
examine cross-language data collected from younger children, aged 6 to 24 months, 
in order to map the course of development of coronal place of articulation from 
pre-meaningful to meaningful speech. 

A central question guiding our investigations is: Do children begin by "hitting 
the right target" for their language, or do they share some default place of 
articulation and then acquire the language-specific target with increased exposure 
to the language and practice? By documenting that one place of articulation is 
common to all infants, and that one group later diverges towards the place of 
articulation used by adults in that language, we may speculate that the earlier shared 
form is more natural, or biologically predisposed. Based on current literature, it is 
difficult to determine whether the alveolar Itl of AE or the dental Itl of S should be 
considered the unmarked form (Lindblom & Maddieson, 1988). However, because 
the teeth form a more prominent and natural barrier for placement of the tongue and 
laminal contact requires less control than apical (Kent, 1992), the dental articula
tions seem to be less marked developmentally. Hence, we hypothesize that infants 
and young children in both language communities will produce a greater proportion 
of laminal-dental articulations in the early stages, and that the alveolar articulations 
of AE will require more learning. Confirmation of this hypothesis is a challenge to 
confirm, however, due to a paucity of well established acoustic measures correlat
ing with these distinctions. 
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2. Methods 

Samples 

All speech samples were recorded in sound-treated rooms; S samples at the 
Department of Linguistics, Stockholm University, Stockholm, and AE samples at 
the Department of Speech and Hearing Sciences, University of Washington, Seat
tle, Washington. Recordings were made using Lavalier microphones and transmit
ted via FM wireless systems (Sennheiser MKE 2 microphones, SK-2012 transmit
ters, and EM-1005 receivers in Stockholm; Countryman MEMF05 microphones, 

and HME RX722 and Telex FMR-50 transmitters/receivers in Seattle). Signals 
were recorded on Panasonic VH S  videocassette recorders using High-Definition 
audio tracks (model AG-7450 in Stockholm, model AG-1950 in Seattle; AG-Wl 
recorders were used at both sites to convert between the American and European 
video formats). Equipment used to run perceptual tests and acoustic analyses are 
described in the appropriate sections below. 

Speakers and speech material 

Adult samples were selected from readings of phonetically balanced, single sylla
ble word samples spoken in carrier phrases by lO S and 10 AE women. It/-initial 

words, real and nonsense, produced in five vowel contexts (Iii, /II, lei, lal, and luI) 
were matched across languages. The AE speakers used the carrier phrase "It's a 
__ again" [Its g __ ggen], and S speakers used the carrier phrase "Det ar __ 
ett tag" [de: __ eta:g]. The resulting corpus was 100 It/-initial words. 

Child It/-initial words were selected from recordings of twenty-one 30-month
old, monolingual, S and AE children (11 AE subjects, 5 females and 6 males; 10 S 
subjects, 5 females and 5 males). Objects and pictures were used to assist the 
mothers in eliciting word tokens of interest. Whenever possible, spontaneous 
productions were elicited, but often the mother needed to model the word for the 
child. The variability among children's production capabilities and differences in 
their willingness to cooperate at this age prevented systematic elicitation of 
phonetically balanced items from all speakers. Tokens were balanced across speak
ers to the extent possible and in the case of AE, an additional speaker was added to 
achieve balance across vowel contexts. Although the target vowels for the children 
did not exactly match those of the adults, they cover the quadrants of the vowel 
space as equivalently and completely as possible given the typical 30-month-old 
child's repertoire. 
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Test stimuli 

To prepare stimuli for the perceptual and acoustic tests, the AE words were 
digitized in Seattle and the S words in Stockholm using identical models of the Kay 
Elemetrics C SL (Ver. 4.0) speech analysis system (20 kHz sampling rate, 16-bit 
quantization). Tokens were digitized at an input gain that maximized the available 
range for the vowel portion; this procedure resulted in a rough calibration of the 
burst intensities against following vowel. All tokens were further processed in 
Stockholm to isolate a 15 msec frame beginning at the release burst. The set of 
stimuli consisted of 100 adult and 109 child It/ bursts. 

Samples were further prepared for acoustic analysis by playback from C SL, 
through a high-pass filter (custom-built analog 7 pole with a 70 Hz 3 dB cutoff), 
and into the C Speech speech analysis system (22 kHz sampling rate, 15 bit 
quantization). This filtering was performed to eliminate components at around 30 
Hz that were visible, though inaudible, in a number of the tokens. These artifacts 
were probably due to microphone movements, room air movements, or the plosive 
air burst from a stop release. 

Perception tests 

All judges were phonetically trained (to various degrees), fluent in Swedish and 
English, and living in Stockholm. The listening tests began with five judges; two 
Americans, two Swedes, and one Estonian, whose task was to categorize isolated 
15 msec /t/ bursts as dental or alveolar. Because we were concerned about the 
difficulty of the task, we had the five judges meet, produce alveolar and dental /t/ 
sounds, and discuss possible perceptual cues. These discussions took place before 
any acoustic measures had been made. 

Judges performed the actual listening test individually. The test itself consisted 

of three test sessions: Session 1, a pre-test with the adult bursts; session 2, a test 
with the child bursts; and session 3, a post-test with the adult bursts. The test 
sessions were completed in the above order and within two weeks. No more than 
one test could be taken on a given day. The purpose of the post-test with adult 
stimuli was to ensure that any differences in judges' responses to adult and child 
bursts could not be explained as an effect of order or decreased ability over time. 

The judges' task was to label each burst as either dental or alveolar. Prior to test 
sessions 1 and 2, judges were familiarized to the entire set of stimuli; directly after 
the familiarization phase came the real test phase. Judges controlled the test 
themselves; they determined the rate of presentation of the stimuli and could listen 
to each stimulus repeatedly. The stimuli were presented at comfortable listening 
levels through AKG K45 headphones, and were randomized separately on every 
pass for every judge. An initial calculation of the results of the adult burst pre-test 
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indicated that four of the five judges were able to categorize the bursts according 
to language group well above chance, and that one judge (an American) seemed to 
be responding randomly. This judge was eliminated from the experiment. 

Acoustic measures 

In an effort to identify the acoustic features associated with language-specific 
properties of Itl, three types of acoustic measures were made: 1) VOT, 2) burst 
intensity, and 3) burst spectral shape. Figure 1 illustrates these measures for a pair 
of AE and S consonant-vowel tokens. Though VOT was not heard directly by the 
judges, it is an important metric of stop consonants, and was included as a possible 

American Alveolar It! 

1. I VOT = 100 msec 

2. Burst Vowel Difference: 9 dB 

Swedish Dental It! 

2. Burst Vowel Difference: 18 dB 

3. Burst Spectrum 

Mean: 5.988 kHz 

Std. Dev.: 1.005 kHz 

Skew: -.214 
Kurt: .029 

3. Burst Spectrum 

Mean: 4.984 kHz 

Std. Dev.: 2.203 kHz 

Skew: -.613 
Kurt: -.788 

Figure 1. Sample American and Swedish adult /tu/ waveforms, with acoustic measures: 1) 
voice onset time (VOT), 2) calibrated burst intensity, and 3) burst spectrum shape measu
res (from FFT spectrum of first 15 msec of burst). 

PERILUS XVIII, 1994 



Phonological acquisition 29 

distinguishing feature. In Figure 1, the VOT of the AE token is about 1f310nger than 
the Swedish. 

Two types of intensity measures were made: 1) absolute intensity in dB of the 
15 msec burst segment, and 2) a burst intensity in dB calibrated with reference to 
the following vowel. The first measure was made so that burst intensity would be 
directly comparable to what the judges heard; the second was made because it was 
thought to be more appropriate for distinguishing place of articulation. Jongman, 
Blumstein, and Lahiri (1985) found good discrimination of dental vs. alveolar 
tokens of Malaya lam, a language which uses those places contrastively, by calibrat

ing the burst intensity against following vowel intensity. We adopted a similarly 
calibrated intensity measure, made by locating the vowel intensity maximum and 
subtracting the dB measurement of the burst from this maximum, shown in Figure 
1 as "burst vowel difference." In this figure, the burst vowel intensity difference is 
twice as large in the S token, indicating a burst intensity that is half that of the AE 

token; in other words, the /t/ produced by the S speaker is quieter relative to the 
following vowel (the same vowel, in this example). 

Another potential correlate of the dental-alveolar distinction is in the shape of 
the burst spectrum. It is well known that the spectra of bursts differing by place of 
articulation are distinctly shaped (see Kent & Read, 1992 for a review). One way 
such shape differences have been successfully quantified is by application of 
coefficients traditionally used to describe probability distributions: mean, standard 
deviation, skewness, and kurtosis (Forrest, Weismer, Milenkovic, & Dougall, 
1988). While the focus in this study was on burst standard deviation as an indicator 
of diffuseness, all four measures are listed for the burst spectrum shown in Figure 
1 (an FFT spectrum from a 15 msec frame beginning at burst release). Shape 
differences are readily visible in these samples, with a more compact and somewhat 
higher concentration of energy for the AE burst. 

VOT was measured in Stockholm using the C SL system. The waveform display 
alone was used for measuring adult tokens, and waveform plus spectrogram were 
used for child tokens. Where there were multiple bursts, VOT was measured from 
the first fully aspirated burst, and where voicing was ambiguous, the spectrogram 
was used to identify glottal pulsing strong enough to excite the second formant as 
the criterion for onset of voicing. 

Intensity and spectral shape measures were made in Seattle using the C Speech 
speech analysis system (Milenkovic & Read, 1992). 15 msec analysis frames were 

run across the waveform, shifting 5 msec between frames; the resultant data files 
contained frame-by-frame dB values, and the four spectral measures of mean, 
standard deviation, skewness and kurtosis. These analysis frames were synchro-
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nized with the burst release so that the sixth frame was always the 15 msec frame 
presented to the judges; this frame's values were then recorded for further analysis. 

3. Results 

Outliers 

Before statistical analysis of the acoustic measures, all results were examined for 
outliers by box and whisker plots (Wilkinson, 1990). Any extreme outliers (exceed

ing the "outer fence" distance from the median - equivalent to 3.5 times the range 
occupied by the central half of the data) were eliminated from the datasets to avoid 
skewing the data. If the number of outliers taken from one language group exceeded 
those taken from the other, other outliers (exceeding the "inner fence" criterion 
equivalent to 2 times the central half range) were removed as necessary to restore 
near balance between the groups. This procedure caused the rejection of two AE 
adult tokens plus one S adult token, and two AE and two S child tokens. Further 

selections or eliminations of tokens to facilitate statistical analyses are described 
below. 

Perception tests 

Judges were successful in classifying the 15 msec burst stimuli as dental or alveolar 
for both the adult and child bursts. That is, S bursts were mostly labeled as dental 
and AE bursts as alveolar. This association of dental-alveolar perception with 
native language of speaker was tested using a chi-squared statistic. Table I shows 
the results for pooled data from all judges and for individual judges. This table 
includes a "prediction success" score, which represents the proportion of bursts 
correctly classified (i.e. AE bursts as alveolar, S bursts as dental). The prediction 
success can be interpreted by comparison to a .50 chance baseline. 

As can be seen in Table I, the classification of tokens was related to the native 
language of the speaker well beyond chance levels; with all judges pooled, p values 
for both adult and child bursts were less than .001. This association, however, was 
much stronger for the adult stimuli than for the child stimuli. Individual judges' 

classifications were clearly associated with language for the adult stimuli, though 
for the child stimuli the judges' performance showed more variation, with one 
judge's classifications Gudge 3) being nonsignificant. (Note: Results of the adult 
burst post-test were also highly significant, in fact stronger than in the pre-test. Data 
reported here come from the pre-test.) 

Another way of looking at the perception results is shown in Figure 2, which 
plots scores for each speaker. As each adult speaker produced 5 tokens and each 
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Table I. Statistics showing association of perceptual discrimination and language, for all 
judges together and for individual judges. 

Judge 

All 1 2 3 4 

Adults 2 X , df 153.5, 387 35.9, 97 61.6, 97 36.0, 97 24.8, 97 
P *** *** *** *** *** 
Prediction 
success .81 .80 .90 .80 .75 

Children 2 X , df 19.4, 419 4.25, 104 8.16, 104 2.91, 104 5.07, 104 
P *** * ** .09 * 
Prediction 
success .61 .60 .64 .58 .61 

* = P < .05, ** = P < .01, *** = P < .001 

Classification of Adult Bursts Classification of Child Bursts 
" 

100 % Dental � 8 8 100 % Dental 
8 8 8 S 

S 8 
8 8 S 8 8 

A A 
8 

S A 
A S � 

A A A A S 
A S 

A A A A 
A A 

100 % Alveolar A A 100 % Alveolar 
I 2 a -4 e II 7 8 g 10 I 2 a -4 e II 7 8 " 10 

Subjects Subjects 

Figure 2. Plots of perception results by subject, subjects ordered within language groups 
(A=American, S=Swedish) by language appropriate result. 
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token was judged 4 times, a percentage across 20 values was taken to see how 
individual speaker's /t/ bursts were perceived on a dental-alveolar continuum. For 
this figure, AE speakers were ranked from least dental to most dental, and S 
speakers from most to least dental. The same procedure was followed for the 

children except that their percentages were taken from more or less than 20 values. 
The effectiveness of language classification according to perceived place of articu
lation is clear in these graphs. For adults, only two subjects out of twenty would be 
misclassified by the perceptual results. For children, the results were more variable; 
however, fourteen out of twenty were correctly classified, where "correct" means 
that AE children's tokens were heard as alveolar and S children's as dental. (Note: 
Alhough eleven AE children had been included in the study, one was excluded from 
the data at this point to balance the subject numbers for the regression models; the 
excluded subject had only contributed two non-outlier tokens to the original 
database, but was actually ranked second most alveolar among the AE children.) 

Table II. T-test results for acoustic predictors of language. 

Swedish American t p 
average average 

Adults VOT 49.06 73.73 7.163 *** 
Burst intenSity: 

Calibrated dB 17.72 12.80 -6.376 *** 
Burst spectrum: 

Mean 5.158 5.501 1.793 ns 

Std.Dev. 2.127 1.194 -9.477 *** 
Skew. -0.845 -0.914 -0.422 ns 

Kurt. 0.790 4.75 5.867 *** 

Children VOT 42.52 75.54 5.063 *** 
Burst intenSity: 

Calibrated dB 22.22 17.35 -3.471 ** 
Burst spectrum: 

Mean 4.267 5.079 3.489 ** 
Std.Dev. 2.088 1.840 -3.099 ** 
Skew. -0.019 -0.450 -2.544 * 
Kurt. 0.031 0.750 1.962 ns 

* = p < .05, ** = P < .01, *** = P < .001 
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Validity of acoustic measures 

Burst standard deviation was the most consistent and powerful group discriminator 
among the spectral shape measures (spectral mean, standard deviation, skewness, 
and kurtosis). Despite our efforts to eliminate differences in room acoustics and 
recording equipment specification, differences in recording environments may 
have affected the results. We have been exploring this source of potential artifact 
with the use of calibration signals, and have determined that the burst spectral 
standard deviation differences are both opposite in sign to, and much larger in 
magnitude than, any detectable effects due to recording equipment or location. 
Therefore, we concentrated on the burst standard deviation measure as our measure 
of spectral diffuseness; for completeness, however, results are displayed for all the 
spectral shape measures in the following section. 

Acoustics tests 

In analyzing the acoustic measures, t-tests provide a descriptive assessment of 
group differences. In subsequent analyses, multivariate statistical models will allow 

Table III. T-test results for acoustic predictors of dental perception. 

Dental Alveolar t p 
average average 

Adults Burst intenSity: 
dB -27.18 -22.54 13.113 *** 

Burst spectrum: 

Mean 5.169 5.483 3.295 ** 
Std.Dev. 2.053 1.286 -13.741 *** 
Skew. -0.935 -0.824 1.380 ns 

Kurt. 1.35 4.12 7.601 *** 

Children Burst intenSity: 
dB -32.65 -26.75 9.988 *** 

Burst spectrum: 

Mean 4.656 4.700 0.276 ns 

Std.Dev. 2.028 1.907 -2.964 ** 
Skew. -0.225 -0.249 -0.227 ns 

Kurt. 0.355 0.448 0.399 ns 

* = p < .05, ** = P < .01, *** = P < .001 
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us to examine associations among the acoustic measures and assess the effects of 
speaker, vowel context, and judge. Tables II and III show results from t-tests of the 
acoustic data for differences of language of origin and judges' perception of place, 
respectively. Figure 3 summarizes the consistently significant differences among 
the results shown in Tables IT and ITI. Three acoustic measures (VOT, relative 
intensity and burst standard deviation) were distinct for AE and S /t/ bursts for both 
adult and child stimuli. Also, two measures that were used to predict perceived 
place of articulation (absolute intensity and burst standard deviation) were signifi
cant. 

Language of Speaker and Acoustic Measures 

90 

VOT 
(msec) 

30 

·10 

In!. 

(dB) 

·25 

2.5 

Burst 

SD 

(kHz) 

1.0 

Adult Bursts Child Bursts 

AE S AE S 

\ \ 
� 

\ 

/ 
� 

Perceptual Discrimination and Acoustic Measures 

Adult Bursts Child Bursts 

·20 

In!. 

(dB) 

Alv. Den. Alv. Den. 

\ 
·35 

��---+---+--�--�� 
2.5 

Burst 

SD 

(kHz) / 

Figure 3. Means of statistically significant acoustic results associated with language of 
speaker (on left) and with perceptual discriminations (on right). Intensity measure in 
language results is calibrated to following vowel, intensity in perception results is absolute 
burst intensity. Error bars depict standard errors. 
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Our findings provide the following answers to the three questions posed in the 
introduction: 

( 1) There were measurable and perceptible differences between productions of /t/ 
by adult speakers of AE and S. 
(2) A subset of these language-specific differences was measurable and perceptible 
in tokens produced by 30-month-old children. 

