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INTRODUCTION 

ThiS issue of PERILUS c ontains papers writte n by current members of the 

speech research group at Stockholm University. 

Danielle Duez spent some time in our lab as a guest researcher and kindly 

contributed a report on ongoing research undertaken in collaboratlon with 

Yu kihoro Nishinuma. H e r stay was supported by funds from the Swedish 

Institute. 

Al me and MacAl l i ster contribute "Labi al Co-a rti cul ati on in Stutterers and 

Normal S peakers: a Pilot Stud y" which they presented at "Speech M otor 

Dynamics in Stuttering" held at Nimegen, Holland in June 1985. This paper 

will appear in the publication from this conference. 

The remaining papers have been submitted to the editors of the proceedings 

from a Swedish-French symposium held in Apri I of 19�5. Financial support 

for the Swedish participants of this meeting was obtained from STU (The 

Swedish Board of Technical D evelopmen t) and from Association F ranco

Suedoise pour la Recherche. We gratefully acknowledge the warm welcome and 

hospitality we enjoyed with our French hosts. 

Stockholm in August, 1985 

Bj orn L i ndbl om 
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LABIAL CO-ARTICULATION IN STUTTERERS AND NORMAL SPEAKERS: A PILOT STUDY 

, 
Ann-Marie Alme and Robert McAllister 

INTRODUCT ION 

A problem of general interest to students of speech motor control 

is how the brain coordinates articulatory movements spatially and 

temporally. A case in point is the coordination of successive 

vowel and consonant gestures or co-articulation 

Our laboratory has in the past f ew years develop�d considerable 

capabilities f or studying speech motor dynamics. In particular, we 

have concentrated on observation of the temporal organization of 

speech gestures as re vea led by l abial co-articulation. 

Anticipatory labial co-articulation ref ers specif ically to the 

early onset of f eatures related to labiality, as, f or example in 

the onset of rounding f or rounded vowels. 

of anticipatory labial co-articulation has 

This particular example 

received considerable 

attention in recent research in normal speech production. Some of 

this research has 

anticipation related 

shown a temporally variable extent of 

to the number of non-l abial consonants 

preceding the rounded ·vowel ( Benguerel and Cowan, 1974; Lubket', 

McAllister and Linker, 1979; Lubker 1981). Typical results of 
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this type are shown in fig. 1 . Other researchers have found 

relatively constant anticipation times (Gay, 1979; Bell-Berti and 

Harris, 1979, 1982) . Results of this type are shown in fig. 2. It 

has been suggested that inter-language differences may account for 

some of the differences in the results obtained in these various 

studies (Lubker and Gay, 1982) . This is, of course, an important 

point since research i speech production is concerned primarily 

with underlying mechanisms. The need for separation of language 

specific variables and underlying mechanisms, therefore, is one 

motivation for part of the work presented in this paper. 

We feel that this thoroughly examined topic might be a good 

starting point for a physiological study of movement coordination 

also in stuttering. It has been suggested that even perceptually 

fluent utterances produced by a stutterer can be associated with 

respiratory, phonatory and/or articulatory abnormalities in the 

coordination of speech gestures. Some studies have indicated 

that, as a group, stutterers may be motorica11y slower than normal 

speakers. Stutterers demonstrated longer durations of movement 

onset, slower VOT, increased latency of muscle activity and 

asynchrony between lip and jaw movements during fluent utterances 

compared to non-stutterers (McFarlane and Prins, 1978; Van Riper, 

1982; Zimmerman, 1980) . It has also been suggested that mild 

stutterers are more similar to normal speakers than are severe 

stutterers. In a recent investigation 
� 

(A1me, 1984) on the 

psycho1inguistic variables of stuttering, a systematic difference 

was demonstrated between mild and severe stutterers. There was 

not only a difference in frequency of disf1uencies but also with 
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FIGURE � Scatter plots of consonant-string duration versus 
EMG onset time in ms for anticipatory set utterances for 
three subjects (Bell-Berti and Harris, 1982). 
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regard to ty pe ,  loci and duration of stutter ing events. 

The purpose of the present work is 1 ) to fur ther define the 

temporal exten t of anticipatory labial coarticulation thr ough 

obse�ation of the articulatory behavior of speakers of se ve ral 

different languages and 2) to compare co-ar ticulatory behavior in 

normals and stutterer s and thereby to demonstr ate a methodological 

approach to study ing co-articulation in a stuttering population. 

This pilot study is a fir st effort towards an ultimate goal of the 

description of the tempor al and spatial char acteristics of labial 

speech gestures in perceptually fluent and disfluent utterances of 

stutterer s. We set out to test the following hy potheses: 

A. The onset of the labial gesture for rounding is progr ammed in 

relation to the temporal extent of the non-labial duration 

preceding the rounded vowel. 

B. The onset of the rounding gesture is tempor ally locked to the 

onset of the rounded vowel. 

c. The stutter ers would 

normal speakers. 

show a longer anticipation time than 

D . The mild stutterer's ar ticulator y behavior will be more like 

the normal speaker's. 
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METHODS 

Subjects 

Two male 

sub je c t s • 

Swedish. 

Danish. 

stutterers and three female non-stutterers served as 

The stutterers and one female were native speakers of 

The other female subjects were speakers of French and 

None of the subjects had any history of audiological or 

neurological disorders. 

Speech sample 

The speech material was made up of a group of words and phrases 

with the phonological structure: CVCn.V(:)C. The French and Danish 

material was semantically meaningful and the Swedish material 

composed of semantically possible but non existent compound s. 

was 

C 
n 

was a consonant string consisting of 1 to 6 non-labial consonants. 