(3) The language differences in the children's productions mirrored those of the 
adults. 

In summary, judges were able to classify AE and S adult and child /t/ bursts as 
alveolar and dental, respectively. Three acoustic measures, VaT, intensity, and 
diffuseness (burst spectral SD) distinguished between the two languages, AE 
tokens having longer VOT, greater burst intensity and a more compact spectrum 
than the S tokens (see Figure 1 again for a graphic example). Also, intensity and 
diffuseness measures were correlated with perceptual classification of bursts as 
dental or alveolar. Especially strong in predicting language of speaker and percep
tion of place was the spectral diffuseness measure of burst standard deviation. We 
conclude from these results that the 30-month-olds were using the appropriate 
phonetic aspects of It/ sounds for their languages, though perhaps not at adult levels 
of precision, accuracy, or consistency. 

Although the perceptual and acoustic results for the child bursts were signifi
cant, they were not as strong as the results for the adult tokens. This is probably a 
development effect, but it is also possible that the difference in the style of speech 
spoken by the adults and children, lab speech for the adults and quasi-spontaneous 
speech for the children, contributed to the weaker results for the child tokens. Tests 
using It/ bursts from spontaneous adult speech could be used to address this 
possibility. 

The question of whether all children begin with a default coronal place of 
articulation is unanswered, although we may have some clues. As seen in Figure 3, 
AE child bursts tended to be diffuse and nearer the S child values than the other 
measures, suggesting that dental place was more common across all children. Data 
from younger children will provide additional information on this issue. 

These results are provocative in terms of what they tell us about perceived place 
of articulation. The fact that the judges could classify isolated /t/ bursts means that 
the cues present in the burst were sufficient for making the alveolar-dental distinc
tion. Correlations between the acoustic results and perception of place, and the 
judges reports of cues they used in classifying the tokens, seem to show that burst 
intensity and diffuseness are important acoustic features. However, in natural 
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speech perception, many more cues are available to the listener, e.g. VOT, aspira
tion, formant transitions. 

Finally, we want to acknowledge that further work is necessary to determine if 
our results really reflect differences in place of articulation, or if they reflect more 
general language-specific properties of S and AB. It is possible that the differences 
in VOT and burst characteristics are actually system wide, i.e., that the entire stop 
consonant system differs between the two languages, with AB stops having longer 
VOT, greater burst intensity, and less diffuse burst spectra than in S. Further 
investigation of these possibilities is underway. 
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Abstract 

Audio recordings of lively conversational speech produced by three Swe

dish, four Finnish and three Estonian speakers were analyzed for durational 

correlates of quantity distinctions. The data suggested that duration con
trasts are maintained more consistently by Finnish and Estonian than by 

Swedish speakers. This is attributed to the unusually complex structure of 

the Finnish and Estonian quantity systems, and to the fact that Finnish and 

Estonian, in contrast to Swedish, do not use vowel quality or diphthongiza

tion as correlates to quantity distinctions. 

1. Introduction 

In conversational speech, linguistic units frequently appear in a great variety of 

phonetic shapes. Nevertheless, they are normally perceived as the same from one 

occurrence to the next. In dealing with this phenomenon, Lindblom has suggested 

that a low level of articulatory precision - articulatory simplicity being the 

speaker's natural preference - is in order as long as the listener has access to some 

additional information as to the intended meaning of the message (e.g. some 

knowledge of what the speaker is going to say). On the other hand, more articula
tory precision may be needed when the listener has less such knowledge (e.g. when 

the speaker pronounces an unknown and unusual name). In other words, according 

to this 'theory of adaptive dispersion', the speaker uses only the amount of 

articulatory precision necessary to guarantee the listener's lexical access in any 

given situation; thus, according to Lindblom (1987), the speaker provides the 

listener with just 'sufficient contrast' . 

The theory of adaptive dispersion also applies to the formation of sound 

inventories in the languages of the world. For instance, if a language has a certain 

1) Also in Phonetica, 51, 1994, 80-91. 
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number of vowels, it is possible - on the basis of the principle of sufficient contrast 

- to predict fairly well which vowels these are (Lilj encrants and Lindblom 1972, 

Lindblom 1986). Lindblom's theory thus represents a general attempt to incorpo

rate an integrated listener-speaker perspective into the explanation of phonetic 

variation. 

The quantity systems of the world's languages provide another, somewhat 

neglected example of phonetic-typological variation. Several languages, such as 

Swedish, Finnish and Estonian, make lexical as well as grammatical use of the 
quantity feature. For instance, the Swedish word pair ful /fu:1/ (ugly) vs. full /fe1/ 
(full) exemplifies a lexical contrast; the pair vit /vi:t/ (white, n-gender) vs. vitt /vrt/ 
(white, t-gender) exemplifies a grammatical contrast. In Finnish, the pair kuka 

(who) vs. kukka (flower) exemplifies a lexical contrast; and the pair kukka (flower, 

nominative form) vs. kukan (flower, genitive form) exemplifies a grammatical 

contrast. (Finnish orthography uses double letters for long vowels and consonants. ) 

The common phonetic realization of quantity is opposing segment durations, 
but there are frequently additional correlates such as vowel quality and diphthongi

zation (e.g., Malmberg, 1944; Durand, 1946). Swedish has both quality and 

diphthongization associated with most long vs. short pairs (Elert, 1964). Several 

quality differences have been shown to be perceptually salient (Hadding-Koch and 

Abramson, 1964). The quality differences are said to be much smaller in Finnish 

(Sovijarvi, 1938; Wiik, 1965). Lehtonen (1970) has concluded that native speakers 

of Finnish as opposed to native speakers of Swedish do not use a quality difference 

between vowels as a perceptual criterion of phonol ogical length. The same conclu

sion has been drawn for Estonian, another Fenno-Ugric language closely related to 

Finnish (Lehiste, 1960). In Estonian, fundamental frequency (FO) has been as

sumed to play an additional role (Lehiste, 1970), but, more recently, FO has been 

found not to be a reliable acoustic correlate, either in words read in isolation (Krull, 
1992) or in conversational speech (Krull, 1993). Available evidence therefore 
suggests that the Finnish and Estonian quantity systems are fairly straightforwardly 

based on duration. 

From a typological perspective, the quantity systems of Finnish and Estonian 

are unusually complex. In relation to the Swedish system, they are more elaborated 

both in number and distribution of contrasts. Swedish has a contrast between two 

lengths, and this contrast occurs only in lexically stressed syllables. In all stressed 

syllables, the vowel is either long or short. If the vowel is long, it is either word 

final or followed by a short consonant; if the vowel is short, it is followed by a long 

consonant, i.e. V:C vs. VC: (Elert, 1964). 
As in Swedish, the Finnish quantity contrasts mainly appear in vowel--conso

nant sequences. But unlike Swedish, they are not limited to the stressed syllable of 
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the word which, in Finnish, is always the first syllable. Length contrasts appear in 

all positions except in word-initial and word-final consonants. Also unlike Swed

ish, Finnish uses all four possible combinations of long and short segments: VC, 

VC, VC: and VC: as in muta (mud), muuta (other), mutta (but) and muuttaa 

(move). 

The Estonian quantity system is quite different from both the Swedish and the 

Finnish systems. It is hierarchical in the following sense: 1) there are quantity 

contrasts between syllables, and 2) syllables having the same quantity degree can 

be made up of different combinations of segment lengths. 

Starting out with the segmental level, there are, for both vowels and consonants, 

three distinctive quantities, called short, long and overlong. These are usually 

represented V, VV, VVV and C, CC, CCC for vowels and consonants, respectively. 

The three quantities appear in several combinations: VCV (sad a, 'hundred'), 

VVCV (saada, 'send', imperative form), VVVCV (saada, 'get', infinitive form); 

note that there is no orthographic difference between the latter two words. Further 

combinations are: VCV (kadus, 'disappeared'), VCCV (katus, 'roof'), VCCCV 

(kattus, 'covered itself'); the short vs. long consonant distinction between the first 

two words is marked with the letters d and t although both are voiceless. Finally, 

we have: VVCCV (saate, '(you) get'), VVVCCCV (saate, 'of the sending'); note 

the identical spelling of these words. 

The above combinations cannot occur at different positions in the word as freely 

as in Finnish. For instance, vowels can have a three-way contrast only in the first 

syllable which, like in Finnish, always carries lexical stress. A three-way consonant 

contrast is possible in intervocalic position between an odd- and an even-numbered 

syllable. 

The three syllabic quantity degrees, QI-Q3, are made up of various segment 

length combinations: VCV (Q 1), VVCv, VCCV and VVCCV (Q2), VVVCV, 

VCCCV and VVVCCCV (Q3). Syllabic quantity contrasts occur only in words 

with more than one syllable; monosyllabics always belong to the third degree, Q3 

(with the possible segment length combinations VVVC, VCCC, VVVCCC). The 

duration of the second syllable of the word depends on the quantity degree, and 

thereby on the duration of the first syllable. According to Lehiste ( 1960), the 

following approximate duration relations hold: (1) in VCV (Q 1) the relation 

between the durations of the first and second syllables is 2: 3; (2) in VVCv, VCCV 

and VVCCV (Q2) the relation is 3:2; and (3) in VVVCv, VCCCV and VVVCCCV 

(Q3) it is 2: 1. These relations thus provide a phonetic rationale for a categorization 

in terms of syllabic quantity degrees. (For a more detailed survey and experimental 
data, see Eek, 1974.) 
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In summary, the Finnish and Estonian quantity dimension is more densely 

populated than the Swedish quantity dimension. Moreover, Estonian has quantity 

contrasts on both the segment and the syllable levels. Finally, quantity contrasts are 

mainly based on duration in Finnish and Estonian while Swedish quantity is also 
correlated to vowel quality and diphthongization. 

Given these cross-language differences, it might be hypothesized that success

ful lexical access in speech communication is more dependent on quantity infor
mation in Finnish and Estonian than in Swedish, and, as a consequence, that 

Finnish and Estonian listeners would depend more on precise duration information 

than would Swedish listeners. In particular, Swedish listeners would tolerate more 

reduction of the durational contrast than Finnish and Estonian listeners. Thus, 

according to the theory of adaptive dispersion, Finnish and Estonian speakers 

would be expected to preserve the durational correlate of quantity to a greater extent 

than would Swedish speakers. 

This conclusion, however, does not follow automatically from the phonological 

analysis. It could just as well be assumed that the quantity feature is preserved or 

not preserved to the same extent in the three languages, irrespective of their 

typological differences. There are at least the following two alternative motor 

control strategies that cannot be ruled out a priori: 

( 1) The motor execution of the quantity contrasts is organized in such a way that 

peripheral effects of factors like stress and speaking rate are anticipated and 

compensated for in the motor plan. As a result of such an strategy, the durational 

correlates of the quantity contrast would be safeguarded at the peripheral (articula

tory and acoustic) levels. In particular, we would observe little language-dependent 

reduction of the quantity contrast. 

(2) A second alternative strategy would be the following: The motor plan 
contains information on the phonological quantity contrasts present in the intended 

utterance, but peripheral effects of stress and speaking rate are not anticipated and 
thus not compensated for in the motor plan. As a result of this strategy, reduction 

of durational contrasts would occur frequently and irrespective of typological 

differences between languages. This strategy bears a certain resemblance to the 

basic assumptions underlying Lindblom's ( 1963) model of vowel reduction. 

The former alternative would be more 'listener-friendly' in the sense that it 
predicts that quantity contrasts are preserved across speaking rates and styles. But 

neither of these alternative strategies allows for a flexible adaptation to context 

dependent listener requirements. And if those strategies reflect universal properties 

of the speech production mechanism, there should not be much variation in the way 
languages with different quantity systems realize their contrasts. On the other hand, 
if 'sufficient contrast' is the leading principle, clear language-specific effects 
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should be expected. In particular, speakers of languages such as Finnish and 

Estonian, in which quantity plays an important role in the formation of vocabulary 

as well as grammar, and in which the quantity feature mainly correlates with 

duration, would be expected to preserve the duration correlate to a greater extent 

than speakers of languages such as Swedish, which relies on quantity and duration 

to a lesser extent. 

In a previous experiment using systematically elicited speech samples (Eng
strand, 1 986) we found some support for the assumption that Finnish speakers 

preserve the duration correlate of quantity to a greater extent than Swedish speak

ers. The Swedish speakers tested in that experiment largely failed to preserve a 

durational correlate of the two-way quantity contrast when the test words did not 

carry sentence stress. The Finnish speakers, on the other hand, consistently pre

served the four-way quantity contrast under that condition. 

This result is in general agreement with our main hypothesis. But it does not tell 
us very much about language-specific correlates of quantity in more realistic 

speech situations such as in spontaneous discourse. To our knowledge, the phonetic 

variability of the quantity feature has not been studied using spontaneous speech 

material, either in Swedish, or in Finnish or Estonian (but see Engstrand, 1992, and 

Krull, 1993, for some preliminary data). The purpose of this paper is to report 

results from a cross-language study of quantity in conversational speech in Swed

ish, Finnish and Estonian. 

2. Method 

Subjects 

The speech material consists of conversational speech samples produced by the 

following 10 speakers: 

1) Swedish: Three male native speakers of Central Standard Swedish, all in their 

forties and staff of the Department of Linguistics: one computer engineer (JS), one 

general linguist (AV) and one phonetician (RL); 2) Finnish: Four female native 

Finnish speakers, staff of the Department of Linguistics, whose ages ranged from 
the mid thirties to the mid forties. Three of the speakers (PJ, EK, TA) are general 

linguists, one (MH) is a member of the technical staff. They have all lived in 
Sweden for several years. PJ speaks a dialect typical of Helsinki; EK speaks a 

Central Finnish dialect similar to Standard Finnish; TA, who is bilingual in Finnish 

and Swedish from childhood, speaks Standard Finnish; and MH speaks a marked 
Northern Finnish dialect. The quantity system is the same in these dialects, and its 

durational correlates are not considered to differ to any noticeable extent; 3) 
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Estonian: Three native speakers of Standard Estonian, two female students in their 
twenties (KK and SL), one student of English and one of economics, and one male 

phonetician in his fifties (AE), visiting at the Department of Linguistics. All three 

are residents of Estonia. 

Speech material and procedures 

The recordings were made while the subjects were engaged in conversations in 

which the topics evolved in a relatively natural way. The experimenter's role was 

to keep the subjects talking by inserting comments and questions as needed. The 

four Finnish subjects were recorded in two pairs, each pair maintaining a conver

sation without interference from the experimenter. The two female Estonian sub

jects were present simultaneously and maintained a conversation mainly with each 

other but also with the experimenter (the second author, who is a native speaker of 

Estonian). The remaining subjects, the male Estonian subject and the three Swedish 
subjects, each maintained a conversation with the experimenter (who was the first 

author in the case of the Swedish subjects). 

During all recording sessions the topic of the conversation rather than the 

experimental setting soon dominated the speakers' interest. This resulted in infor

mal and lively conversations with frequent and rapid variations in speaking rate and 

style. The duration of the recordings was approximately one hour. All recordings 

were made in sound-screened recording studios at the Phonetics Laboratory using 

high-quality professional equipment. 

After the recordings, occurrences of quantity patterns in bisyllabic and polysyl

labic content words (nouns, adjectives, verbs and adverbs) were identified. Gram
matical words (pronouns, prepositions, conjunctions) and lexicalized phrases were 

not included since the test languages' different uses of those categories probably 

influence their prosody and make it harder to compare the data. The quantity 

patterns, which all occur frequently in the respective languages, were the following: 

(a) V:C and VC: sequences for Swedish; (b) VC, V:C, VC: and V: C: sequences for 

Finnish; and (c) VCV (QI), VVCV and VCCV (Q2), VVVCV and VCCCV (Q3) 

for Estonian. For Estonian, only five out of the seven possible patterns for the two 

initial syllables were used. The remaining forms (VVCCV and VVVCCCV) were 
omitted since they occurred in very small numbers or with a restricted set of 

consonants; VVCCV occurs almost exclusively in the second person plural form 

of verbs with the ending -te (only Ittl occurred in our material); the sequence 

VVVCCCV is more frequent but occurs only with the consonants Ipl, It!, Ik/ or lsI. 

F or the remainder of the speech material it was judged that there were enough cases 

of different vowels and consonants to avoid distortion of measures due to inherent 

durational differences. 
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The test sequences were all in lexically stressed syllables. This is necessary for 

Swedish since, as mentioned, if a syllable has quantity, it has lexical stress. To 

ensure cross-language comparability, we also used lexically stressed syllables for 

Finnish and Estonian. In the case of Estonian this was also desirable since, as 

mentioned, the full range of quantity distinctions occurs only in connection with 

the first syllable. 

The selected word material was digitized at 10 kHz, using GW Instruments' 

MacAdios II hardware and the MacSpeechlab II program package for the Swedish 

and the Finnish material, and Kay Elemetric's Computer Speech Lab system (CSL 

3400) for the Estonian material. Broad band spectrograms were displayed together 

with the waveform on the computer screen. Vowel-consonant and consonant

vowel boundaries were located according to conventional acoustic landmarks. The 

beginning and end of the vowel segment were defined as the onset and and offset 

of a clear formant pattern. In the case of stops, the burst release was taken as the 

beginning of the vowel. Several words, where unambiguous segmentation criteria 

were not found, were discarded. 

3. Results 

We will first present the results language by language in the order Swedish, Finnish 

and Estonian and then compare the results across languages. 

Swedish 

Figure 1 shows box-whisker graphs representing the duration data for short and 
long vowels and consonants for the three Swedish subjects (note differences 

between scales). 

The dispersion is large as usual in conversational speech, but there is a clear 

effect of phonological length: long vowels have greater durations than short vowels 

(p<O.OOI for all speakers), and long consonants have greater durations than short 

consonants (p<0.001 for RL, p<O.OI for JS, and p<0.05 for AV). The data thus 

display a complementary pattern VC: vs. Vc. The statistical test run here and 

throughout this article is the Mann-Whitney U-test. 

Finnish 

Duration data from Finnish VC: and V C  sequence are shown for the four Finnish 

speakers in Figure 2. 

Again, the dispersion is considerable, but vowel and consonant durations are 
clearly correlated with phonological length: long vowels have greater durations 
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than short vowels, and long consonants have greater durations than short conso
nants. These differences are highly significant (p<O.OOl). In general, the contrast 
between V:C and VC: sequences is seen more clearly in the Finnish than in the 
Swedish data even though there is some individual variation (cf. the Finnish 

speaker MH's data on the long consonants). The relatively clear separation between 

the durations of the long and short segments also holds between VC and V:C: 

sequences (not shown in the figure). Consequently, VC has shorter duration than 

V:C: (p<O.OOl) whereas the ratios in these combinations are fairly similar. 

Estonian 

The Estonian data are shown in Figure 3. Rows correspond to speakers and 
columns to measures. The left column illustrates the durational increase in the first 

vowel of vowel -consonant-vowel sequences as an effect of increasing phonologi

cal length (VCV, VVCv, VVVCV). The middle column shows the opposite effect 

on the second vowel; note the complementary distribution in these measures. All 
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Figure 1. Duration of short and long Swedish vowels and consonants. Speaker RL: n=8S, 
8S, 98, 98; JS: n=73, 73, 89, 89; AV: n=79, 79, 101, 101. The central box comprises SO% 
of the data, half above and half below the median which is marked by the centre horizontal 
line.The H-spread is the difference between the hinges. The inner fences are defined as 

the lower hinge -(1.SxH-spread) and the upper hinge +(1.SxH-spread), respectively. 

Likewise, the outer fences are the lower hinge -(3xH-spread) and the upper hinge 

+(3xH-spread), respectively. Outside data values (marked by asterisks) are any data 
values beyond either inner fence; far outside data values (marked by empty circles) are 
any data values beyond either outer fence. The outermost data value on each end that is 
still not beyond the corresponding inner fence is called an adjacent value. The whiskers 
are drawn from each hinge to the corresponding adjacent value (see e.g. Velleman and 
Hoaglin, 1981). 

PERILUS XVIII, 1994 



Durational correlates of quantity 47 

these effects are quite evident and statistically significant for all three speakers 

(p<O.OOI in most cases except the differences in VI and V2 between Q2 and Q3 
for speaker KK [middle row of Figure 3] where p<O.05 and p<O.OI, respectively). 
The duration of the middle consonant (not shown in the figure) does not change to 

any considerable extent across these vowel quantity conditions. 

The right column illustrates the durational increase in the consonant of vowel

consonant-vowel sequences as an effect of increasing phonological length (VCV, 

VCCv, VCCCV). Again, these effects are clearly seen and highly significant for 

all three speakers (p<O.OOI). These consonant differences are accompanied by V2 

differences that are comparable to those shown in the middle column. The duration 
of VI does not change to any appreciable extent. 

Duration ratios for the three languages can be compared in Figure 4 in the order 

Swedish, Finnish and Estonian from top to bottom. 

The Swedish and Finnish ratios both represent VC: and V:C sequences and are 
thus directly comparable. The differences between these ratios are highly signifi-

300 250 

PJ EK 

en � 200 

���� 
(f) 

5 200 5 
z z 150 
0 0 
F F 
« � 100 
!5 100 ::J 
0 

0 
0 

50 

0 0 
V c: V: C V c: V: C 

250 250 

TA MH 
en 200 

�8� 
en 200 

5 5 
z 150 z 150 

�� 
0 0 
F F 
� 100 � 100 

$ 
::J 

S 
::J 

0 0 
50 50 

. 

0 0 
V c: V: C V c: V: C 

Figure 2. Duration of short and long Finnish vowels and consonants in VC: and V:C 
sequences. Speaker PJ: n=24, 24, 11, 11; EK: n=13, 13, 13, 13; TA: n=18, 18, 7, 7; MH: 
N=40, 40, 34, 34. 
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VVCV and VVVCV sequences. Speaker AE: n=48, 45, 64; KK: n= 29, 26, 24; SL: n= 26, 
22, 22. Right column: Duration of intervocalic consonant in VCV, VCCV and VCCCV 
sequences. Speaker AE: n= 48, 42, 45; KK: n=29, 28, 36; SL: n= 26, 16, 27. 

PERILUS XVIII, 1994 



Durational correlates of quantity 49 

5 6 5 
RL JS AV 

4 5 4 

� 
4 

0 
3 

0 3 
. 8 3 F � <t: 
. <t: 

a: 2 

� 
a: a: 2 

$ 
2 

$ 
0 0 0 

vIC: V:/C VIC: V:/C VIC: v:/C 

10 8 4 
PJ 7 EK TA 

8 
6 3 

0 6 0 5 

8 
0 F 

<t: � 4 � 2 

Y 
a: 

4 a: a: 

T 
3 

¢ 2 
2 

$ ¢ 0 0 0 
VIC: V:/C VIC: V:/C VIC: V:/C 

4 
MH 

3 

$ 
0 

� 2 
a: 

e 
0 

VIC: V:/C 

10 6 7 

AE KK 6 SL 

8 
5 

0 o 4 o 
5 

� � 6 F 

S 
� 4 

� 
<t: 

a: a: 3 a: 

� 4 C\J C\J 3 

� 2 
<: 

:; • :; 2 

� � 
> 

2 

� $ � 
0 0 0 

2 3 2 3 2 3 
QUANTllY QUANTllY QUANTllY 

Figure 4. Top row: VIC: and V:C ratios for the Swedish speakers. Middle row: VIC: and V:C 
ratios for the Finnish speakers. Bottom row: V 11V2 ratios for the Estonian speakers. From 
left to right: 01, 02, 03. Further expalanation in text. 

Linguistics, Stockholm 



50 Engstrand and Krull 

cant for all speakers of both languages (p<O.OOI). Furthermore, the VC: and V:C 

ratios are better separated in the Finnish than in the Swedish data; the pooled 

differences between the Swedish and Finnish VC: ratios and the Swedish and 

Finnish V:C ratios are both highly significant (p<O.OOI). 

The bottom row shows effects of quantity degree on Estonian VI/V2 ratios. (In 
VCV sequences with a single, short consonant, the vowels can be taken to represent 

syllables; see Lehiste, 1960). These ratios represent the net result of the marked 

complementary distribution of the VI and V2 durations seen in Figure 3. The ratios 

therefore separate quantity degrees better than the durations of VI or V2 taken 

individually. The separation between the quantity degrees is very clear and highly 
significant for all measures (p<O.OOI). 

4. Discussion 

Our data have indicated that, in conversational speech, quantity categories are 

clearly maintained by speakers of Swedish, Finnish and Estonian in terms of 

durational contrasts. But a cross-language comparison also suggests that these 

contrasts are more distinctly and consistently upheld in the two Fenno-Ugric 

languages than in Swedish. What does this tell us about the three hypothetical 

speech production strategies outlined in the introduction? 

According to one of those hypotheses, quantity contrasts would be equally well 

preserved across languages irrespective of stress and speaking rate variations. We 

did observe clear duration correlates of quantity contrast in all three languages, but 

to different degrees. The contrasts were much clearer in Finnish and Estonian than 

in Swedish. Thus, the data do not support this hypothesis. 
Another hypothesis assumed a strategy that would reduce durational contrasts 

as an effect of stress and speaking rate variation in conversational speech, but the 

frequency and extent of such reductions would not be language-dependent. The 

first expectation was clearly borne out by the data: reduction of durational contrasts 

occurs fairly frequently in all three languages. But again, since contrasts were 
clearer and more consistent in Finnish and Estonian than in Swedish, this hypothe

sis is not supported either. 

The theory of adaptive dispersion can be seen as a compromise between the 
above two views. It assumes that the speaker adapts his articulatory precision to the 

listener's needs. Contrasts on a highly exploited feature dimension, such as the 

Finnish and Estonian quantity dimensions, would on the whole require more 
precise signal information than contrasts on a less exploited dimension such as the 
Swedish quantity dimension. From this point of view, durational correlates of 

quantity would be maintained more clearly and consistently in Finnish and Esto-
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nian than in Swedish. This is essentially the result of our experiment. We therefore 

conclude that our data are compatible with this latter view. 

Apart from the Swedish quantity dimension being less crowded than in Finnish 

and Estonian, Swedish quantity has strong additional correlates such as vowel 

quality and diphthongization. In several vowel quantity contrasts, the duration 
correlate is therefore redundant. However, the present experiment does not give us 

any clues as to the importance of this factor. The most interesting implication of 

our results is perhaps that they exemplify various ways in which quantity systems 

are built up to meet demands for communicative efficiency. The Swedish solution, 

shared by numerous languages, is to engage simultaneous dimensions such as 

vowel quality and diphthongization. On the one hand, this solution may pose less 

demands on the precision with which durational contrasts have to be controlled, as 

suggested by the present results; on the other hand, it increases the inventory of 

vowel qualities and the need for articulatory precision in the control of quality 

distinctions. It is also interesting to note that the complementary distribution of the 

quantities (i.e. short-long vs. long-short) contributes to the distinctivity of the 

durational contrasts. In such a way, the YC: vs. VC ratios become better separated 

than the durations of the individual segments (see again Figures 1 and 4). 

Finnish requires stricter control over the duration contrasts, as observed in the 

present experiment. The vowel quality dimension is not recruited by the quantity 

feature. It is interesting to note that the Finnish vowel inventory is extremely 

crowded when both monophthongs and diphthongs are taken into account: there 

are 8 distinctive monophthongs, including front rounded vowels, and 18 distinctive 

diphthongs (Karlsson, 1976). The leeway for quantity-related vowel qualities or 

diphthongizations therefore appears limited. In Finnish, like in Swedish, two of the 

quantity patterns have complementary length distribution (YC: vs. VC). Again, 

this gives salience to the contrast such that YC: and VC ratios become better 

separated than the individual segments, as suggested by the Finnish data in Figures 
2 and 4. We also note that the remaining two contrasts (YC vs. VC:) are kept apart 

by means of total duration rather than ratios. 

Estonian quantity does not recruit the vowel quality correlate either. Like in 

Finnish, the vowel inventory is densely populated when both monophthongs and 

diphthongs are taken into account; there are 9 distinctive monophthongs, including 

front rounded vowels, and 23 distinctive diphthongs, 19 of which have contrastive 

lengths (long and overlong, Lehiste, 1965). Thus, there does not seem to be much 

room for quantity-related vowel qualities or diphthongizations. 

Estonian quantity is of particular interest from a phonetic-typological point of 
view. As mentioned, the system is hierarchical with a lower level based on segment 

contrasts and a higher level based on syllable contrasts. We have noted in our data 
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that even though the durations of VI in Estonian VCv, VVCV and VVVC V are 

fairly well separated (Figure 3), the inversely varying V2 gives rise to ratios that 

are more distinctly separated than the VI durations alone (Figure 4). It is as if the 

three segment lengths in Estonian represent a 'saturation level' beyond which the 

language has recruited a new, syllable-based dimension. This is reminiscent of the 

'size principle' demonstrated by Lindblom and Maddieson ( 1988) for predicting 

the structure of consonant inventories in the world's languages: elaborated conso

nant types are recruited only when basic dimensions are saturated, and complex 

types are recruited only when elaborated dimensions are saturated. This approach 

also deserves attention in relation to the typology of quantity systems. 
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Abstract 

Acoustics and perception 
of Estonian vowel types 1 

Arvo Eek and Einar Meistef2 

The purpose of the present study has been to collect reference material on 
formant frequencies of Estonian vowels in the four-formant production 
space and to examine perceptually a two-formant approximation to four-for
mant reference vowels using both matching and identification procedures. 
Perceptual quantifications of formant patterns are discussed with reference 
to the spectral integration in envelope reconstruction and to the hyperspace 
effect in vowel perception. We envisage a framework for the description of 
the Estonian vowel system on the basis of perceptual distinctive features 
(with special attention to the vowel leY). 

1. Introduction 

( 1 )  Which speech unit should be considered as representing vowel types? The 
question, trivial as it seems, becomes more complicated as soon as we take into 

account that all Estonian vowels occur both in short and long duration degrees .  

Hereby we should be reminded of the di scussions about the problem of  whether 

long monophthongs should be treated as single phonemes or as sequences of two 

identical phonemes (Viitso 1 98 1 :  64--67; 1986). It i s  assumed that Estonians do not 

perceive small quality differences between vowels of different phonological length . 

We al so presume that in thi s respect the situation is  similar to Finnish where short 

vowels overlap to a great extent with corresponding long vowels in the acoustic 

space of F 1  vs .  F2, i . e . ,  as the psychoacoustic differences between short vs .  long 

vowels are below 1 Bark, they should belong to one and the same category of vowel 

quality (Iivonen 1 987 :  Figure 1 9) .  It is definitely a strong argument for considering 

long monophthongs as sequences of two identical phonemes . 

1 )  This is a revised and expanded version of a n  article publ ished i n  Keel ja Kirjandus, 
Tal l i nn ,  1 994 . 

2) Laboratory of Phonet ics and Speech Techno logy, I nstitute of Cybernetics , Tal l in n ,  
Eston ia .  
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At present we consider the vowels pronounced in i solation as the best repre

sentatives of vowel types although these can be produced only as one-syllable long 

utterances, i . e . ,  as units in the third degree of quantity (or in sharp accent) . It is not 

possible to pronounce in Estonian short i solated vowel s as one-syllable utterances .  

(2) There is  evidence that "li steners chose the vowel formants which did not 

match those produced by any speaker in normal speech . . .  The perceptual vowel 

space was expanded relative to the production space; high vowel s were higher, low 

vowels lower, front vowels were more front, and back vowels more back. " 

(Johnson, Flemming, Wright 1 993 : 56) .  The same authors show that such percep
tion space reflects vowels produced in clear, hyperarticulated speech . Thus the 

target values of vowels need not emerge even in case of i solated production of 

effortless normal speech style .  These features characterise the speech material of 

the present research . For this reason the hyperspace effect can be predicted not as 

much in production as in li steners ' reaction . The predicted situation i s  closely 
connected with the essence of the theory of adaptive dispersion by Lindblom 

( 1 987) :  a speaker uses only the degree of articulatory precision necessary to 

produce just sufficient contrast provided the li stener has access to additional 

information . The effect of the perceptual hyperspace was di scovered using two-for
mant vowel patterns.  Although F 1 and F2 are considered the parameters conveying 

more information than any other formant in the production space, these are not 

sufficient for the infallible distinction between rounded-unrounded high and mid 

front vowels in various languages, including Estonian . Additional information for 
evoking 'sufficient contrast' i s  hidden among higher formants. 

(3) Although we deny the adequacy of the two-formant representation of vowel 

types in the production space, we maintain that it can be sufficiently distinctive in 

the perception space. The idea is supported by the results of matching experiments 

for the determination of the so-called effective second formant F2' . The li stener ' s  

task in  these experiments i s  to match a two-formant stimulus to a four-formant 

reference keeping F 1  unchanged (Carlson, Granstrom, Fant 1 970; Bladon, Fant 

1 978) .  Following these authors we define F2 ' as the second formant frequency in 
a two-formant best-matched synthetic replica of a human vowel . The di stances 

between neighbouring vowels are equalised in the F 1  vs . F2 perception space (Fant 

1 969) and according to psychoacoustic criteria these distances are sufficient for 
keeping the vowels auditorily distinct. 

It i s  not quite clear how a li stener chooses the single formant F2' to represent 

higher spectral formants F2, F3 and F4 . The formant "clusters" registered in close 

frequencies on production level may perceptually merge into a single spectral peak 
representing certain weighted average (a centre of gravity) of the two close 
formants. Indirect evidence for thi s hypothesis can be found in the experiments 
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(Chi stovich, Lublinskaya 1 979; Chi stovich, Sheikin, Lublinskaya 1 979), where 

one-formant stimuli had to be matched to two-formant references .  Values of the 

single formant F 1 '  fell between the formants of the two-formant reference stimulus 

if the distance between closely spaced formants was smaller than the critical 

di stance 3 . 5  Bark. The single formant F 1 ' matched either F 1 or F2 of the reference 

as soon as the distance between the two formants exceeded 3 . 5  Bark. The hypothe

si s of the spectral integration has been confirmed by later experiments (Johnson, 

Fernandez, Henninger, Sandstrum 1 993) . The matching of a one-formant stimulus 
to a two-formant reference demonstrated unimodal distribution of listeners ' judge

ments (i . e . ,  F 1 '  was placed between F 1  and F2 of the two-formant reference) until 

the distance between F 1 and F2 of the reference has not exceeded the critical 

di stance; the di stribution of l i steners ' judgements turned bimodal (i . e . ,  F 1 '  was 

placed either close to F 1 or to F2) as soon as the critical distance between the 

frequencies of the two formants of the reference exceeded the critical di stance. 

In the following we proceed from the viewpoint that we have to reckon with at 
least two integrative processes of different range (Traunmiiller 1 98 1 : 1 473) : 1 )  

peripheral frequency resolution (critical band rate 1 Bark); 2 )  spectral integration 

in envelope reconstruction (critical band rate 3- 3 . 5  Bark) . 
(4) Other problems under discussion concern the absolute or the relative 

hypothesis of F 1  and F2'  in vowel quality perception . Probably the tonotopic 

distance between F2' and F 1  or the position of F2' in a given degree of openness  

are reliable cues for the distinction of  backness and roundedness. Traunmiiller 
( 1 98 1 ) and Traunmiiller, Lacerda ( 1 987) have shown that the tonotopic  di stance 

between F 1  and FO is the maj or cue for vowel openness. The inclusion of FO as a 

normalising factor in the determination of the degree of vowel openness avoids the 

overlap of F 1 in vowels with a different degree of openness caused by the FO 

difference between a male, female  and child's voice. According to the space pattern 

theory, the invariant formant frequency relations would correspond to an invariant 

spatial pattern of excitation along the basilar membrane whereas only the absolute 

position of the whole pattern would be shifted. Moreover, according to Traunmiiller 

( 1 98 1 :  1 47 1 )  "Sounds are not identified, but certain features of sounds are recog

nised on the basis of spatial patterns of excitation along the basilar membrane 

regardless of position along the membrane. " Through features recognition to 

phoneme categori sation - that is a probable way in vowel perception . 