The second vowel was a stressed rounded vowel. Each of the speech 

samples was pronounced in 5 randomly ordered sequences 

carrier phrase. 

in a 

Instrumentation 

Surface "paint on" electrodes (McAllister et 

applied to the subjects' upper and lower lip at 

8 

aI, 

the 

1 974) were 

vermillion 



border. 

Labial movements in the anterior-posterior dimension (1 ip 

protrusion) were recorded via a custom made magnetometer system 

( Branderud, 1985) . The generator coil attached to a frame 

extension from a helmet is located at ca. 1 decimeter in front of 

the mouth and is 9x5x4mm in size, while the sensor coils 

to the lips are 5x4x3mm in size. 

attached 

Each subject was tested individually in a sound proof booth in the 

presence of one of the 

instructions was given. The 

experimentors. A standard 

subjects practiced on the 

samples before the actual experiment. 

se t of 

speech 

EMG, movement and audio signals were recorded on five channels of 

a ten channel FM tape recorder. The signals were then aid 

disc for analysis on a Data converted and stored on computer 

General Eclipse 5/200 computer. The software package used was MIX 

written by Rolf Carlsson and Peter Branderud. 

Data reduction 

Four temporal measurements were made on each utterance: 

1. Duration from onset of orbicularis oris superior EMG activity 

to acoustic onset of v2• 

2 . Duration from onset of orbicularis oris inferior EMG activity 

to acoustic onset of v2• 
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3 • Duration from onset of upper lip movement (UL) to acoustic 

onset of V2. 

4 . Duration from onset of lower lip movement (LL) to acoustic 

onset of V2• 

For each subject means and standard deviations were computed. 

RESULTS and D ISCUSSION 

As concerns the first of our hypotheses there seems to be at least 

a weak tendency in figs 3-5 for anticipation time to be positively 

correlated to the number of intervocalic consonants in normals. 

This tendency is most clear in the EMG data for speakers of all 

three languages and for French and Swedish as regards the movement 

data. The decrease in anticipation times for the 6-consonant 

cluster is probably due to reduction of the cluster which could be 

auditorily observed during the data gathering experiments. The 

french speaker does not exhibit this reduction and presumably 

avoided reduction of this large consonant cluster. As for the 

stutterers, it appears that the mild stutterer, fig. 6, may 

exhibit this tendency for a positive correlation between 

anticipation time and number of intervocalic consonants. 

lends some support to the hypothesis concerning the 

This 

mild 

stutterers similarity to the normal behavior when compared to the 

severe stutterer (fig . 7). Otherwise this hypothesis does not 
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seem to be given much support by this data. 

There seems to be a tendency for the stutterers to have slightly 

longer anticipation times generally than the normals. All the 

normals' anticipation times fall approximately between 200 and 300 

milliseconds whereas the stutterers exhibit times between 300 and 

400 milliseconds. This result could be interpreted as supporting 

the hypothesis concerning the longer anticipation times for the 

stutterers which was suggested by the work cited earlier ( see 

INTRODUCTION ) . 

This may not always EMG activity should always precede movement. 

be the case as can be observed in fig. 3. When movement precedes 

EMG activity we can conclude that we have not been monitoring 

muscles that are initiating the labial gesture. While the french 

speaker shows considerable inconsistency in this respect the other 

two normal speakers are very consistent. The stutterers are, 

however, both quite inconsistent in this respect. They exhibit 

asynchrony between upper and lower lips and are obviously 

initiating the labial gesture in several different ways. While the 

evidence is far from adequate to make any strong statements about 

this observation, let us not forget that one of the purposes of 

this paper is to explore the possibilities for comparison between 

the motor beha vior of normals and stutterers. Let us venture the 

speculation that IF this would be found to be a consistent 

difference between normals and stutterers it may indicate some 

aspects of defective motor coordination in stutterers which could 

be a topic of further investigation. Further experimentation 
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concerned with the dynamic properties of articulatory movements in 

different contexts for both mild and severe stutterers is needed. 

We believe that our approach can be important not only as a 

potential elucidation of speech production in general but also of 

the nature of stuttering and in the long run of the clinical 

advantages of improved diagnosis and treatment of stuttering. 
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MOV ETRACK - A MOVEMENT TRACK ING SYSTEM 

Peter Branderud 

ABSTRACT 

There exist several methods for tracking articul atory movements. A brief 

overview of the different principles w ill be presented. Various shortcomings 

of existing systems led to the development of a novel system using very 

small coils as transducers in oscillating magnetic fields. The system is 

easy to use and can be used for measurements both outside and inside the 

vocal tract. Its functioning and specifications are reviewed. Some 

experiments using the system will also be described. The new system w ill be 

commercially available shortly. 
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Introduction 

In studies of speech physiology the tracking of articulatory movements is of 

fundamental importance. For that purpose I have developed an electromagnetic 

measuring system which overcomes some of the shortcomings of existing 

systems. 

Before I descri be its functi on and use, I wi 11 present a bri ef overvi ew of 

the principles that are used for measuring speech movements. 

Most of the existing systems can be  classified as belonging to one of the 

following groups: Optical methods, Ultra-sound methods, Strain-gauge 

transduction, X-ray and magnetic systems. 

Optical systems 

There are two different types of optical systems. 

The first type uses a video-camera ( 1). To the points to be traced are 

attached small reflectors which are illuminated by a special light source. 