In this article we present : (a) results of the acoustic measurements of the 
four-formant production space of Estonian vowels; (b) perceptual two-formant 

approximations to four-formant vowels; (c) vowel boundaries in the perception 
space of F 1  vs .  F2 ' marked in identification experiments; (d) results of phonemic 

analysis with special attention to the vowel lo/. 
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2. Acoustics of Estonian vowels in the production space 

2.1. Speaker and methods 

Nine vowel phonemes produced as i solated one-syllable sentences were recorded 

in the soundproof studio of the Estonian Broadcasting Centre in autumn 1 992 . The 
speaker Einar Kraut has been working in EBC as a producer and actor of radio plays 

and as  a consultant on Estonian pronunciation for radio announcers. According to 

auditory assessment, hi s speech represents correct Estonian standard pronuncia

tion . As the target values of produced isolated vowels serve as reference for the 

bulky contextual speech material recorded from the same speaker and also for the 

synthesi s of stimuli , we had to confine ourselves to one and the same speaker. A 
question arises about how representative his pronunciation i s .  We have measured 

i solated vowels produced by 6 male speakers. Individual differences were remark
able, however, they al l represent correct standard pronunciation . Two maj or groups 

could be di stinguished : some speakers produced mid vowels in a higher position 

(F l slightly below 400 Hz), others lower (F l slightly above 400 Hz); some 

produced /il more back (lower F2), others more front (higher F2) . The pronuncia

tion of E.K. can be characterised by higher mid vowels and more back IiI. There 

was no reason to prefer any other speaker to E.K. 

We used SoundScope/1 6 software for Macintosh . The vowels were sampled 

into the computer at the rate of 1 0 kHz. The measurements of the FO period were 

made at the quasi-stationary phase defined vi sually on a wideband spectrogram 

(Figure 1 ,  marked with a vertical line) . For spectrograms we used wideband filters 

(bandwidth 1 84 Hz, time window 8 ms), 5 1 2 FFT points, frame advance 2 ms; for 
sections - FFT spectrum, 5 1 2 points, Hamming filter, bandwidth 1 84 Hz (time 

window 8 ms). As the 1 84 Hz filter was insufficiently selective for the di stinction 

Scheme (1 ). 

Front Central Back 
[+front] [+back] 

[rounded] + + 

[+h igh] i [i] (j [y] u [u] High 
e [e] o [�] ci[:}] o [0] Mid 

[+ I ow] a [re] a [0] Low 
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ofF2 in the spectrum of lui and 10/, we used for these occasions 150 Hz (10 ms) 
filter. 

Measurements of the selected FO period were made by using three different 
methods. (a) The formant frequencies on the spectrogram were first measured 
manually. (b) Depending on the duration of the period 8-13 FF T spectra were 
calculated at different points of the period. The FI frequencies of a vowel were 
particularly dependent on the placement of the centre of the filter, being the lowest 
at the beginning and the end of the period (consequently the differences between 
high and mid vowels were reduced to the minimum). (c) FFT spectra were 
calculated by means of the time window covering of the selected period. The 
spectral data for the whole FO period and the data received by setting the cursor to 
the end of the first half of the period matched best with the results achieved 
manually. As it is inconvenient to fix the exact placement of the cursor for a large 
amount of speech material, the power spectra for the whole period were calculated. 

2. 2 Results and discussion 

The results of the acoustic analysis of the production space are presented in Table 
1. In order to estimate the sufficiency of the differences of formant frequencies 
expressed in Hz for the auditory qualitative distinction of vowels, we have con
verted the formant frequencies into Bark using the formula below (Traunmtiller 
1988: 97-100): 

z=[ 26.81f/(l960+f)]-O.53 

wherefis the frequency in Hz and z is the corresponding critical band rate in Bark. 
F or z< 2.0 Bark we used the following Traunmuller's formula: 

z'=z+0.I5(2-z) 

On the basis ofF 1 in the production space, Estonian vowels can clearly be classified 
into three degrees of openness (height): high, mid and low vowels; and on the basis 
ofF2 provisionally into three degrees of back ness: front, central and back vowels 
[see Scheme (1)]. This scheme corresponds to the basic views expressed by Ariste 
(1965). However, we said 'provisionally' about the three degrees of backness, 
because taking into consideration the whole production space, the distance between 

F2 of 15P and F2 of the back vowel Ia! is too small (less than 1 Bark) to label 151 as 
a single separate central vowel. The data received from the preliminary measure-

3) We use the characters of the Eston ian a lphabet for the phonolog ical transcription and 
I PA for the pre l iminary phonetic descript ion (cf. a lso Scheme 1 ) .  
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ments of the speech material of 6 speakers reveal the vicinity of F2 of 161 and Ia! 
(1100 and 1000 Hz respectively as mean values of the 6 speakers). The problem is 
crucial ifF2 values are taken to be absolute properties describing the whole vowel 
system, but not so if F2 values are taken to be relative properties within a given 
degree of openness (cf. F ischer-J0rgensen 1985: 85). The reasonableness of this 
approach can also be seen in F igure 3 (the degree of openness is represented by F l  
and backness by F2-F l, cf. Ladefoged 1976: 12). If we examine the degrees of 
backness separately, we can assert that the position of Ia} is more anterior than that 
of la!, and as the Ia}-/a! contrast is the only one in the domain of low vowels, there 
is no objection to label Ia} as a front vowel and Ia! as a back vowel. Meanwhile, 161 

is also more anterior than 101 and more posterior than lo/. Is it a central vowel as we 
could conclude from F igures 2 and 37 Let us still regard this idea with precaution 
and examine some additional data about the production and perception. 

We present a short articulatory characteristics of Estonian vowels relying on 
published X-ray shots. Estonian vowels could be divided into three basic groups by 
typical shapes of the tongue body (see X-ray pictures by Liiv 1961).4 

(1) High and mid front vowels Ii, ii, e, 0/: the tongue body is convex in the 
anterior part of the mouth cavity and directed towards the palate (palatals), whereas 
the tip of the tongue is lowered behind the lower front teeth. The palatals form a 
separate group in F igures 2 and 3 .  On X-ray shots rounded front vowels are more 
back than their unrounded counterparts and high front vowels are more front than 
their mid counterparts. These articulatory features are also acoustically reflected. 

(2) Low vowels hi, a!: the tongue body is flattened to the bottom of the mouth 
cavity and stretched backward, whereas the tip of the tongue remains behind the 
lower front teeth. The difference between these vowels does not lie in the general 
shape of the tongue body but in the degree of the mentioned movements: for Ia} the 
root of the tongue is stretched less towards the back wall of the pharynx and the 
tongue dorsum is raised more towards the hard palate than for Ia! (though the jaw 
opening may even be slightly wider). It seems that Ia} comprises articulatory 
features simultaneously typical to the palatals (front vowels) and pharyngeals (back 
vowels). 

4) We can use on ly the static X-ray pictures of overlong vowels (produced in words with 
the th ird degree of quantity) from the materia l  publ ished by Li iv, because due  to a n  
i ncorrect experimental method , t h e  pictures o f  shorter vowels do not characterise the 
quaSi-stat ionary part of a vowel  but the trans it ion between vowels and consonants . 
The re lay of the X-ray switchboard gave rise to a delay of apprOximately 1 00 ms 
between the moment of switch ing and rea l  start of rad iat ion and for shorter vowels 
the apparatus shou ld have been switched i n  even before the production of the vowel .  
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( 3 )  High and mid back and central (?) vowels lu, 0 ,  51 : the tongue body i s  convex 
and directed towards the velum and the uvula (velar lu/); or towards the upper part 

of the back wall of the pharynx at the tip of the uvula or slightly below it 

(velopharyngeal lo/); or directed to a lesser extent, depending on the speaker, either 

towards the position of luI or 101 (l5/) . In case of lu, 0, 51 the tip of the tongue i s  

withdrawn from the lower teeth. The general shape of the tongue body, the 

postdorsal convexity and the direction of it - all these features characterise 151 as 

a back vowel . The direction of postdorsum convexity towards different places of 

the back part of the vocal tract (let us now add to thi s group also Ia/) can acoustically 

be conveyed by F 1 in Figure 3 :  the pharyngeal Ia! i s  low, velopharyngeal 101 mid 

and velar luI high back vowel . On the basis of the acoustic data of the speaker used 
in thi s  research we could suppose that during the production of 15/, hi s postdorsum 

is directed towards the position typical to 101. Thus, depending on the speaker, 151 

is either a mid or a high back vowel on the publi shed X-ray pictures .  Liiv and 

Remmel (1970) have registered high (with low F l )  and mid varieties of 15/; in our 

speech material the speaker E.K. 's 151 i s  a mid, but two speakers of the same group 

produced 151 as a mid-high or even high vowel . We return to the matters concerning 

151 after the presentation of perceptual data. 

In particular, the vowel phonemes contrasted by labial articulation remain 
insufficiently di stinguished in the production space of either F 1 vs . F2 or F 1 vs.  

F2-F l  if we follow the psychoacoustic criteria. For instance, the psychoacoustic 

di stance below 1 Bark between IiI and luI on the Fl vs. F2 plane would not allow 

Table I. Formant values of vowel types . 

F1 F2 F3 F4 F2-F1 F3-F2 F4-F3 
Vowel Hz Bark Hz Bark Hz Bark Hz Bark Bark Bark Bark 

254 2 .55 1 88 1  1 2 .60 2980 1 5 .64 3402 1 6 .48 1 0 .05 3 .04 0 .84 
e 356 3 .59 1 8 1 0  1 2 .34 2532 1 4 .58 31 98 1 6 .09 8.75 2 .24 1 .5 1  

re 661 6 .23 1 332 1 0 . 32 2227 1 3 .73 31 48 1 5 .99 4.09 3 .41  2 .26 

Y 254 2 .55 1 780 1 2 .23 2156 1 3 .51 31 78 1 6 .05 9 .68 1 .28 2 .54 

f/J 376 3 .79 1 546 1 1 .29 2044 1 3 . 1 6  3051 1 5 .79 7 .51  1 .86 2 .64 
u 274 2 .76 549 5 .34 1 831  1 2 .42 3036 1 5 .76 2.58 7 .08 3 .34 
0 396 3 .98 630 5 .99 1 968 1 2 .90 3036 1 5 .76 2 .02 6 .9 1  2 .86 
Q 61 0 5 .83 946 8.20 2441 1 4 .34 3031 1 5 .75 2 .36 6 . 1 4 1 .4 1  
;} 386 3 .88 1 088 9 .04 1 9 1 2  1 2 .71 3056 1 5 .80 5 . 1 6 3 .67 3 . 1 0 
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to classify these vowels into contrastive units .  This fact is confirmed by a simple 

perception experiment: after the removal of frequencies higher than F2 from the 

spectrum of Iii, all li steners perceived the remaining original F 1 vs .  F2 spectrum of 

Iii as if it were the rounded high lui, just as they had perceived the original lui on 

the basi s of F l  vs .  F2 spectrum. Although the distance between lei and 161 exceeds 
1 Bark in Figure 2, one third of the listeners perceived the original F l  vs. F2 

spectrum of lei still as 161 whereas the F l  vs . F2 spectrum of 161 was unanimously 

identified as 16/. 
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Figure 1 ,  part I I .  Spectrograms and spectra l sections for two Eston ian  vowels produced in  
isolation . (For remain ing seven vowels , see part I ,  pevious page.)  The spectra l sections 
have been calcu lated from the FO period marked on the spectrogram by a vertica l l i ne .  
Pre-emphasis of  h igher  frequencies was used on ly for the  ca lcu lat ion of  the spectra of  luI 
and 101. Male voice (EK). 
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Therefore the acoustic descriptions of vowel phonemes cannot be restricted to 

the presentation of data from the traditional F 1 vs. F2 production space. Higher 

frequencies must also be taken into account. Using the values of F3 ,  the boundary 
between unrounded vowels Ii , e, ii, a/ and rounded Iii, 0, 0, ul stands near 2200 Hz 

(Figure 4) : all vowels above this boundary are unrounded and the vowels below are 

rounded . There i s  one exception : low F3 of the unrounded 151 classifies the latter 

into the group of rounded vowels, however, this i s  not caused by the lips but the 
tongue articulation (cf. Wiik 1986: 11). In any case, the inclusion of F3 increases 

the psychoacoustic distance between the phonemes li/-/iil and le/-/ol. The slight 

increase ofF4 of IiI (compared with other vowels) and its proximity to the dominant 
F3 can direct the li stener's  attention to the upper part of the spectrum whereas the 

weak F2 need not play an important role in the determination of the quality of IiI .  

Thus the distinction of li/-/iil as well as le/-/ol increases namely owing to the fact 

that F3 is located near the relatively strong F2 of rounded front vowels which 

amplifies the cumulative effect ofF2 and F3 (cf. the spectra of /i/-/iil and le/-/ol in 

Figure 1). F4 differs too little (less than 1 Bark) to be essential for the distinction 
of vowel s (but it can convey information about the peculiarities of the speaker's  
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Figure 2. The quadrilatera l  of Eston ian  vowels i n  the production space of F1 vs. F2 . The 
spatia l  plottings of F1 and F2 are surrounded by Bark ci rcles. The Bark sca le is used with 
the corresponding frequencies in Hz. Male voice (E.K.) .  
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voice) . However, the "contribution" of F4 in shaping the centre of gravity of 

spectral energy can even be decisive for the distinction of high front vowels .  We 

assume that some very essential information for the identification of Iii lies in the 

region of F3- F4, whereas for 101 and 161 it i s  hidden around F2-F3 . 
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Figure 3 ,  top. Eston ian vowels i n  the F 1  vs . F2-F1 production space . Male voice (EK).  

Figure 4 ,  bottom. Eston ian  vowels in the  production space of  F3 vs. F2 . The Bark sca le 
is used with the correspond ing frequencies in  Hz. Male voice (EK) .  
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Now we have to ask: on what basi s does the listener choose a single auditory 
formant F2'  to represent the higher formants F2, F3 and F4? We try to predict the 

li stener ' s  behaviour relying on the data of acoustic analysis. 

The spectral integration effect can take the perceived F2 ' into the interval 

between F3 and F4 in the spectra of Iii and lei, as the di stance between these strong 

high-frequency formants is only 0. 84 Bark for Iii and 1 . 5 1  Bark for lei (Table  I). 
F2'  of 101 and 101 can be expected near the centre of gravity of F2 and F3 , as the 

di stances between these dominating formants are 1 .28  and 1 . 86 Bark respectively. 

The formants of gradually decreasing intensity in the spectrum of low front Ia! are 

di spersed with intervals not enabling spectral integration (Figure 1 and Table I). 

Therefore the bimodal distribution of li steners ' j udgements should not come as a 

surprise, i. e. ,  F2 ' can be determined interchangeably to the vicinity of F2 and F3. 

The fact that Ia! does not have any front neighbour can even be favourable to such 
alternating perception. The formants of gradually decreasing intensity are di spersed 

also in the spectrum of 15/, with interval s not enabling spectral integration. Never
theless the bimodal perception cannot ari se here, F2' is expected to be unimodally 
set near F2 because all other possibilities are excluded for the vicini ty of neighbour

ing vowels on the same degree of openness. The dominating formants in the spectra 

of back vowels are F l  and F2. In the present case F2 ' i s  expected near F2 or on a 

slightly lower frequency. The probable bimodality evoked by the critical distance 

of F2 and F3 of the back vowels is restrained by the weakness of higher formants 

and by the production space of the neighbouring front vowels on the same degree 
of openness. As the Estonian back vowels (particularly lui and 101) are extremely 

posterior anyhow (with low F2), the li steners probably cannot shift F2 ' lower than 

F2 to a considerable extent due to the vicinity ofF 1 (the generation of such stimuli 
would also be disputable). However, the Estonian la, 0, ul could be approximated 

by one formant F l' located in the interval between F 1 and F2. The basic idea of the 

paragraph is shortly the following :  the spectral integration effects can be restrained 

by language specific factors. 

3. Two-formant perception space of vowels 

3.1. Matching experiments of F2 ' 
3.1.1. Method and subjects 

To determine F2 ' ,  the li steners were presented sequences of stimuli generated 

separately from original (base) vowels. The base vowel described above and 
produced in isolation by the speaker E.K. was the first stimulus of sequences; 

depending on the vowel it was followed by 1 4-23 two-formant synthetic stimuli. 
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F 1  of the synthetic stimuli was identical to the F 1  of the base stimulus, whereas the 

frequency of F2 was gradually altered. The F2 of the first synthetic stimulus in the 
sequence always started below the frequency of the F2 of the base vowel and it was 

increased by 0 . 33  Bark up to the last stimulus of the sequence. F2 of the last 

stimulus always exceeded the corresponding value of the base vowel . The lowest 

and highest F2 values of stimuli had been chosen on the basis of the vowel 

quadrilateral in Figure 2 so that they fell into the production space of a neighbour

ing vowel . 

We label the sequence with the increasing F2 as the first series and the sequence 

with the decreasing F2 as the second series .  These series compri sed 344 stimuli (9 
original vowels + 1 63 synthetic stimuli x 2). 

The stimuli were generated in Kay C SL 4300 system using LPC synthesi s. We 
proceeded from the LPC spectrum of the base vowel (8 LPC coefficients, for lu, 01 

1 2  coefficients) . The F 1  frequency was tuned according to the data presented in 
Table I (in case the result of the FFT analysis differed from the data yielded by LPC) 

and the formants higher than F2 were deleted. The amplitude values of the base 
vowel as well as the bandwidths ofF 1 and F2 and the linkage to FO were preserved. 

F2 frequency was altered systematically in the way described above. The duration 

of all stimuli was equalized (about 300 ms) deleting some periods from the end of 

the vowel . In order to maintain naturalness, amplitude values of some last periods 

of FO were lowered. There was a 2 second pause between all stimuli . 

1 0  l isteners participated in the experiment: 2 phoneticians and 8 naive li steners 
whose pronunciation was checked so as to reflect normal standard Estonian. The 
li steners were instructed as follows: "You are going to hear synthetic vowels. These 

will be presented in groups. Before each group you will be told the number of the 

group. The first sound of each group is the reference for all other vowels in the 

group. Your task is to compare the vowels with the reference and find out the 

best-matching one. You are going to hear each group three times. Listening for the 

first time, try to mark in the rating sheet the region out of which you think it would 

be most probable to choose the matching vowel. Listening for the second time, 

narrow the region,jocusing your attention to the possible candidates and while you 

listen for the last time, decide upon one vowel and circle it. " 

3. 1.2. Results and discussion 

Let us compare the F2' (i . e . ,  the perceived F2 ' )  of the best-matched stimulus with 
the measured F2 of the reference and with the F2 of the two-formant pattern 

calculated on the basi s of the 4 first formants (i . e . ,  the calculated F2 ' ). The data are 

presented in Table II and in Figure 5 .  For the calculation of the "effective" second 
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fonnant we used the fonnula from Bladon and Fant ( 1 978: 3) which had provided 

the best match for cardinal vowels (K(f)=12  F21 1 400 and B2=67) . 

The perceived F2'  of all front vowels was higher than the measured F2 . Thi s 

peculiarity of perception was particularly strongly revealed for unrounded front 

vowels (F2 '  was higher than the measured F2 1 5 1 9, 776 and 537  Hz or 3 . 88 , 2 . 8 8  

and 2 .24 Bark, Iii, lei and Ia! respectively), whereas the shift for rounded front 

vowels towards higher frequencies was smaller (F2 '  was higher than the measured 

F2 45 and 1 1 1  Hz or 0 . 1 7  and 0 .46 Bark, lui and 161 respectively) . Obviously the 

second dominant of the spectrum of unrounded front vowels was perceived to be 

located higher than F2, reserving thus the neighbourhood of F2 for roundedness 

and keeping in this  way both groups at a safe distance from each other. F2 ' of back 

vowels and 151 remained near the measured F2, whereas the differences were 

between 0 . 1 2-0. 3 1 Bark. 

The perceived F2 ' of unrounded front vowels remains higher than the calcu

lated values (the prediction error is 3 95 ,  3 0 1  and 503 Hz or 0 .78 ,  0 . 82 and 2 .08  

Bark, Iii, lei and Ia! respectively). The prediction error for the remaining vowels i s  

negligible. (3 3 ,  54, 1 8, 28 ,  63  and 1 5  Hz or 0 . 1 2, 0 .22, 0 . 1 5 , 0 .22, 0 .40 and 0 .09 

Bark, lu, 6, u, 0, a, 51 respectively). Why does the fonnula fail to predict the location 

of F2 ' of Estonian unrounded vowels? There can be several reasons and for a 

complete answer a new series of experiments should be arranged. The hypothesi s 

that the li stener i s  exploiting hi s internal criteria, most probably the memorised 

patterns of hyperarticulated targets (cf. Johnson, Flemming, Wright 1 993),  rather 

Table II. F2' values of vowel types. 

F2 measured F2' calcu lated F2' matched 

Vowel Hz Bark Hz Bark Hz Bark 

1881 12.60 3005 15.70 3400 16.48 

e 1810 12.34 2285 13.90 2586 14.72 

re 1332 10.32 1366 10.48 1869 12.56 

Y 1780 12.23 1858 12.52 1825 12.40 

0 1546 11.29 1603 11.53 1657 11.75 

u 549 5.34 549 5.34 531 5.19 
0 630 5.99 630 5.99 658 6.21 
a 946 8.20 961 8.29 898 7.89 
;:) 1088 9.04 1094 9.07 1109 9.16 
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than relying on the given reference vowel before each sequence of stimuli , can be 

one explanation of these facts .  It i s  highly probable that the heard reference pattern 

i s  not retained long in the li stener 's short-term memory and for thi s reason the 

li stener will relay on the target values stored in the long-term memory. According 
to the l isteners ' opinions, they could memorise the type of the reference vowel, but 

not always the exact quality timbre. As Estonian back vowel s are extremely 
posterior (cf. e .g .  the data for cardinal vowels by Bladon, Fant 1 978 : Table I-A-I), 

there is  no reason to predict the shift ofF2' to a lower value than the calculated F2 .  

For Ia! it  i s  restrained by the region of rounded low vowel [0] , unfamiliar in 

Estonian . Thus the impact of the hyperarticulation pattern could be expected 

primarily during the determination of F2 ' for Ii, e, aJ. These vowels have enough 
space to front (towards higher F2), up to the physiological boundary, whereas even 

remarkable changes of the second formant in the two-formant pattern should not 

17 3702 .. 16 3152 ... 
15 2698 .. 
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Figure 5. Measured values of F1, F2, F3 and F4 of Estonian vowels pronounced in isolation 
(-) together with calcu lated F2' (x) and matched F2' (0) values.  
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be accompanied by essential changes in quality (we could expect perceivable shifts 

in timbre nuances due to the largest standard deviation of F2'  for lei and for Ia! in 

particular, but not phonematic changes :  see Table III) . Besides, as the selection 

space is large, much depends on the listener ' s  "instantaneous taste" .  

Although the  formula we used takes into consideration the impact of the higher 
formants of Iii and lei, in the present case it overestimates F2, predicting F2 '  of Iii 

too close to F3 ,  whereas Estonian li steners prefer Iii to be rather anterior, even more 

than could be expected from the critical di stance between F3 and F4 (0 . 84 B ark). 

F2'  of lei i s  predicted into the region between F2 and F3 also due to the 

overestimation of F2 . In the present case we should bear in mind the fact that the 

psychoacoustic distance between F3 and F4 is even smaller than the distance 

between F2 and F3 (1.51 and 2 .24 Bark respectively) and both F3 and especially 
F4 are prominent formants in the spectrum. Listeners prefer anterior lei to the 

calculated one (the overall average value ofF2 ' is in the vicinity ofF3) .  Hereby we 

have to mention that the perception of F2' of lei depended strongly on the 

presentation order of the stimuli (Table III) . In the first series (increasing F2) F2'  

was perceived to be lower and the responses accumulated into the vicinity of the 

region predicted by the formula, whereas in the second series (decreasing F2) the 

responses occurred between F3 and F4, as predicted by the hypothesis of spectral 

integration. However, it does not reveal bimodality of judgements (as it was the 

case with la!), but a persi stent tendency caused by the two different series .  The first 

series started with a sound similar to [¢] in which soon a shift to lei was perceived 

and consequently the search was stopped on lower F2 frequency. The second series 

started with a sound similar to [e] where the first stimuli were considered suffi

ciently matching and the search was stopped on higher F2 frequency. 

The formula does not presume bimodality and for thi s reason it does not suit for 

Ia!: it predicts only one of two alternatives . The calculated F2' fal l s  into the vicinity 

of F2 of Ia!. Bimodal distribution i s  revealed in both series :  one group of the 

li steners determined F2' near F2 of la!, the other group near F3 of Ia!. The difference 

between the bimodal series proceeded from the fact that in the series starting with 

a sound similar to [re] (decreasing F2) the first stimuli were considered sufficiently 

matching and the maj ority of the listeners stopped their search (the number of the 

li steners who decided in favour ofF3 was larger than those in favour ofF2) yielding 

the overall average ofF2 ' higher than the corresponding result in the series starting 
with a sound similar to [0] (increasing F2). In the latter case, [0] was soon perceived 

as changing into la!, the search was finished (the number of the listeners in favour 

of F2 was bigger than the number in favour of F3) and the overall average of F2' 
was consequently lower. A group of li steners reported after the experiment that the 

matching with Ia! was a difficult task due to the alternation of the Ia!-qual ity of the 
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stimuli and therefore they could choose between two equally matching variables 

which were separated by intermediary but still [(e]-type stimuli . Although the 

standard deviation of the perceived F2 ' of Ia/ exceeds 1 Bark, the deviation i s  not 

essential phonematically, because it refers to the differences caused by the timbre 

preference of the li steners .  

The described dependence ofF2'  on the type of the series was more remarkable 
for Ie, ii, a/ and less for lil, 6, 51, whereas in the case of Ii , u, 0/, a minimal reverse 

effect of the series could be registered (Table III) . Most of the differences in F2'  

locations can probably be interpreted as the result of an adaptation process inducing 
a bias in favour of responses different from the previous ones (cf. Traunmilller, 
Lacerda 1 987 :  1 54). 

The average matched F2' of Iii coincides with F4, it is close to F3 in lei, fall s  in 
the space between F2 and F3 in lil,6/; in 15, a, 0, ul F2 ' is close to F2. In thi s respect 

151 i s  similar to back vowels .  Resulting from the bimodality of Ia/, the average F2 ' 

fails  to reflect the real situation - F2' of Ia/ can fall either into the vicinity of F2 

or F3 of the natural vowel . 

The matching experiment was not a pure similarity test due to the reasons 

mentioned above. With its strong linguistic orientation (not obviable in the present 

case) the experiment was rather a test for mapping phoneme centres in the two-di

mensional perception space . Nevertheless, the results supported the view that the 

Table III. Dependence of the best-matched F2' on the presentation order  of stimu l i .  

Q) Series 1 Series 2 Overall average ?: 0 > Hz Bark Hz Bark Hz Bark 
....: 
Q) x x x x x x 0::: cr cr cr cr cr cr 

3418 198 16.51 0.36 3381 205 16.44 0.38 3400 197 16.48 0.36 

e 2313 175 13.98 0.50 2859 337 15.38 0.77 2586 375 14.72 0.96 

a: 1740 308 12.08 1.19 1998 307 13.00 1.04 1869 327 12.56 1.18 

Y 1794 144 12.28 0.54 1855 115 12.51 0.42 1825 131 12.40 0.48 

f/J 1650 159 11.72 0.64 1664 125 11.80 0.50 1657 143 11.75 0.58 

� 1100 85 9.11 0.48 1117 58 9.20 0.32 1109 71 9.16 0.40 

a 871 112 7.72 0.74 925 49 8.07 0.31 898 88 7.89 0.57 
0 659 57 6.21 0.44 657 42 6.20 0.32 658 49 6.21 0.38 

u 537 53 5.24 0.45 525 42 5.13 0.36 531 47 5.19 0.40 
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maj or correlates of vowel quality are the position ofF 1  in the perception space and 

the next highest peak in the processed spectral proj ection. Just close to these peaks 

may lie the distinctive information for vowel types . We al so found confirmation to 
the spectral integration hypothesi s of the auditory processing of formants higher 

than FI in cases where the pattern predicted by the hypothesi s does not contradict 
the vowel space conditioned by the phonological system of the language (e.g . ,  the 

predicted and registered bimodality of Ia! i s  not restrained by the vowel system 

whereas the predicted bimodality of 151 was not realised because the corresponding 

vowel space was already occupied) . 

3.2. Vowel boundaries based on F2 (backness and roundedness) 

3.2.1. Method 

The stimuli of the matching experiment (9 vowel types + 1 63 synthetic stimuli = 

1 72 different units in 2 series, 344 units in total) were al so used in the identification 

experiment, and the same li steners participated in the l istening sessions .  F2 was the 

variable parameter, F 1 was unchanged and corresponded to F 1 of reference vowels .  

The stimuli were presented i n  the same order, but only once. The listeners were 
asked to identify the stimuli with Estonian vowels using the Estonian alphabetical 
characters a, e, i, 0, u, 0, ii, 6 and ii. 

3.2.2. Results and discussion 

The results of the experiment have been summarized in Table IV and in Figure 6 .  

The data in Table IV have been grouped according to the base vowels of  the 
generated stimuli . For instance, the data for the determination of the phonemic 

boundary between Iii and lui can be observed on the basis of stimuli generated from 

the base vowels Iii and luI. The average values of the two boundaries of li/-/ul are 

finally presented as an overall boundary for li/-/ul. The boundary i-ii, derived on 

the basi s of the stimuli generated from the base vowel Iii, denotes the fact that the 

li steners have determined the boundary on the basi s of the series with the decreas

ing F2, whereas ii-i marks the determination of the boundary relying on the stimuli 
with the increasing F2. Hence, the first vowel in the column with the headline 
"boundary" always marks the region where the shifting ofF2 with 0 . 3 3  Bark steps 

starts, and the second vowel marks the region finally achieved. Boundaries between 

lul-/5/ and 15/-/u/ were derived on the basi s of stimuli generated only from one base 

vowel (from lui and lui respectively) because there was no high vowel similar to 
151 in the speech material produced by E.K. 

We consider the average F2 value of two neighbouring sounds identified with 
different characters as a boundary value. 
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The listeners ' behaviour in matching and identification experiments was re
markably similar. Approaching the boundary from either side the listener soon 
stops and changes the character in favour of the neighbouring vowel; as a result a 

certain neutral region originates between the two neighbouring vowel s .  It is very 

likely that we can ascribe this phenomenon to the adaptation effect mentioned 
above. However, we must also consider the probable effect of the residual informa

tion in the synthetic stimuli preserved from the base vowel . Let us examine some 

pairs, e .g . , Iii, i-41 and il-i et aI . ,  and la!, a-d and d� et al . In the sequence of il-i, 

we could explain the fast abandoning of marking lui with the possibility that the 

residual i-like information obstructed the shift of the boundary of il to higher 

frequencies; in the sequence of d� the residual a-like information of the base 

vowel obstructed to shift the boundary of d to lower frequencies. On the other hand, 

the inhibition effect of the residual information in the pairs i-41 and a-d should have 

allowed to mark i on lower and a on higher frequencies, but we did not witness the 

latter, or, to be more exact, we cannot detect this effect on the basis of our data 

because it is difficult to estimate the probable sphere of influence for the residual 

information . The comparison with the full-synthetic vowels is missing. It can be 

expected that the residual information narrows the neutral region of the boundary. 

Actually the neutral region is rather narrow (see Table IV) . But we can compare the 

marking of the same boundary only on the basis of vowel sequences synthesized 

from different base vowels .  The only remarkable example in Table IV, that seems 

to confirm the influence of the residual information, is the case with the boundary 

of lei and Ibl. 
The listener could have been influenced by the adaptation depending on the 

presentation order of stimuli, the residual information in the synthetic stimuli 

originating in the base vowel and in some other factors which could accidentally 
occur during the experiment. As the probable joint effect of all these factors on 

boundary determination is generally below 1 Bark (with the exception of le/-/b/), 

we use only the overall average data (see Figure 6) . 

Comparing with the production space, the distances between vowels on back

ness dimension in the two-formant perception space have become equal . The 

distances between li/-/ul and le/-/bl being insufficient for the clear-cut distinction 

of these phonemes in the two-formant production space, are quite adequate in the 

two-formant perception space (cf. Figures 2 and 6) . 

The vowels are placed at maximum intervals  from one another in the perception 

space. However, the separation by equal intervals does not characterize the whole 

vowel space uniformly, but for each degree of openness separately. From the 
listener ' s  viewpoint the optimisation of vowel distances means the separation of the 
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perception space into maximally equal parts on the same degree of openness .  The 
optimisation is regional (cf. Lindblom 1 986) . 

Estonian listeners reserve a region for /5/ al so between the high vowels /u/ and 

/u/ (Figure 6) . In other words, if the phonosystem of a language includes a vowel 

phoneme which in the production space can phonetically be expressed by variants 

differing in timbre (in case of /5/ [g] , [y] or [ru]), then the li stener will interprete all 

these variants as one and the same phoneme - the reason why in the present case 

a part of the region of high vowel s is occupied by the space of /5/. Presumably the 

Estonian l i steners include into the space ofunrounded /5/ also a part of the rounded 
/5/-coloured sounds, as, e .g .  the Swedi sh listeners probably do with the unrounded 

counterparts of [u] . We can find more evidence for such "local deafness" evoked 

by the phonosystem of the language (particularly manifest in the experiments with 

a forced-choice test) . Although the Estonian phoneme /5/ i s  produced as an 

unrounded and the corresponding Swedish phoneme as a rounded sound (phoneti

cally [a] and [u]), the perceived spaces of these phonemes overlap for the Estonian 

and Swedish li steners to a great extent (cf. Wiik 1 986 :  1 9; Fant 1 983 : 1 0) .  Krull 

and Lindblom ( 1 992) draw attention to the fact that various languages exploit 

Table IV. Vowel  boundaries based on F2. 