To get the coordi nates for the traced po i nts a spec i a 1 vi deo-processor is 

used. 

The second type uses a special 2 -dimensiona1 photo-diode. Attached to the 

traced points are small 1 ight-emitting diodes that are fed with a pulsed 

signal. The coordinates of the different points are separated by means of an 

electronic logic. This principle is used in the commercial Se1spot system 

(2). To get high 1 inearity at the output a two-di mensional correction by 

computer is neede� 

Both these systems give the coordinates relative to the camera. To calculate 

the re1 ative di stance between the measuri ng poi nts and to compensate for 

head movements and angle-errors a computer is needed for coordinate

transformations. Only points outside the mouth can be traced. 

Ultra sound systems 

These are pri marily used to measure tongue movements (3). The output has 

normally a lot of unwanted information and noise. To get the positions of 

the interesting points a lot of manual work is needed. The use of these 

systems in speech physiology is still very much at the experimental stage. 
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Strain-gauge systems 

These are the simplest and probably most widespread systems (4-8). They use 

a flexible metal-band with an applied strain-gauge transducer. One end is 

normally fastend in a holder which is fixed to the skull. The other end is 

fi xed to the poi nt to be traced. The transducers a re not easy to fasten to 

the teeth and can not be used for measuring tongue-movements. 

X-ray systems 

One method is to take films and use a normal X -ray equipment. One serious 

disadvantage is the X -ray dosage. To trace the coordinates a large amount 

of manual work is neede� 

A new system is developed that uses a scanni ng micro-beam and that traces 

gold-pellets that are applied on the tissues inside or outside the vocal 

tract (9,10). The pellets are 1-3 mm in diameter and are connected to thin 

wires to prevent swallowing. The systems are extremley expensive and need 

many persons to run. Today there are only two such systems, one in Madison, 

Wisconsin and one in Tokyo. Fillings in the teeth can cause problems. 

Magneti c systems 

These systems use variation in strength of a known magnetic field to calcu

late the positions of magnetic sensors which are placed at the measuring 

points. By using fields that alternate at different frequencies it is possi

ble to have one field for each coordinate and thus to separate them. Many 

different prototypes have been constructed and built at different labs (11-

15) • 
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MOVETRACK - the magnetic measuring system developed at our laboratory 

===================================================================== 

The system which I have developed differs from the existing ones in some of 

the following respects . The new design has been possible owing to the use 

of modern electronics and high frequency magnetic fields. 

+ Small transducers (1.5 * 4 mm) with thin lightweight connection wires. 

+ High stability and low noise. 

+ Linear direct accessable outputs. 

+ Easy to use and IIstudentproofli• 

+ A calibration method that detects most errors. 

The system is called MOVETRACK and is built up by modules (see fig 1). It is 

housed in a standard 19-inch rack with room for up to 6 channels and can be 

expanded to 24 channels. The system is prepared for production by a Sw edish 

el ectroni c company (23). 

Fi g 1 

Working principles 

There are two transmitter coils, one for 

each dimension, fixed to the head of the 

subject with a special helmet (see fig 

2 ) . The c o ils are connected to a 

transmitter module which contains tw o 

crystal controll ed frequency sy nthe

sizers that generate sine waves of very 

hi gh frequency and ampl i tude stabil i ty. 

The frequencies are 155 and 165 kHz. 

2 3  
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One receiver coil is fastened to each articulator point for which movement 

is to be recorded. Each coil is connected to a low noise preamplifier also 

fixed to the helmet. Ea ch preampl ifier is connected to a receiver module. 

The receiv er module contains a phase locked loop filter and a linearizing 

circuit. Normally the gain of the module is set to give an output of lV/cm 

of movement. 

The receiver module also contains the following possibilities (for both X 

and Y): 

+ Subtraction of a fixed offset which makes it possible to null the outpu� 

+ Subtraction of the output from any other channel which makes it easy to 

get the difference between two channels, e.g. in separating the jaw 

movement component from lower 1 ip movment. 

+ A select button which connects it to the calibration and monitor module. 

The calibration and monitor module can deliver two types of calibration 

signals one simple and one complex. It has also a digital and analog meter 

with an output that is connected to the selected receiver. 

The more complex calibration signal consists of a sequence of different 

el ements: 

+ Marks for identifying each dimension, receiver and preamplifier. 

This is for identification purposes. 

+ A positive and a negative staircase with different fixed levels. 

This is for the checking of the gains. 

+ Signals that make it possible to calculate the offset and step response 

of the system. A sound transducer simultaneously gives short 1 kHz sound 

pul ses wi th 50, 60, 70 and 80 dBS L. 

The calibration signals can be output to all outputs simultaneously or to 

the selected channel. 

Specifications 

The Movetrack system has a linear range between the transmitter and receiver 

coils of 50-300 mm. This can be changed by using other coils. The linearity 

errors are less than 1 t and the upper cut-off frequency is 10 0 Hz. The 

noise is less than .01 mm peak at 100 mm distance. 
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Projects using the Movetrack system 

We are using the system in several experiments (18-22). In one experiment we 

studied the timing of lip articulation for Swedes and Americans. 20 persons 

spoke 300 words and sentences each. This gave in total 5 hours of movement 

data for 3 points in X- and V-dimension together with speech and EMG. 

Th is w as recorded into our computer system. The data w as labeled by hand 

with a graphic editor and a computer program plotted the data. 