Base Boun- Straight order Reversed order Average over Overall 
vowel dary order average 

Hz Bark Hz Bark Hz Bark Hz Bark 

i-a 2511 14.53 2384 14.18 2447 14.35 
2411 14.25 

Y O-i 2412 14.26 2339 14.06 2375 14.16 

Y 0-0 1364 10.47 1296 10.14 1330 10.30 N/A N/A 

u u-o 753 6.91 748 6.87 750 6.89 N/A N/A 

e e-6 1908 12.7 1739 12.07 1824 12.38 
2099 13.25 

(/J 6-e 2152 13.5 2597 14.75 2375 14.12 

(/J 6-0 1351 10.41 1274 10.03 1312 10.22 
1296 10.14 

;) 0-6 1225 9.78 1337 10.34 1281 10.06 

;} 0-0 915 8 876 7.75 895 7.87 
854 7.61 

0 0-0 826 7.42 803 7.26 814 7.34 

a: a-a 1238 9.85 1174 9.51 1206 9.68 
1221 9.76 

a a-a 1204 9.67 1271 10.01 1237 9.84 
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Figure 6, top. Target values of Eston ian  vowels and vowel boundaries i n  the perception  
space of  F1  vs .  F2 . Data for F2' represent the  overa l l  average va lues of  the stimul i  with the 
best-matched F2' ;  data for F1 represent average va lues of the stimu l i  with preferred F1  * .  
Vowel ta rgets a re marked by fi l led dots with e l l ipses designating standard deviations of F2 ' 
and F1 * .  Average boundaries between degrees of backness and roundedness are marked 
by l inearly con nected triang les and boundaries between degrees of openness by l i nearly  
connected empty circles . 

Figure 7, bottom. Target va lues of Eston ian vowels and vowel boundaries i n  the percep
t ion space of F1 vs . F2-F1 . 

PERI LUS XVI I I , 1 994 



Acoustics and perception of Eston ian vowel types 77 

similar sounds (e.g . ,  i-like and u-like, etc .) ,  but the exact phonetic categories of the 

sounds are subj ect to considerable language-specific tuning. 
The insertion of 151 into the space of high vowels follows the mentioned 

optimisation rule .  The region between high vowels Iii and lui has been di stributed 

into almost equal parts in the perception space with the average interval between 
the boundaries of phonemes 3 . 7  Bark. The region between mid vowels lei and 101 

has been di stributed into the parts 1 Bark narrower with the average interval of 2 . 8  

Bark. The matched F2 '  - s  are also di spersed at almost equal intervals in a given 

degree of openness .  The average distance of F2 ' between the low vowels Ia! and 
Ia! i s  4 . 7  Bark. The average step is one Bark shorter for high vowels (3 . 8  Bark) . 

The average F2 ' step of mid vowels i s  again 1 Bark shorter as compared with high 
vowels (2 . 8  Bark) . The perceived F2 ' -s of all vowels fall into the region of the 

respective phoneme determined by the identification test. 

3.3. F1 * and vowel boundaries based on F1 (openness) 

3.3.1. Methods and subjects 

The stimuli were generated from the base vowels used in previous experiments on 
Kay CSL 43 00 (LPC synthesis, 1 2  coefficients) . Formants higher than F2 were 

deleted from the spectrum of the base vowel . The overal l average of F2'  of the 

corresponding vowel type was fixed as the value ofF2 (see Table II) . F 1 frequency 

of the base vowel was altered in both directions in 0 . 3 3  Bark steps .  FO was kept 

unchanged. In the present research we regard the peak value of FO as a parameter 
characterizing the fundamental frequency of the stimulus (see Table V) . After the 

equalization of durations, its location moved near the centre of the stimulus. 9-1 3 

stimuli were generated from each base vowel , these were presented to the li steners 
in sequences with the increasing and decreasing frequency ofFI ( 1 1 3  stimuli, two 

series, 226 units in total) .  

The same listeners who had participated in  previous experiments took part in 

this session. Their task was to find the most similar Estonian vowel for each 

stimulus; they used the characters of the Estonian alphabet. Each series was li stened 

to twice for that task. Then the same series was presented twice once again, now 

the li steners were asked to mark the best sample of each vowel . 

3. 3. 2. Results 

The data have been presented in Tables V and VI and in Figures 6 and 7 .  FI * 
denotes the preferred FI value for the vowel types when preserving the matched 
F2 ' .  

The responses given for the best version of FI * were less divergent than the 

responses determining the best-matched F2' (cf. the standard deviation of F2 ' and 
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F 1 * in Tables III and V; in Figure 6 they have elliptical pattern) .  The l i steners were 

unanimous in finding the F I  * for high vowels and their judgements differed most 

in the determination of the degree of openness for /5/. 
Let us compare the values of F 1 (Table I) with the values of F 1 * preferred in 

the perception (Table V) . The li steners have not made any remarkable corrections 

into the position of F I  of high vowels .  However, F 1 * of mid vowels was shifted 

towards low vowels (F I * of Ie, 6, 0/ was increased by 0 .6, 0 . 5 and 0 .4  Bark 

respectively). /a! was also preferred with a 0 . 6  Bark higher F I  * .  /5/ was removed 

from the mid vowels, as the listeners marked the stimulus which has F I  * 0 . 3  Bark 
lower as the best version of /5/ (cf. Figures 2 and 6). Nevertheless thi s result is not 

sufficient for classifying /5/ as a mid-high vowel and distinguish four degrees of 
openness in Estonian (cf. Wiik 1 986 :  46). Rather, it supports the idea that /5/ i s  a 
non-low vowel the perceptual centre of which i s  in the middle of the area of high 

and mid vowels .  

The boundaries of degrees of openness calculated on the basi s of F 1 depended 

on the presentation order of the stimuli, just as it had occurred with F2 ' (Table  VI) . 

In most cases (with the exception of sequences generated from the base vowels /u, 
0, 51) the boundary ran nearer the centre (target) of the previous vowel in the 

sequence. 

The average perceptual boundary between high and mid vowels of the male 
voice (speaker E.K . )  i s  3 .3-3 . 5  Bark in Figure 6 (F I -FO=2 . 3 -2 . 5  Bark); the 

boundary between mid and low vowels i s  5 . 0-5 . 5  Bark (F I -FO=4 .0-4. 5 Bark). The 

Table V. FO and F1 * values of vowel types . 

FO peak F1 * (Hz) F1 * (Bark) F1 *�O 

Vowel Hz Bark x cr x cr Bark 

i 1 06 1 . 02 259 1 2 .46 2 .59 0 .27 1 .57 
(j 1 1 7  1 . 1 3  251 1 6 .06 2 .52 0 .35 1 .39 
u 1 09 1 . 05 275 1 1 .72 2 .77 0 .25 1 .72 
e 1 05 1 . 0 1  41 9 33 .09 4 . 1 9  0 .6 1  3 . 1 8 
0 1 1 7  1 . 1 3  428 25.70 4.27 0 .47 3 . 1 4 
6 1 1 2  1 . 08 351 32.83 3 .54 0 .65 2 .46 
0 1 07 1 .03 434 1 9 .37 4 .33 0 .36 3 .30 
a 1 1 2  1 . 08 735 30.65 6 .78 0 .44 5 .70 
a 1 08 1 . 04 622 35.94 5 .93 0 .57 4 .89 
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space of mid front vowels has been enlarged at the expense of high vowels and 

especially of a low vowel (the space of lei comprises also [e] -like vowel) .  The 

reason for this fact seems to lie in an effort to distribute the phonemes in the 

perception space with maximum possible of di stances in a given degree of open

ness. In Finni sh, for instance, three mid vowels Ie, 6, 01 correspond to Estonian four 
vowels Ie, 6, 5, of. The space per vowel in the backness dimension is larger than in 

Estonian, thus there is no need to enlarge the space towards low vowel s, and the 
boundary between Finnish le,61 and Ia! i s  located on a lower F 1  value (cf. Wiik 

1 986 :  1 7) .  
151 occupies the space belonging to high and mid vowels; only the transitional 

area into low vowels can be fixed as the boundary of the degree of openness .  

3. 4. Openness versus backness and roundedness: additional comments 

On the basis of previous facts we could say that the perceived degree of openness 
depends on F 1  (high vowels have the average F1 * 2 . 5-2 . 8  B ark, mid vowels 

4 .2-4.3  and low vowels 6 . 0-6.8  Bark; see Figure 7) . The same conclusion can be  

drawn from the results of Traunmuller' s  Experiment 3 ( 1 98 1 :  1 47 1 ) . However, 

Table VI. Vowel  boundaries based on F1 . 

Base Boun- Straight order Reversed order Average over Overal l  average 
vowel dary order 

Hz Bark Hz Bark Hz Bark Hz Bark 

i-e 31 3 3 . 1 6  326 3 .29 320 3 .23 
324 3 .27 

e e-i 352 3 .55 305 3 .08 328 3 . 3 1  

Y 0-0 307 3 . 1 0  332 3 .35 3 1 9 3 .23 
332 3 .35 0 0-0 352 3 .55 338 3 .41  345 3 .48 

:} a-o 51 9 5 .08 524 5 . 1 3 522 5 . 1 1  
5 1 0 5 .00 

a o-a 51 6 5 .06 480 4 .75 498 4 .90 

u u-o 356 3 .59 347 3 .50 351 3 .54 
348 3 .5 1  

0 o-u 358 3 .61  330 3 .33 344 3 .47 

e e-a 554 5 .37 579 5 .59 566 5 .48 
565 5 .47 

re a-e 574 5 .54 553 5 .37 564 5 .46 

0 o-a 500 4 .9 1  553 5 .37 526 5 . 1 5  N/A N/A 

0 o-a 524 5 . 1 2  51 4 5 .04 5 1 9 5 .08 N/A N/A 
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such a conclusion would only be partly true as the Experiment 2 by the same author 

( 1 98 1 :  1470) demonstrates that the tonotopic di stance between F I  and FO is a more 
general cue for vowel openness (it takes into consideration also the speakers ' 

differences in FO). We arranged a Stichprobe experiment with two listeners in order 

to check that viewpoint. 

F2 '  of base vowels was retained (Table IT), FO and F I  were shifted so that the 
distance between F I  and FO remained unchanged (Table V) . FO ofbase vowels was 

raised to 2 . 5  Bark (for front vowels also to 3 . 5  Bark), F I  was raised the same 

amount, so F I  *-FO of the base vowels were preserved. FI of the stimuli generated 

from high base vowels fell into the region ofF I  of mid base vowels; F I  of mid and 

low base vowels corresponded to F I  of low base vowels .  
The clearest confirmation of the tested viewpoint was revealed by front un

rounded vowels :  regardless of the absolute value of F I ,  the degree of openness of 
Ii , e, aJ was perceived on the basi s of the given di stance between F I  and FO .  The 
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Figure 8. Eston ian  vowels in the perception space of sharpness vs . flatness . 
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decrease of F2'  -F l accompanied by  the raise of the frequency of FO and F l  could 

have caused the perception of [i]-coloured [y] instead of [i] and [e]-coloured [C/J] 

instead of [e] (i . e . ,  in cases when FO=3 . 5  Bark), but thi s  did not happen . The raise 

of FO and F l  of Ia! does not presuppose a qualitative change due to the position of 

Ia! in the vowel space. Why did the stimuli generated from base vowel s Iii and lei 

preserve their quality and were not perceived with the timbre of their rounded 

counterparts of the same degree of openness? It should be mentioned that the 

boundaries of i-ii and e� (Figure 6) and F2'  -F 1 values of the boundaries (Figure 

7) on which the di scussion i s  based, have been achieved by changing F2 ' ;  in the 

present case the variable  is F 1 .  Probably the absolute value of F2 '  has a certain 

effect for the distinction of unrounded and rounded vowels in the same degree of 
openness .  Although the decrease of the distance between F2'  and F l  accompanied 

by the simultaneous increase of F l  and FO would enable to perceive the shades of 

rounded vowels, the process is probably obstructed by the fact that the relational 
pattern counted from F2 ' (i . e . ,  F2'  -F l interval) still remains on a too high position 

on the absolute scale in the perception space for evoking the shade of roundedness . 
Neither can we exclude the possibility that perception takes into consideration the 

centre of gravity of two formants F2 '+F l ,  and consequently the difference of i-ii 

and e� cannot theoretically decrease (for example, in Figure 8 the locations of Ii , 

e, ii, 01 would be shifted 1 . 5-2 . 5  Bark lower and to the left in the plottings ofF2 '  -F l 

vs .  F l +F2 ' ) . Perhaps F2 '+F l i s  the essential cue in perception of roundedness of 

front vowels .  Anyhow it would explain why the liil stimuli with raised FO and F l  

in the Stich probe experiment were perceived [C/J]-l ike vowels whereas the stimuli 
generated from 101 retained their primary quality. 

The stimuli from base vowels 15, a, 01 retained their primary quality (/51 and 101 

had a hardly perceivable additional raJ-l ike quality), but lui changed into an [oJ-like 

vowel . As F2 '-F l  of the stimuli generated from lu, 0, a/ was only 1 .0 , 0 .4  and 0 . 5 

Bark respectively, then the single formant F l '  (the centre of gravity of F l  +F2 ' ), 

perceivable due to the probable spectral integration, should theoretically for the 

lui-stimulus increase F l ,  and so actually draw lui nearer to 101 than 101 to Ia/. 

All these suppositions need to be proved by experiments with more li steners . 

4. Phonological discussion 

On the basis of the data in Figures 6 and 7 we should consider 151 a back vowel : the 

perception space of vowels can now be divided into two symmetrical and more 

balanced parts. Each high and mid rounded front and back vowel has in thi s way 
an unrounded counterpart. But phonologically the situation is complicated because 
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mid and high unrounded back vowel is one and the same phoneme /5/ (see Scheme 
2). We present Scheme 2 as a matrix of binary articulatory features in Table VII. 

The phoneme /5/ has specific status expressed both by Scheme 1 and 2. In 
Scheme 1 by Ariste /5/ creates a phonemic class - central vowel - which belongs 

to no other phoneme.  In Scheme 2 /5/ again occupies a special status occuring 

simultaneously in two degrees of openness .  
Two questions have remained on the agenda for a long time :  1) Is /5/ a central 

or a back vowel? 2) What i s  its degree of openness? Wiik has tried to answer these 
questions relying on a thorough morphophonological analysis of the Finni sh-Esto

nian common stems (Wiik 1 986; see al so Hint 1 978) .  Let us comment shortly on 
hi s most essential conclusions .  

At the diphthongization of long /0/ and /6/ before the suffix of imperfect i the 

feature [+rounded] > [-rounded] without presupposing the change in a degree of 

Scheme (2). 

Front Back 

[back] + + 

[rounded] + + 

[+h igh] IiI lUI 101 luI High 
leI 101 101 101 Mid 

[+ Iow] lat lal Low 

Table VII. The parentheses in the matrix ind icate an i rre levant featu re ,  i . e . ,  [+ Iow] impl ies 
[-rou nded] because [+ Iow] does not participate i n  the rou ndedness opposit io n .  The gap 
marks the redu ndancy at the featu re .  

IiI luI leI 101 lal 101 luI 101 lal 
[back] + + + + 

[rounded] + + (-) + + (-) 
[h igh] + + ± + 

[low] + + 
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openness (e .g . ,  toon 'I bring' > toin ' I  brought' not tein; soon 'I eat' > soin ' I  ate '  

not sein) . The only necessary condition i s  that [-munded] /5/ must be  a non-front 

vowel . The posteriority of /5/ is al so necessary in the cases where in the Finnish

Estonian common stems with a back stem vowel the first syllable /e/ of the Finni sh 

words is expressed by /5/ in Estonian : [-back] > [+back] (e.g . ,  velka ' debt'  - volg) 

or where the Finnish first syllable /0/ becomes /5/ in Estonian : [+rounded] > 
[-rounded] preserving the feature [+back] (e .g . , joki ' river ' -jogi, notjegi) . In all 

these cases it is not necessary to prove that /5/ is a central vowel . The fact that /5/ 

does not participate in the morphophonological vowel shift i s  a strong argument for 

the classification of /5/ into the mid vowels group . All Estonian high vowels in the 
grade alternational words have a change in the diphthong that ari ses after the loss 

of the consonant in the weak grade into corresponding mid vowels (e . g . ,  pidu ' 

festival ' and pea ' festival, gen . sg. ' ,  siisi ' coal ' and soe ' coal , gen . sg. ' ,  uba 'bean ' 

and oa 'bean, gen . sg . ' ) . If /5/ had been a high vowel , it would have undergone 
analogical change, but this is not the case (e.g . ,  soda 'war' and soja 'war, gen . sg. ' ) .  

For thi s reason /5/ i s  by  its morphophonological behaviour still considered to be a 
mid back vowel . However, it is added that /5/ has changed or i s  al so changing into 

a high vowel . Let us illustrate the presumable shift with a discussion by Wiik about 

the strive of a system towards greater naturalness : as al l Estonian primary vowel s 

(with the exception of /il) have their secondary vowel counterpart (lu/ has /u/, /0/ 

has /6/, /e/ has /5/ and /a! has /a!), then the change which has started makes efforts 

to create a counterpart for /il. 

It i s  arguable  whether there is or has been any shift in the production of /5/ from 

mid towards high . It could be just what it i s, a non-low back vowel . Perhaps the 
morphophonological vowel shift referred above (the lowering of high vowels into 

mid) did not touch the type soda-soja for the reason that /5/ was a non-low back 

vowel indifferent concerning higher degrees of openness (see Figures 9 and 1 0) .  

Thi s argument i s  supported by the fact that the Estonian li stener perceives both high 
and mid variants of /5/ as one and the same phoneme /51. 

Proceeding from these data we consider the classification in Scheme 2 the 

appropriate articulatory frame for the description of Estonian vowel system. 
In the following we present the framework of perceptual distinctive features for 

the Estonian vowel system in terms and their meanings known from the works by 

Fant ( 1 973 , 1 983) .  As the auditory mechani sm has successfully approximated the 

four-formant vowel to a two-formant F 1  vs. F2 ' pattern, we presume that these 

perceptually processed parametres or their combinations have a definite classifica
tory value. That explains the fact why we selected these perceptual parametres and 
their psychoacoustic values for the di stinctive features framework. The base pa
rameters for the distinctive features are in Table VIII. 
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F 1 is  connected with the openness of arti culation . The increase ofF 1  frequency 

is accompanied by widening of the j aw opening and by shifting the tongue body 
towards the pharyngeal position . The higher the frequency of F 1  i s, the lower and 

flatter is the tongue and more open is the mouth. However, it was found that, 
generally, the tonotopic distance between F 1 and FO is the main cue for openness . 