The plot in figure 3 shows six repetitions for one subject of the word 

"soaks" in the context "its the dullest soaks". The plot is divi ded into 

three parts. The left part contains all repetitions of the utterance. The 

upper curve is the audio signal and the next three are EMG records. The next 

six are movement curves for upper lip, lower lip and jaw in x and y 

dimensions. The last four are computed as combinations of the pre vious 

movement curves. The middle part contains mean values and movement 

velocities. The right part contains two-dimensional plots of some of the 

mean values. By using the complex calibration signal the program makes 

automatic calibration before the plotting. 

It has also been used to measure chest and stomach activity during speech 

breathing. 

Measuring tongue movements 

The size of the receiver coils are comparable with the size of the pellets 

in the microbeam system. The critical dimension is the thickness. The coils 

are small enough to be fastened on the tongue. The problem which still 

remains is to fasten it in a reliable but still not harmful way. There are 

several used methods but so far no one has proven to be a good solution 

without serious disadvantages (1 6,17). T h i s  is an area wh ere m ore 

experiments are neede� 
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S O ME  EVIDENCE ON  R HYT H MIC PAT T E R N S OF S P OKE N F RE NC H  
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Abstract 

This study is an experimental approach to French rhythm. Its purpose is to 

examine the influence of the position and number of syllables in a word on 

syllable duration. The results do not show any compression effect 

associated with length of words. There is a strong correlation between word 

duration and syllable number. The duration of stressed syllables appears 

relatively constant regardless of the number of preceding syllables in a 

word- French word rhythm seems to be governed by an alternation principle 

manifested in an alternating pattern of durations for stressed and 

unstressed syllables and in consecutive unstressed syllables. A next step 

will be to investigate whether this al ternation principle is an impor tant 

influence on French speech rhythm also at macro levels. 
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Introduction 

This study is an experimental approach to French rhythm. Its purpose is to 

examine the influence of the position and number of syllables in a word on 

syllable duration. The relative duration of successive syllables (stressed 

and unstressed syllables and consecutive unstressed syllables) is also 

analyzed. 

Since Pike (1945) and Ab ercombie (1964) categorized languages as stress

timed and syllable-timed, most studies dealing with French have been 

concerned with this typology: French appeared to be a striking example of a 

syllable-timed language This oversimplified classification was questioned 

by Christal (1974) who criticized the "the naivety of rhythmiC typologies 

in general". Recently, studi es beari ng on di fferent 1 anguage rhythm 

emphasized the difficulty of assigning some languages to one of the two 

categori es. Dauer (1983) showed th at the difference between stres s-timed 

and syllable-timed languages was based on syllable structure, vowel 

reduction, and stress realisation. She did not analyze French, referring to 

the fact that French stressed syllables are very difficult to perceive, but 

she thought that "the frequent repetition of open syllables gives an 

impression of more regularity in French". The assertion that French is a 

typical syllable-timed language was challenged by Wenk and Wioland (1982). 

These authors emphasized the importance of the final group and proposed a 

new typology: "French is traile r-timed in contrast to English which is 

I eader-timed. " 

The classification as stress-timed and syllable-time d was based on the 

principle of isochrony: stress-timed languages were considered to have 

syl lables in syllable-timed languages are of equal duration. However, 

experiments measuring interstress intervals showed that even in stress

timed languages, intervals are longer when they contain more syllables (see 

Dauer (1983) for a review). In fact, isochronism has been interpreted as a 

perceptual phenomenon: subjects tended to perceive interstress intervals as 

having more equal duration than they actually were (Lehiste , 1977). This 

s p e e c h  rhythm perce ption ten dency c orresponds to a fundamental 

characteristic of rhythm perception which Fraisse (1974) has shown and 
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called "rythmisation subjective" (subjective rhythm ) 

The principle of alternation formulated by Woodrow and analysed by Allen 

(lY75) was further developed by Bruce (1983-84) Investigating Swedish 

speech rhythm, he showed that there is alternation between strong, stressed 

syllables and weak, unstressed syllables and alternation between 

consecutive unstressed sy 11 ab I es. He stated that in the rhythm of spoken 

speech "the leading principle is alternation and not isochrony" A recent 

thesis by Strangert (1985) also provides evidence for rhythmic alternatioms 

in Swedish unstressed syllables. 

The purpose of the present study is to analyze the characteristics of 

French rhythm in isolated words and to examine to what extent French rhythm 

is governed by the alternation principle. 

Procedures 

The corpus consisted of five sets of words. Each set contained a constant 

number of syllables, the syllable number varying from 3 to 7. Each word was 

a single rhythmic group, the final syllable always being stressed. Each 

word contained the target syllable "rna" or "na" and the position of this 

syllable was varied systematically. There were five groups of test words, 

each group ecorrespondi ng to a target syll abl e pos i ti on and a number of 

syllables: 125 test words were thus obtained. In each group, the target 

syllable was followed by a voiced stop, a voiceless stop, a nasal, a 

liquid, and a voiced constrictive in order to have similar effects of 

intrlnsic phonetic factors. Some of the test words, however, were not 

equally phonetically balanced: they contained syllables with complex 

structures (closed syllables, clusters). To avoid interpretation problems, 

reiterant speech was used according to the procedure described by Liberman 

and Streeter (19tl7). Two native French speakers recorded each test word and 

its reiterant version four times in randomized order. Speakers were asked 

to read and to reiterate each word in a natural way and to avoid emphatic 

stress, they were also required to maintain the same speech rate. Target

syllable durations of normal and reiterant speech were measured om 

mingograms. 
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Resul ts 

Figure 1 presents word duration as a function of syllable number in both 

natural and reiterant speech for both speakers. The results are homogeneous 

and show a strong correlation: the greater the number of syllables, the 

longer the word duration. Word lengthening appears to be very regular: each 

syllable added to a word causes a lengthening of about 1 60 ms. 

III 
E 

1500 

• Subject 1 

M Subject 1 

• Subject 2 

+ Subject 2 

Normal speech 
Reiterant speech 

Normal speech 

Reiterant speech 4 

�. 

500� ____ � __________ � __________________ � 
3 4 5 6 7 

Word length (syllable) 

Figure 1 Word duration as a function of syllable number 

The results presented in Figure 2 show the duration of final stressed 

syllables. This duration appears very stable: adding syllables before 

stressed syllables does not cause important shortening. The mean difference 

between the duration of the syllables of three-syllable words and that of 

seven-syllable words is 15 ms in reiterant speech, which is not significant 

(t=1.37, p>O.1 0), there is no difference in natural speec h. These results 

agree with those obtained by Lindblom et al. (1 98 1 )  who observed that 

"adding syllables after the main stress causes more drastic shortening than 
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attaching them before". In Swedish, the difference between fi nal stressed 

vowels of monosyllabic and four-syllable words is less than 50 ms, while 

the difference between initial stressed vowels of monosyllabic and four

syllable words is about 150 ms 

The analysis of initial syllable durations does not show significant 

shortening due to the number of syllables in the word, since in reiterant 

speech, the mean duration of initial syllables is 15 ms longer (t=1.21, 

p>0.10) in three-syllable words than in seven-syllable words for subject 1 

and 5 ms shorter for subject 2 (t=0.8, p>0.10). ( Fi gure 3). 

Figures 4 and 5 show the relative duration of consecutive syllables in 

reiterant speech and in normal speech. As expected, stressed syllables are 

much longer than than unstressed syllables: the mean duration is 1.45, 

which is slightly less than Delattre�s: this author showed that stressed 

syllables are twice as long as unstressed syllables. 

The analysis of the duration of consecutive syllables shows an alternation 

pattern which seems partly dependent on word length and which is slightly 

different for each speaker. In three-syllable words, the two pre-stress 

syllables are almost equally short for speaker 1, while the syllable 

immediately preceding the stress appears longer (and stronger, if we adopt 

Bruce�s terminology (1983) ) than the initial syllable for speaker 2. In 

four-syllable words, a different pattern can also be observed for both 

speakers: the initial syllable is 10 ms longer than the second pre-stress 

syllable and almost equal to the pre-stress syllable for speaker 1. For 

speaker 2, the initial syllable is 12.5 ms shorter than the two pre-stress 

syllables. Alternation tends to be systematic for words containing five, 

six or seven syllables. One must observe, however, that the initial 

syllabble of seven-syllable words is shorter than the following syllable, 

which disagrees with the alternation principle: there is probably a 

tendency in French to begin a word or a rhythmic group with a weak 

syll ab 1 e.  

The resul ts obta i ned for natural speech for speaker 1 and 2 are reported 

in Figure 6 and 7 respectively: they do show a tendency towards alternation 

in duration but it is less conspicuous however than in reiterant speech. 
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The comparison between weak and strong unstressed syllables reveals slight 

differences: the greatest one is 35 ms and the mean di fference is 15 ms, 

which is about 10 % of mean unstressed syllable duration. This difference is 

approximately equal to the differential duration threshold for speech 

(Rossi, 1972), which raises the question of its perceptual use in speech 

decoding. 

A comparison with Bruce-s results (1984) shows a slightly more marked 

increase of duration from weak to strong unstressed syllables in Swedish: 

the magnitude of alternation is about 20% for the first speaker and 10% for 

the second speaker and the largest difference between successive unstressed 

syllables is 45 ms. Bruce observed that the difference between successive 

unstressed syllables is considerably less than for a corresponding 

compari son of stressed versus unstressed syll ab 1 es". 

The present results disa gree with the French isosyllabicity principle. 

French word rhythm seems to be governed by an alternation principle. 

However, some tendencies, which may be specific for French, should also be 

considered. For example, most words tend to begin with a weak syllable. 

According to Bruce (1983), the principle of rhythmic alternation suggests 

"a preplanning of the alternation for the whole interstress interval ". The 

implication of this hypothesis is that rhythmic groups are made up of any 

number of consecutive unstressed syllables followed by one stressed 

syllable, the boundary being j ust after the stressed syllable. The 

structure of French rhythmic groups seems to confirm this hypothesis. 

The fact that the difference between the duration of consecutive unstressed 

syllables is close to the perception threshold can lead to different 

interpretations. One possibility is that it has a functional role in the 

perception of stressed syllables and that it is for this reason that the 

va lues are close to the threshold. Another possibility (su ggested by 

Hirst), however, is that rhythmic alternation is due to the process of 

production and that it is restrained so that it does not impinge on the 

speaker-s perc eption. The p erceptibil ity o f  th i s  alterna tion i s  

consequently an open question which will b e  the subject of future research. 
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Conclusions 

Thi s study of French rhythm suggests that there is, at the word 1 evel, a 

duration al ternation between stressed and unstressed syll abl es and 

consecutive unstressed syll ab 1 es, thi s mi crorhythm seems to correspond to 

an alternation principle. 