The distinctive feature [compact] relies on the values of F 1 -FO (Table VITI) . 

[+compact] vowel has the biggest distance between F 1  and FO. Thus [+compact] 

will mark low vowels separating la, aJ from all the rest. The separation i s  justified 
by the peculiarity of the Estonian vowel system : [+compact] vowels do not 

participate in the opposition of roundedness. 

F2'  can be connected with backness of articulation . The decrease of F2 ' i s  
accompanied by the shift of the tongue body away from the palate towards the back 

part of the mouth cavity. The negative values of F2' serve as a basis for the 

di stinctive feature [grave] . F2 ' of the [+grave] vowel is lower than F2'  of the 

[-grave] (i .e .  acute) vowel . All back vowels can be di stinguished from front vowel s 

on the basi s of the feature [grave] . If we proceed from the phoneme boundaries 

drawn in Figure 6 (or the corresponding "i sophone" slope in Figure 7) then all the 

vowels with F2 ' below about 1 0  Bark are back ([+grave]) vowels and the vowels 

with F2 ' above that boundary are front ([-grave]) vowels .  The [+grave] vowels are 

just these phonemes the F2 ' of which matched with the F2 of the reference 

four-formant vowel . 

F 1  +F2 ' is a measure of centre of gravity supplying equal weight to F 1  and F2' . 
The negative value -{F 1 +F2 ' )  i s  the basi s for the distinctive feature [flat] . Thi s 

particular feature i s  connected with the labialization, velarization, j aw closing and 

lowering of the larynx which al l lower the centre of gravity. The feature [+flat] 

separates the rounded front and back vowels from their unrounded counterparts 

(see Figure 8) .  The maximum [+flat] vowel is lui and the opposite [-flat] vowels 

Table VI I I .  Perceptua l  d istinctive featu res and the corresponding aud itory parameters ( in 
Bark) . 

Feature Parameter a u 0 0 jj 0 e it 
compact F1 *-FO 4 .9  1 .7 3 .3  2 .5  1 .4 3 . 1  1 .6 3 .2 5 .7  
g rave F2' 7 .9  5.2 6.2 9 .2 1 2 .4  1 1 .7 1 6 . 5  1 4 .7  1 2 .6 
flat F1 *+F2 ' 1 3 . 8  8 .0 1 0 .5  1 2 .7 1 4 . 9  1 6 .0 1 9 . 1  1 8 . 9  1 9 .4 
sharp F2'-F1 * 2 .0  2 .4 1 . 9 5 .7 9 .9 7 .4 1 3 . 9  1 0 .5 5 . 8  
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are Ii , e, aI. The feature [+flat] comprises only rounded vowels .  How can it be  

derived from the base parameter? 

We derive the phonetic and phonological relations (see Table IX) choosing a 

gross quantification of the order of a 2 Bark step (i . e .  the distance between lui and 
101) relying the values F 1 +F2'  in Table VITI. We derive the phonological relations 

separately for [+grave] and [-grave] vowels .  Proceeding from the phonetic rela

tions a ternary contrast of phonological relations arises for the [+grave] vowels, 
because the relational value of la, 51 will be zero. Virtually the feature [flat] is 

irrelevant for la!, as [+compact] excludes it .  Now 151 is also excluded : the degree 
of flatness of 151 is not achieved by lip-rounding but by the j oint effect of extremely 

narrow lip opening (the mouth corners are retracted even more than for IiI) and the 
velarized tongue body. As a result, only rounded vowels remain in the focus .  In 
order to separate [+flat] lui from [+flat] 101, we use the feature [extra flat] (Fant 

1 983) marking extreme lip-rounding and velarization. A binary opposition pro

ceeds from the feature [flat] in the group of [-grave] vowels :  the rounded front 

vowels lu, 01 wil l  be separated from the unrounded front vowel s Ii , e/. Thi s divi sion 

points to the fact that the li steners determined F2 ' into the space between F2 and 

F3 of the reference vowel for [+flat] vowels whereas F2 ' of [-flat] vowels was 
perceived around F3 or F4. An additional feature was necessary for the separation 

of the [+flat] [ -grave] vowels lui and lo/. 

F2' -F 1 i s  the parameter of di spersion . The di spersion of F2 ' and F 1 increases 

while the tongue body moves from the pharyngeal to the palatal position (Table 

VIII) . Thi s i s  the most effective parameter for the separation of the degrees of 

openness of front vowels whereas it remains insufficient for the di stinction of back 

vowels (Figure 8). The values of F2 '-F 1  are the basis for the feature [sharp] . The 

[+sharp] phoneme has a narrower palatal channel and jaw opening (i . e . ,  with larger 

values ofF2' -F 1 )  than its [-sharp] palatal counterpart. By means of thi s feature we 

separate Iii from lei and lui from lo/. 

Table IX. Relat ional  va lues of Eston ian vowels in the flatness d imension .  

Phonetic re lat ions 
Phonologica l  re lat ions 

u 

4 
2 

o 

3 
1 

2 
a 

a 

2 
a 
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We come to thi s solution in the following way. Taking about 2-3 Bark as the 

quantification step in Table VIII, we obtain the phonetic and phonological relations 
presented in Table X. A binary opposition results from the feature [sharp] sepa

rately for [+flat] and [-flat] phonemes; the feature [+compact] has removed /a! from 
[-flat] Ii, el and consequently the ternary opposition is excluded in the group of Ii , 
e, a!. 

Finally the matrix of perceptual distinctive features takes the form presented in 
Table XI. 

The Estonian vowel system can conclusively be presented as a branching 

tree-diagram of perceptual and articulatory binary features (Figures 9 and 1 0) .  

The division of  vowel phonemes on the basis of the two-formant perception 
space reveals the same oppositions that can be derived from the articulatory level . 

The only difference lies in the fact that two separate features, one for the front and 
the other for the back vowels, are needed for the separation of high and mid vowels 

in the perception space. 

Table X. Relationa l  va lues of Eston ian vowels in  the sharpness dimension .  

Phonetic re lations 
Phonologica l  re lat ions 

u 

o 
o 

o 

o 
o 

1 
o 

a 

o 
o 

3 
2 

2 
1 

4 
3 

e 

3 
2 

1 
o 

Table XI. The gaps i n  the matrix indicate irrelevant features, the parentheses imply to the 
pred ictabi l ity of the feature from the corresponding primary feature .  

Feature Parameter a u 0 0 (j 0 e a 
grave -(F2') + + + + 

compact F1 -FO + + 

flat -(F1 +F2') (+) + + + 

extra flat -(F1 +F2') + 

sharp F2'-F1 + + 
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[grave) 

[compact) 

[flat) 

[extra flat) 

[sharp) 

[back) 

[low) 

[rounded) 

[high) 

Ia! 
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+ 

+ 

lal lui 

+ 

+ 

+ 

lui 101 

Estonian vowels 

+ 

+ 

101 151 

Estonian vowels 

+ 

161 

+ 

liil 

+ 

+ 

lUi 101 

+ 

+ + 

lti/ 161 

+ 

+ 

Iii lei 

Iii lei 

Figure 9, top. Perceptual d ist inctive featu res branching tree for Eston ian  vowels.  

Figure 1 0, bottom. Articu latory d istinctive featu res branching tree for Eston ian vowels.  
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The features are universal only as far as the speech production process itself and 
the limited number of produced functional speech units are universal . Generally the 

matrices of distinctive features, where the phonological units are presented as l i sts 
of feature bunches, yield rather good reviews of the vowel systems of languages 

making it feasible to examine the systems typologically. However, the completely 

filled matrices of features are redundant. Besides, we have to keep in mind that the 
same phonetic facts can be described by the combinations of different features .  The 

basic criterion for the choice of features should lie in the fact that the derived 
classification has a phonetic background and that it enables to explain the 

phonological changes .  
For thi s reason the branching tree-diagrams may seem to be unnecessary. 

Although the redundancy has been removed, they lack the comparability present in 
matrices because the tree-diagram depicts the hierarchical structure of a particular 

language. This i s  its basic advantage. However, the hierarchical output depends on 

starting point - from which features the binary division starts. We have based our 
choice on the degree of universality of features. This is why the first branchings are 

based on the features [back] ([grave]) and [low] ([compact]), as the backness and 
openness dimension characterize also, as a rule, the languages with the minimum 

number of vowels (i-u�). The divi sion achieved by the feature [back] ( [grave]) i s  

one of those which historically has influenced the whole Estonian vowel system 

(cf. e .g . ,  vowel harmony and its loss) .  The second divi sion - the separation of la, 

aI from the rest of vowels - manifests an essential peculiarity of the system : 
rounded low vowels are missing in Estonian. The feature [rounded] ([flat]) does not 

necessarily characterize the whole vowel system . This feature requires the exi st

ence of rounded back vowels .  Therefore there is nothing strange in using an extra 

feature for the separation of rounded back vowels lui and 101 on the perception level . 

Let us finally add that the hierarchization of the features on other criteria would 

result in yielding two 151 phonemes - a high and a mid back vowel . 
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Abstract 

Methodological studies of Movetrack 
- coil tilt and placement 1 

Peter Branderud, Robert McAllister and Bo Kassling 

This paper concerns the experimental estimation of the accuracy of an 

electromagnetic transduction system. This system was designed for the 

observation and measurement of articulatory movements in speech. An 

overview of measurement accuracy and sources of measurement error is 
presented which applies to the magnetometry systems currently available. 

Two systems with so called tilt correction, EMMA and EMA, were compared 

to the Movetrack system which has no tilt correction. Experiments were 
carried out to determine procedures which could reduce and control the tilt 

of the Movetrack's receiver coils on the tongue. Five trained phoneticians 

produced Swedish vowels and consonants. Tilt angle was measured during 

static pronunciations and estimated in running speech. It was found that the 

dynamic and static conditions compare quite closely. It is concluded that, 

providing the methodological demands discussed in the paper are met, the 

Movetrack's accuracy and ease of handling make it a useful research tool. 

1. Background and problem 
The advent of electromagnetic transduction techniques in speech production re
search appears to be a significant contribution to the methodological arsenal in this 

field. Restriction of the use of cineradiographic and X-ray microbeam technology 

has rendered the electromagnetic method one of the few possibilities for direct 

observation and recording of the dynamics of articulatory activity and, in particular, 

tongue movement during speech. The non-intrusive nature of this method makes it 

feasible to gather large amounts of data which is essential to speech production 

research since variation in speech production movements are large both within and 

between speakers. Crucial to the present and future use of this method in the field 

of speech research is the current work on the accuracy and reliability of the data 
obtained with the systems now available. 

1) A revised version of Branderud et al. (1993). 
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This paper is concerned with the accuracy of one of these systems in relation to 

the fixation of the hardware onto the articulators of the experimental subject. 

Specifically, we will discuss the placement and orientation of the receiver coils and 

the consequences of these details for the utility of the device. 

I. I Measurement accuracy and sources of error 

Existing magnetometry systems are designed so that certain spatial relations must 
be obtained between sender and receiver coils in order for the output of the system 

to be an accurate representation of the movements we are attempting to monitor. 

The receiver coils are affixed to anatomical landmarks on the experimental subject. 

The main question we will be dealing with here is the estimation and correction of 

the angle of tilt between the sender and receiver coils. The axes of the sender and 

receiver coils must be parallel if measurement error is to be avoided. and the 

longitudinal centers of the coils must be aligned. Successfully fulfilling this 

requirement on the placement of the coils is not difficult when they are to be placed 
on the more easily observed articulators such as the lips and jaw. As for the labial 

articulator the coil orientation can be visually monitored and axis orientation can 
be easily checked during experiments. Since the coils are usually fastened to the 

teeth when measuring jaw movements, a stable and correct coil position is easily 

obtained and monitored. The coil axis orientation and placement on the tongue, 

however, is, due to the great elasticity of this organ of speech and consequent 

variation in tongue shape, a difficult and crucial methodological matter. This report 

is therefore mainly devoted to a discussion of this problem of coil placement and 

measurement error for tongue coils 

The method for the minimization of coil tilt which we will suggest and discuss 

in this paper is based on some specific procedures for the preparation of an 
experiment. The most important assumption in these procedures is that the tilt angle 
of receiver coils placed on the tongue will be similar for statically and dynamically 

produced sounds. We suggest that a measurement of receiver coil position prior to 

the experiment during the subject's static production of speech sounds is a viable 
way of accurately estimating the coil position in running speech. This assumption 

was tested in these experiments. 

There are several possible causes for measurement error due to tongue coil 
placement which will be addressed in this paper: 

1) There is constant rapid variation in the three dimensional shape of the tongue 

during speech (Stone, 1992). The surface onto which the coil is fastened is, 
therefore, not likely to always be parallel to the axis of the sender coil during speech 
even if the coil has been placed correctly at rest position. The error increases if the 
coil is not placed on the midsagittal plane. The system itself does not require 
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placement of the coils in this particular plane. While the system does define a plane, 

the choice of the midsagittal plane of observation is based on physiological 

assumptions about the symmetry of articulatory movements. It is assumed that 

observation in the midsagittal plane will be the most revealing for the study of 
tongue movements. (Stone, 1992). 

2) Pulling forces on the wire connected to one end of the receiver coil may cause 

tilting of the coil. In this paper we do not distinguish between tilt and twist. Any 

perturbation in coil orientation will be called tilt. 

3) Contact with the palate during the production of high vowels and palatal 

consonants may exert forces to tilt the coil. 

1.2 Computer simulation of the effect of tilt correction 

There are, at present, three commercially available systems. Two of these, the 
Carstens Electromagnetic Articulograph (EMA) (Schbnle et aI., 1987; Tuller et aI., 

1990) and the Electromagnetic Midsagittal Articulometer, EMMA, (Perkell et al. 

1992) have an automatic tilt correction. The third device, the Movetrack (Bran

derud, 1985), has no tilt correction. This paper is a report on experiments with the 

Movetrack, the purpose of which was to develop procedures for minimizing coil 

tilt and for accurately estimating the degree of tilt in experimental work. As a 

preliminary criterion for the comparison of these systems with regard to the 

measurement error caused by coil tilt, a computer simulation of the tilt correction 

was carried out. The field equation for the magnetic dipole field was used. Both the 

transmitter and receiver coil were approximated as point sources. The error intro

duced by this approximation can be disregarded. For tilt correction, a method 

Table I. Error (E) and error with tilt correction (EC) at different deviations of coils from 
midsaggittal plane (0, 3, 5, and 10 mm, respectively). All errors are in mm. The distance 

between the transmitter and the receiver coils is 200 mm. 

Omm 3mm Smm 10mm 

Tilt angle E EC E EC E EC E EC 

-20° -4.2 0 -5.4 - 1. 1  -6.3 -1.8 -8.8 -3.7 

- 10° -1.0 0 -1.6 -0.5 -2.1 -0.9 -3 .6 - 1.8 

0° 0 0 -0.1 0 -0.2 0 -0.8 0 

10° -1.0 0 -0.5 0.5 -0.3 0.9 0.0 1.8 

20° -4.2 0 -3 .2 1. 1 -2.6 1.8 -1.3 3.7 
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equivalent to that used by Schbnle (Schbnle et aI., 1987) was used. This is the 

method used both by the EMA and the EMMA. The distance between the transmit

ter and receiver coils was 200 mm. As can be seen in Table I, the tilt correction 

works perfectly if the coils are in the midsagittal plane. It is, in practice, unlikely 

that a coil is perfectly placed in this respect. The EMMA system coils are positioned 

with a maximum error of 3 mm from the midsagittal plane (Perkell et. aI., 1992). 

A special transducer applicator is used. The Movetrack coils are applied with a 

simpler handheld tool which gives an error of less than 5 mm. With tilt correction 

and a maximum distance from the midsagittal plane of 3 mm and a tilt of ± 10 
degrees the absolute error range is -0.5 to +0.5 mm. The peak to peak range is then 

1.0 mm. Without tilt correction the error ranges from - 1.6 to 0 mm. The peak to 
peak range is 1.6 mm. This is only 1. 6 times more than with the tilt correction. With 

± 20 degrees of tilt the error range will be 2.4 times more than with tilt correction. 

The effectiveness of the tilt correction increases with proximity to the midsagit
tal plane. In summary, it could be said that if the deviation from the midsagittal plan 

is 3 to 5 mm., a coil tilt of 10 degrees will result in approximately the same error 

as a coil tilt of 20 degrees if tilt correction is applied. 

2. Methods 

2. 1 Subjects 

Five trained phoneticians, 4 men and 1 woman, all employed in the phonetics 

laboratory at the Department of Linguistics, University of Stockholm served as 

subjects in these experiments. 

2.2 Speech materials 

Our choice of speech materials for these experiments was dictated by the sugges

tion mentioned above: that an accurate estimation of the tilt angle during the ststic 

pronunciation of sounds would be a reasonable starting point for assessing the error 
due to tilting during dynamic movements in running speech. The reference steady 

state sounds that were chosen were produced with tongue positions on the periph

ery of the articulatory space. We further assumed that the tongue positions for these 
sounds were likely to cause the maximum perturbation of coil position and there

fore the maximum error due to coil tilt. 

It is possible to determine the tilt angle for a receiver coil during the pronuncia

tion of a static vowel by rotating the sender coil until a signal minimum is observed 
on a monitor. The angle of the sender coil will then be equal to the angle of the 
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receiver coil fixed to the subject. The question as to the correctness of the assump

tion that the tilt angle will be the same when the vowel is produced in running 

speech will be discussed in the section 4 of this paper. 

The sounds chosen for these experiments were the Swedish vowels 

Ii:, re:, a, u:1 and the Swedish consonants It, k, s, fj, II. 
These sounds were produced for several seconds in static articulatory positions 

while the coil position was registered. Then a list of nonsense words containing 

these sounds was read 10 times by each subject. A calibration was made between 

each repetition with the articulators in rest position. 