Thi s analysi s is part of an extended study o f  French speech rhythm where 

rhythmic patterns are to be examined in sentences and paragraphs. In vi ew 

of the results of this study an important question arises as to whether or 

not this alternation principle is an important influence on French speech 

rhythm at macro levels. 
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ON THE RELATION BETWEEN THE ACOUSTIC PROPERTIES OF SWEDISH VOICED STOPS AND 

THEIR PERCEPTUAL PROCESSING 

Diana Krull 

Abstract 

In recognition a1 gorithms and certain theories of speech perception the 

interpretation of the signal is based on IIdistance scoresll for comparisons 

of the signal with stored references. The present study addresses itself to 

the calibration of such distance metrics by investigating the perceptual 

confusions of the voiced Swedish stops (b, d,q, g] in various systematically 

produced fragments of VIC:V2 that provided 25 vowel contexts for each 

consonant. To what extent can the perceptual i denti fi cations for segments 

- 26 ms l ong, following stop release - be accounted for in terms of the 

acoustic properties of the stimuli? Results of a qualitative spectral 

analysis indicate that these properties exhib it marked coarticul ation 

effects which appear to account for many of the confusions. The aim of this 

paper is to report on an attempt to derive predictions of the perceptual 

confusions by means of a quantitative distance metric operating on stimulus 

signal s. Two model s are described, one based on formant frequencies, and 

the other on auditory spectra. Both model s, however, need substantial 

revisions.  
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The purpose of this study is to investigate the possibility of quantifying 

the notion of perceptual  di stance for S wedish stop consonantnts. 

Quantifications of this kind, called distance m etrics, have been used 

earl ier to describe vowel perception (Carl son and Granstrom, 1 979; Bl adon 

and Lindblom, 1981), and in models of speech recogition (Zwicker, 1979; 

K 1 a t t, 197 9 ). Th e m et hod i s bas e d on the ide a 0 f a pe r c e p t u a 1 spa c e we r e 

signal s perceived as simil ar are described as being located spatiall y near 

each other, and where, especial ly, the correct identification of a signal 

impl ies minimal distance to a stored reference. 

In 0 r de r to a ch i eve a cal i bra t ion 0 f a pe r c e p t u a 1 spa c e for s top 

consonants, two kinds of data were used. Firstly, perceptual confusions, 

and secondly, acoustic descriptions of the stimuli. The g oal, given the 

acoustic description, is to predict the patterns of the confusions. A 

method of making such predictions is a kind of perception model and is 

needed for both practical and theoretical reasons. It would be useful,for 

exam pl e, in automatic speech recognition and for an objective eval uation of 

dev i ant speech. 

In this study, only voiced stops have been used. It has been shown, for 

exampl e by Ohman (1966), that there are considerable coarticul ation effects 

for s uch stops in intervocalic position. With the intent to study the 

e ffect of coarticul ation on the perception of stops, stim ul i were 

constructed using a VIG:V2frame and [b,d,q,gJ in intervocalic position, the 

vowel context consisting of the 25 possible combinations of (I,E,a,:>,UJ 
preceding and following the consonant. The resulting 100 stimuli were 

randomized and read by a male phonetician using the Swedish "grave" accent 

in which both syllables have about the same prominence. 

The tape-recorded material was also used to make additional shorter 

stimuli, first, by cutting the original stimuli into two hal ves, and, 

subsequentl y, by cutting out 26 ms beginning just before the consonant 

rel ease. (The 1 ength of 26 ms was chosen in conform i ty wi th Stevens and 

Blum stein, 1978.) All cuts were made at zero crossings with the help of a 

computer program written by Rolf Carlson, Royal Institute of Technol ogy, 

Stockhol m.  
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The final stimuli were transferred to four tapes. Each stimul us, with the 

exception of the original (longest) ones, occurred three times. The order 

of the stimuli on each tape was randomized. 

Twenty normal hearing speakers of the Central Swedish dialect l istened to 

the tapes, their task being to identify the consonant. 

The resul ts showed that the CV2 stimul i were about as wel l i denti fi ed as 

the whole "word", with the few confusions there were occurring al most 

exclusively between dental and retroflex. V1C stimuli were more difficult, 

but the greatest number of confusions occurred, as could have been 

expected, in the 26-ms stimuli. Therefore, these stimuli were used for the 

calibrating experiment. 

The confusion matrices for each of the 25 vowel contexts are shown in 

Fi g.l. In each row of matri ces the precedi ng vowel changes from front to 

back, whil e in each column it is the following vowel that changes in the 

same manner. 

The greatest number of confusions occurred between dental and retroflex in 

al l vowel contexts. This may, at l east in part, have been the resul t of the 

somewhat ambiguous position between phoneme and all ophone that retroflex 

has in Swedish. Of the other consonants, velar was the one most often 

confused with others. The reason was probably that the burst for vel ars is 

longer than for other pl aces of articulation (cf Kewley-Port, 1983), while 

stimul us length was kept constant across places of articulation in order to 

avoid giving extra cues to the l isteners. This may also have been the 

reason why labials, with their very short or even absent burst, were best 

identified. (The mean number of answers given was 85.2 for labial, 81.2 for 

dental , 81.1 for retrofl ex, and 52.6 for vel ar.) 

Comparing the results by vowel contexts and consonants, it can be seen that 

the confusions form a regul ar pattern. For e xampl e, [gl in front v owel 

context was often confused with dental and retroflex , but seldom with 

1 abi al. In back vowel context, on the other hand, [g] was often confused 

with l abial but almost never with dental or retrofl ex. All consonants 

appear to have been easiest to identify in [al context. 

43 





It thus seems that, for exampl e, in front vowel context, fg) is near 

dental and retroflex perceptuall y, while in back vowel context it is near 

the l abial . How does this correl ate with acoustic data? 