2.3 Experimental hardware 

2.3.1 The Movetrack system 

The measurements were carried out with a electromagnetic system which could be 

described as a modified Movetrack system. Movetrack is an analogue measuring 
system made to track movements of several points in two dimensions. The system 

has been developed at the Phonetics laboratory in the Department of Linguistics, 

University of Stockholm, and is based on measurements of an alternating magnetic 

field. The system measures the distance between a transmitter coil and a receiver 

coil (base plate 4x6 mm, height 1 .5 mm) that is fastened to the point to track. This 

is normally done in two orthogonal directions, forming a XY-plane aligned with the 

midsagittal plane of the head of a human subject. Receiver coils are attached at 

points to track, along this plane. 

Each receiver coil is connected to a receiver module that delivers two output 

voltages which are linearly proportional to the distance between transmitter and 

receiver coil. The electromagnetic field from the transmitter coils has a frequency 

of approximately 160 kHz and a field strength comparable to that of a computer 

screen. The transmitter coils are attached to a helmet with a weight of less than 

300 g. Due to the low mass, the helmet follows head movements well. The system 
is designed to be easy to handle even for non technicians. The high accuracy of the 

electronics makes the system very stable and at a distance range of 100-300 mm 
the linearity error is less than 1 %. 

It is only necessary to calibrate the receiver coil once when the coil is new and 

the calibration procedures for the system are very easy to handle. 

2.3.2 The 3-D system 

To be able to measure the tilt around the x and y axes we made some additions to 

the Movetrack system for the experiments reported here. We used 6 transmitter 
coils instead of 2. The normal x and y coils were substituted with double-coils 
where two coils were wound with 90 degrees between their axes. Two more coils 
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were added so as to be able to observe movements in z direction (fig. 1 and 2). This 
set-up made it very easy to measure the tilt and, further, a tilt in one dimension has 
very little influence on the readings from the other dimension. 

The helmet used was a stable construction in light-weight material. We used 

three receiver coils. One glued to the tongue positioned 3 .0 cm from the tongue tip 

on male subjects. This position was chosen because we expected, this to be a very 

mobile area of the tongue during normal speech production and, consequently, 

expected further that coil tilt would be most likely to occur in that area. On the 

female subject it was positioned 2 .8  cm from tip (Goldstein, 1980). One coil was 
placed on the lower lip with double sided tape. The third coil was placed on the 

upper teeth with temporary dental filling paste. It was used to check that the 

position of the helmet was stable during the experiment. 

Figure 1. Helmet used in set-up. 
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The most critical stage of the preparation procedure was the application of the 

tongue coil. This coil was first fastened on a thin 8x 16 mm flexible plate. The long 

side of the plate was placed crossing the tongue. This plate was used for three 

reasons. First, because of the very flexible nature of the tongue, very small forces 

on the connecting wire to the coil may cause it to tilt, especially around the y-axis. 

y 

orthogonal transmit coils 

z 

Figure 2. Coil placement. 
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The plate can reduce the possibility of this tilt because the larger contact area 

between the coil and the tongue enhances the stability of the coil. The second reason 

was that the configuration of the tongue surface probably varies greatly within and 

across subjects during nonnal speech. The plate "lowpass filtered" these tempo

rary surface configurations of the tongue thus possibly contributing to the reduction 
of the magnitude of tilt error. Thirdly, previous experience has shown that the coil 
stayed fastened to the tongue for a longer time with this plate than without it. With 

the plate the tongue coil is typically stable for up to one hour. 
The coil, with its plate, was first put in an applicator on which a millimeter scale 

had been drawn. This facilitated the gluing of the coil to the desired place on the 

tongue. 

The next important phase of the preparation procedure was the correct position

ing of the helmet in relation to the speech organs. We used a T-shaped piece of 
plastic held between the teeth to find the orientation of the x-axis. The midsagittal 

plane of the helmet was aligned to the midsagittal plane of the subject. The origin 
of the helmet was aligned to the position of the coil with the tongue in rest-position. 

In a paper by Nguyen and Marchal ( 1993) the authors cited as one of the drawbacks 
of Movetrack a difficulty in finding the origin. The construction of the helmet has 
been altered with this difficulty in mind. The transmitter coils are, in the present 

hardware configuration, fixed in relation to each other. 

2.4.2 Tilt estimation of tongue coils during pronunciation oj static vowels 

and consonants 

To find the tilt of long static sounds we proceeded as follows: When transmitter coil 

and receiver coil are in parallel the output from the receiver coil shows a minimum 

distance. This could be used to find the tilt of the receiver coil. Instead of using the 

minimum, we used the maximum which occurs at 90 degrees tilt. By using the 
maximum, which gives higher precision, we could easily measure the tilt with an 

accuracy of more than one degree. The x coil can be rotated around the x axis. The 

coil was placed on a protractor on which the tilt of the transmitter-coil can be read. 

The output of the receiver coil was shown on an oscilloscope. During the pronun

ciation of the phoneme, the transmitter coil was rotated until the maximum distance 

was found. The maximum was tracked for about five seconds and then the mean 

value of this five seconds was recorded. 

2.4.3 Tilt estimation in running speech 

Here we used the recorded files with the output from all coils. We used a computer 
to calculate the tilt angle and true position of the receiver coils. 

PERILUS XVIII, 1994 



Movetrack coil placement procedures 99 

2.4.5 Recordings and data analysis 

The audio signal was recorded on a Panasonic 3700 DAT tape recorder. An Eclipse 

S200 was used to record the movement signals. All channels were sampled at 200 

Hz. The audio-signal was bandpass filtered and rectified. This signal was only used 

for orientation when labelling the recorded data. 

The data was analyzed with the help of the PHYS program. This program can 

scale and plot the labelled data. It also calculates and plots mean values, and can 

display the movements in XY-plots. 

3. Results 

3.1 Results for the tongue 

X-tilt is the rotation around the x-axis and Y-tilt the rotation around the y-axis. In 

figures 3-5 the maximum and minimum values of the tilt-range are plotted for both 

the static and the dynamic sounds. As can be seen for the different subjects the coil 
tilt for the dynamic sounds follows that of the static sounds quite closely. In most 

cases the range for the dynamic and the static sounds overlap. The difference 

between the static and dynamic sounds is in most cases much smaller than the total 

tilt range. 

The data shown in fig. 5, the female subject (CK), reflects a specific problem 
with coil stability. According to the subject's own report, the connecting wire from 

the coil was mechanically pulled by being caught between the tongue and palate 
(see section 1. 1 about possible sources of tilt error). This probably caused the large 

variation in the Y-tilt that can be seen in figure 5. BK in figure 4 shows also a 

tendency for a greater y than X-tilt variation. Another obvious detail in fig. 3 

(BMA) is the Y-tilt for the Swedish [1] sound. These values appear to be a sharp 
deviation from the tendencies that can be observed in the other subjects and within 

subject BMA. We suspect that some artefact here could be the cause of the extreme 
values for [1]. 

3.2 Results for Lips 

In the upper, a-panel, of figures 6-8 the maximum and minimum values for the 

range of the X- and Y-tilt for the dynamic sounds are plotted. In the lower b-panel, 

the mean values of the total XY-tilt are plotted. 

The total range of tilt during the production of the dynamic sounds was typically 

around 5 degrees. The statically produced sounds differed less than two degrees 
from the dynamically produced sounds. Because the differences between these two 
production modes were so small, they were not plotted. 
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degrees degrees 
25 

X-tilt subject SMA 25 X-tilt subject OE 
20 20 

15 15 

10 10 

5 5 

0 0 

-5 -5 

-10 -10 
-+-Static max 

-+- Static max -15 -+-Static min -15 -+-Static min --0-- Dynamic max 
--0- Dynamic max -<>- Dynamic min 

-20 -o-D namic min -20 

degrees degrees 
25 

V-tilt subject SMA 25 V-tilt subject OE 

20 20 

15 15 

10 10 

5 5 

0 0 

-5 9 a u k fj rest -5 s 9 a u k fj rest 

-10 -10 

-15 -15 

-20 -20 

degrees degrees 
25 

XV-tilt subject SMA 25 XV-tilt subject OE 

20 20 

15 15 

10 10 

5 5 

0 0 

-5 s 9 a u k fj rest 
-5 9 a u k fj rest 

-10 -10 

-15 -15 --- XY Static 

-20 -20 
--0- XY Dynamic 

Figure 3. Subjects BMA and OE Top and middle rows, the maximum and minimum 
values of the tongue tilt range plotted for static and dynamic sounds. Bottom row, mean 
of the tongue-tilt, plotted for static and dynamic sounds. 
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tongue-tilt, plotted for static and dynamic sounds. 
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4. Discussion 

4. 1 Discussion of results of the tongue measurements 

The measurement of tongue movement is clearly a very important use of the 

Movetrack and other similar systems. It is one of the few methods available for this 

purpose. The nature of the human tongue and some properties of these systems 

make this a task of some considerable difficulty. The central issue that has been 
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Figure 5. Subject CK. Top row, the maximum and minimum values of the tongue tilt range 
plotted for static and dynamic sounds. Bottom, mean of the tongue-tilt, plotted for static 
and dynamic sounds. 
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tested in these experiments is the validity of the assumption that the static and 
dynamic productions will display approximately the same degree of coil tilt. The 
data obtained in these experiments show a fairly good match between tongue coil 

tilt during a temporally extended production of the sounds of a language where the 

articulators are held in a static position and coil tilt during the pronunciation of these 

same sounds in naturally produced utterances where the speech organs are in 

dynamic co-operation with each other as in running speech. The total tilt range for 

measurements of articulatory movement in running speech is, therefore, approxi

mated by the coil tilt estimation procedure described above. 
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Figure 6. Subjects SMA and OE. Top row, the maximum and minimum values of the tilt 
range plotted for dynamic sounds. Bottom row, mean of the lip-tilt, plotted for dynamic 
sounds. 
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Another point to be considered is, due to the undershoot phenomenon (Lind

blom, 1963), it is possible that the extreme articulatory positions used in the static 
production of the vowel sounds may not be attained in a dynamic speech sample. 

This would seem to reduce the possibility of the tilt being greater in dynamic speech 

than in the static productions which can be viewed as the maximum deviations from 

the neutral tongue position on which the coil is fastened and aligned. In light of the 

above discussion we may address the question of what type of experimental 

measurement the Movetrack is appropriate for. 

The previous use of Movetrack in our laboratory has been almost exclusively 
that of monitoring the movements of the lip-jaw system (Lindblom et aI. , 1 987; 
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Figure 7. Subjects HTand BK. Top row, the maximum and minimum values of the tilt range 
plotted for dynamic sounds. Bottom row, mean of the lip-tilt, plotted for dynamic sounds. 
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Skoog, 1994). The results of the experiments reported in the present paper indicate 
that, for this type of work, visual monitoring of the coil orientation with regular 

checks should be sufficient to avoid measurement error due to coil tilt. It is only 

within the last few years that the application of the receiver coils on the surface of 

the tongue and therefore the problem dealt with in this report have become current. 
This has had largely to do with the development of the acrylic tissue glue that is 

used for the application of coils on the tongue. A maj or part of the work that has 

been done with similar magnetometers and other methods for monitoring speech 
movements has been directed toward the coarticui ation phenomenon. This key area 

of research in phonetics is primarily concerned with the observation and study of 

articulatory timing in relation to linguistic structure (Kent and Minifie, 1977). 

It is important to point out that the study of the timing of the movements of the 

articulators with the Movetrack or any other magnetometer is effected very little by 

receiver coil tilt. The few millimeters of measurement error in the distance between 

sender and receiver coils is of very little consequence when studying the temporal 
aspects of the organization of speech. There are, however, obvious experimental 

situations in which the use of the Movetrack or any magnetometer system should 
be undertaken with utmost caution. The results from such experiments should 

likewise be viewed in light of the fact that even the devices with tilt correction are 
subject to measurement error (see section 1. 2 on a computer simulation of the tilt 

correction). These are situations in which the exact positions of articulators are to 
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Figure 8. Subject CK. Left, the maximum and minimum values of the tilt range plotted for 
dynamic sounds. Right, mean of the lip-tilt, plotted for dynamic sounds. 
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be ascertained for, say, specification of control parameters for articulatory synthe
SIS. 

Perkell et al. ( 1992) reasoned that the " ... desired measurement resolution 
should be better that the minimum displacement which could produce a perceptu

ally salient change in the acoustics of a cardinal vowel sound." As an example he 

cites the case of the vowel [i], probably the most extreme case in terms of the 

accuracy requirement, for which this desired resolution should be ±O. 5 millimeters. 

Perkell et al. ( 1 992), using a specially designed applicator, has estimated that a 

maximum deviation of ± 3  mm in z-direction can be achieved. Our more simple 

method of coil application results in a greater deviation of around 5mm. 
How, then, does the tilting of receiver coils effect movement data collected with 

these coil settings? For subject BK the maximum tilt was 12 degrees. With a 
maximum deviation from the midsaggital plane of ±5 mm, this corresponds to a 

maximum absolute error range of 2 .8  mm or±1. 4 mm. With a maximum deviation 

from the midsaggital plane of± 3 mm, the error will, at the most, be ± 1.1 mm. For 

the other subjects (except CK) the tilt is as much as 20 degrees for some sounds. 

This gives an absolute error of at the most ± 3  mm, with a maximum deviation from 
the midsaggital plane of ±5 mm. 

Using the data above, a system with tilt correction will give the following 

results. A tilt of 12 degrees and a deviation from the midsagittal plane of 5 mm at 

the most, will give a maximum error of ± 0.53 mm. With a deviation 3 mm, the 

maximum error will be ±O. 3 2  mm. With a tilt of 20 degrees and a deviation of 5 
mm, the maximum error will be± 0. 9 mm. With a deviation of 3 mm, the maximum 

error will be ± 0.55 mm. 

Although we have as yet not applied such a method, the tilt angle measured 

prior to the experiment could be used to correct the experimental measurements 
after these have been obtained. This may, in many cases, reduce the error to an 

acceptable level for even the most demanding experiments. 

Care in application of the coil with regard to the midsagittal plane and parallel 

axes in rest position seems to be the most important facet of the procedures to 

minimize measurement error. As can be seen, the total tilt range is generally less 

than 20 degrees. Therefore, if the coil is placed optimally, the maximum tilt will be 

around ± 10 degrees for all subjects. When we compare these results with earlier 

tilt-measurements on the same subjects it appears that some subjects have much 
less tilt than others. Some subjects must perhaps simply be discarded because of 

high tilt no matter where the coils are placed on the tongue. 
Our experimental set-up separates the X- and Y-tilt. In the normal operation of 

Movetrack, as well as the other available systems, the total tilt will be the source of 
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error. To calculate the total tilt the X- and Y-tilt should be added. With a good 

approximation the following formula could be used: 
This formula gives the absolute value of the total tilt. Note however, that it is 

not possible to observe if the tilt range is placed symmetrically around zero when 

using the total tilt. This formula has been used in the figures labelled XY-tilt. We 

strongly suspect that at least some of the extreme values that can be observed in our 

results are due to mechanical forces on the coils exerted by the connecting wires. 

This source of tilt error can hardly be avoided entirely but care should be exercised 
so that the connecting wires are slack enough so as to exert a minimum of pulling 

forces on the coils. It would certainly be a good practice to check the tilt for at least 
a few static sounds also at the end of the experiment. It then would be possible to 

detect if the forces on the connecting wires have changed. 

One of these extreme data points was the [1] sound in figure 3 ( BMA). Here, the 

Y-tilt appeared to deviate markedly. Whether this was also due to mechanical forces 

or to the fact that this subject was not a native speaker of Swedish and was using 

some kind of compensatory, deviant articulation for this sound is uncertain. The 

limited spread however, indicates that it is not because of mechanical forces in the 
connection wires. In the Y-tilt for subject CK where we knew that there were strong 

pulling forces on the wires, the spread was very large. The auditory impression of 

this [1] was, however, that it was not deviant from a normal Swedish sound. 

4.2 Discussion of results from the lips 

For the lips, the observed tilt is undoubtedly due to an inaccurate application of the 

coil. For the subjects with tilts over 10 degrees ( subject OE and BK) it was easy to 

observe visually. It would have been easy to reapply the coil in these cases. With 

accurate application of the coils, it would seem to be no problem to obtain the 

required accuracy. 

5. Conclusions 
The experimental results obtained here would seem to support our assumption that 
tongue coil tilt during the production of static sounds is close to that of the same 

vowel phonemes produced in running speech. This result has been the basis for 

formulation of a procedure for the estimation of coil tilt. This method, we suggest, 
would make it possible to judge the magnitude of measurement error that would 

occur for a given coil among the array of receiver coils in the Movetrack system. 

The method would also facilitate correction of these errors. It should probably be 
mentioned that, although the device used in these experiments was not a standard 
Movetrack, the implications of the results obtained in this study in the form of 
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experimental procedures are at present regularly implemented in the use of the 

standard Movetrack in our laboratory 

A welcome by-product of the work reported here is that it has also provided 

some data on coil tilt. Such data is, at present, sorely needed to facilitate the 

assessment and further development of the utility of this potentially important 

method for the study of speech production. 
Finally, we feel compelled to make a point concerning the overall utility of the 

available electromagnetic systems that can be used for the study of speech produc

tion. We have seen that the device without the tilt correction, the so called 

Movetrack, is somewhat less accurate that the other available systems. The price of 
this greater accuracy is not only in financial terms but also in the physical 

manageability of these systems. The EMA and EMMA hardware exerts generally 

greater strain on experimental subjects. The Movetrack, with its light helmet and 

easy to handle hardware, would probably be more appropriate in experimental 

situations where sensitive subjects such as children or medical patients might be 

used. 
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