A qualitative comparison of spectra and spectrograms made of the stimuli 

shows that there are clear coarticulation effects, and that these can have 

been the cause of many of the confusions. Two exampl es of this are given in 

Fi g.2. Both the spectrograms and the FFT (Fast Fourier Transform) spectra 

of rep and (gl in (oJ-ft:l context show them as rather al ike; the same is 

true of tg 1 and fb! in [U]-[UJ context. 

With similarities like these in mind, two models were chosen for a study of 

acoustic distances. One model is based on the frequencies of the second and 

third formant at the moment of stop release. Plotting the two formants 

against each other as in Fant (1973) shows the great variation there is for 

each consonant, (Fi g.3). The formant frequenci es were measured by hand on 

spectrograms (Voiceprint whenever the formant was visibl e there, otherwise 

on computer spectrog rams.) For the calcul ation of distances, a separate 

plot was made for each vowel context. The distance b etween points on the 

plot was calculated in Bark using the equation 

(1) 

The second model is based on auditory spectra, that is, spectra constructed 

with the units Bark for pi tch and sone for l oudness. The di stance between 

two spectra is defined as the size of the area that does not overlap when 

the spectra are superposed, according to equation 

Ds= fV( sl (zl -s2 (zll2 dz 
o 

(2) 

where z is pitch in Bark and sl and s2 l oudness density in sone per Bark. 

To correl ate distances to confusions, the confusion percentag es were 

symmetrized with the method described by Kl ein, Plomp and Pol s (1 970) .  The 

symmetrized ( and for comparison, the non-symmetrized distances) were 

plotted as a function of the distance. 

45 



! 

Vb:V \19:\1 

; f 

D .- .�.. 2.. '.2 .. .... La L4 • 
"-1000 

Fig. 2 Spectrograms and spectra of two stimulus pairs demonstrating 

similarities between different consonants as a result of coarticula

tion. The spectra are integrated over 26 ms following stop release 
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How good are the models as predictors of confusions? 

The results of the cal culations show, firstly, that both models are rather 

weak in their predictions, and secondly, that the formant based model is, 

in all the aspects studi ed here, the stronger of the two. 

One of the claims on a perception model is that it should be able to 

predict confusions without "knowingll the identity of the adjacent vowels. 

With this invariance condition, the correlation coefficient calculated 

between distance and percent symmetrized confusions for the formant based 

model was -.53 and for the spectrum based model -.37. For non-symmetrized 

percent confusions the corre l ation was l ower for both models. The 

correlabtion was also l ower when the distances were calculated across vowel 

contexts instead of within a given context. (E.g. if the distance betwee n 

the retroflex in [Iq,UJ to labial was shortest to the [bJ in UbIJ., that 

woul d be the distance plotted against the percent confusi ons of stimul us 

[Iq,U] to labial.) The answers were not symmetrized in this case. 

Relatively good correlations were found only when using the formant based 

model for each vowel context separately. This was the case especiall y when 

the following vowel was r�l or [UJ - the mean correlation coefficient was 

here -.81, and the best value -.9 6. For [IJ or £EJ as the follmving v owel 

the mean correl ation coefficient was -.41 and for fal -.6 6. 

There seems to be a possibility that the confusions were made according to 

relative distances, according to vowel context. To illustrate this, two of 

the 25 plots are shown in Fig.4. The long est distance in rn context gives 

few confusi ons. The same di stance in (uJ context woul d be rel ati vely short 

and give more confusions. Thus, the tilts of the regression 1 ines in front 

vowel contexts are generally steeper compared to the regression 1 ines in 

back vowel contexts. 

With this in mind, two things should be don e  next. Firstly, addition al 

perception tests should be carried out with the same stimuli and, as far as 

possible, with the same subjects, but this time asking them to try to 

identify the adjacent vowels. Secondly, an attempt should be made to relate 
f 

the predictions to some acoustic parameter in, for example, the following 
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vowel, one possibility could be the target value of the second formant. 
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DESCRIPTIVE ACOUSTIC STUDIES FOR THE SYNTHESIS OF SPOKEN 
SWEDISH (*) 

"Akustiska Uttalsstudier f ar Syntes av Svenska" 

FRANCISCO LACERDA 

ABSTRACT 

Th e pap er reports the current state of th e projec t 
"Desc rip tive Ac oustic Studies for the Synthesis of Sp oken 
Swedish", sp onsered by The Swedish Board f or Technical 
Develop ment and carried out at th e Laboratory of Phonetic s, at 
the University of Stoc kholm. It gives an overview of th e 
p rojec t struc ture, g oals and meth ods and rep orts the results 
obtained with a perc eptual evaluation of synth etic speec h. The 
p ercep tual evaluation was c arried out with synthetic sp eec h 
th at was produc ed (i) af ter th e results of an automatic 
analysis of the original utteranc es, (ii) after a detailed 
interac tive analysis of th e same uteranc es and (iii) af ter a 
set of rules that relate th e F2 "loci", at VC and CV, with the 
values of F2 f or th e target vowels . 

(*) This p rojec t is sp onsered by STU (Styrelsen far Teknisk 
Utveckling) 
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DESCRIPTIVE ACOUSTIC STUDIES FOR THE SYNTHESIS OF SPOKEN 
SWEDISH 

"Akustiska Uttalsstudier fHr Syntes av Svenska" 

Franc isc o Lac erda 

INTRODUCTION 
As has been stated by Gunnar Fant (Fant, 1983), the bottlenec k 
of c urrent work in sp eec h tec hnolog y is not so muc h a 
tec h nologic al or ec onomic limitation but rather the lac k of 
extensive and c arefully ac quired referenc e inf ormation that 
mig ht provide data suitable for developing both a theoretic al 
understanding as well as p romoting various ap p lic ations. It 
was in partial resp onse to suc h needs that the present p rojec t 
"Akustiska Uttalsstudier f Hr Syntes av Svenska" (Desc rip tive 
Ac oustic Studies for the Synthesis of Sp oken Swedish) was 
initiated. Its overall struc ture is desc ribed in fig . l: 

"HI-FI" 

SYNTHESIS 

corrections 

ANALYSIS 

LISTENING 

TESTS 

� _____________________ EVALUATION 

"Speech material" 

SYNTHESIS 

BY 

RULE 

corrections 

Fig . I - Flowc hart of the struc ture of the projec t 
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The overall g oal of the projec t is to provide an ac c urate 
ac oustic desc ription of rep resentative samp les of spoken 
Swedish. Furthermore, the projec t aims at evaluating rules 
f ormulated on the basis of the desc riptions and at presenting 
asp ec ts of the ac oustic p honetic s of Swedish in a c ompac t but 
still c ontextually general format. As illustrated in the 
flowc hart of figure 1, the work is org anized with two main 
sub- goals: 
A. Synthesis replic ating the orig inal sp eec h 
In this typ e of synthesis, the utteranc es are synthesized 
ac c ording to an analysis of the orig inal utteranc es (c arried 
out every lOms). The analysis outp ut is a sourc e- filter 
desc ription of the original utteranc es, perf ormed every lOms. 
The analysis data obtained in this fashion are then used to 
produc e a synthetic version of the utteranc e whic h is later 
submitted to p erc ep tual evaluation. 
B. Synthesis by rule 
At this stage, a set of desc riptive parametric rules is 
formulated based on the results of the detailed analyses. 
Segments of the orig inal analysis data are replac ed by values 
c omp uted ac ording to these rules. The resulting synthesis 
instruc tions are used to produc e new utteranc es whic h are then 
p erc ep tually evaluated. 
The results of the perc eptual evaluation give importatnt 
indic ations on the type of analysis errors and allow us to 
refine the analysis, f oc ousing spec ially on the spec ific 
p roblems. 

SPEECH MATERIALS 
Ac oustic phonetic ians are f amiliar with the problematic fac t 
that an exhaustive series of measurements c overing all the 
possible c ombinations of phonetic seg ments and prosodic 
c ateg ories is a totally unrealistic aim in desc ribing speec h 
materials. A g ood strateg y is, theref ore, to selec t items that 
will best represent the struc ture of the lang uag e under study 
and more likely disc lose reg ularities c harac terizing it. 
This was the kind of ap p roac h adop ted in the selec tion of the 
speec h material . f or the present study. Af ter some pilot 
studies, it was c onc luded that representative ac oustic 
measurements c ould be obtained using speec h materials 
c onsisting of a list of utteranc es where all the Swedish 
�oic ed stop c onsonants, /b, d, d, g / and the voic eless fric atives 
/f, s, �, �, x, 6, h/ were produc ed in the 16 V: CV c ontexts c reated 
by c ombinations of the four vowels /i, u, �, a/. In order to 
examine stress dependent effec ts, the list of utteranc es also 
c ontained all the above c onsonants and vowels in a c ontext 
VCVti: n, where the main stress is p lac ed on a final dummy 
syllable. Consequently the speec h materials c onsisted of 
utteranc es of the type: 

Consonants: 

Vowels: 

Stress patterns: 

Examples: 

[b, d, q" g, f, s , � , Q, 5 ' h] 
[ I , e: , a, u] (short) 
[�: ,e:: ,a:!: ,a: , u:] (long) 

, , 
[V:CV], [VCVti.':n] 
[' " 

, 
u:ba, a:!:q,e:, 
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Th ese utterances were produced by a sing le speaker in order to 
minimize variability due to speaker idiosyncrasies. The ch oice 
of a sing le speaker rather th an several speakers was 
considered preferable since it enabled us to check up th e 
analysis results by comparing synth etic and original 
utterances and avoid having to evaluate a synthesized speaker 
based on statistical average data. 

RECORDINGS 
Th e material was recorded in an anech oic chamber, using a 
condenser microphone and a FM tape recorder with a f requency 
response from DC to 10kHz. Th e speech was th en fed into th e 
computer at 16kHz samp ling frequency, 16 bit A/D, with a 
frequency response from DC to 6. 3kHz (anti- aliasing filter; 
96dB/oct). The speech file containing all the recorded 
utterances was th en h igh- p ass filtered at 10Hz, with a dig ital 
HP f ilter, with ph ase correction. The control and minimization 
of ph ase errors is of great importance for the accuracy of the 
inverse f ilter analysis to be described below. 

ANALYSIS OF THE SPEECH MATERIALS 
The high -p ass f iltered sp eech file was divided into 320 small 
f iles each containing a single utterance. Waveform tracing s 
and spectrog rams were then produced in order to facilitate 
seg mentation and identification of the speech material in each 
file. 
Th e main tool used in th e analysis of th e speech material was 
a package of analysis/synth esis prog rams develop ed by 
Ananth apadmanabha (1984). Th e analysis program (VIJAYA3) 
provides descrip tions of th e speech signal in terms of 
formants, bandwidth s and voice-source parameters, as 
ilustrated in an fig.2. In a first analysis stage, this 
prog ram was run in automatic mode, according to which th e 
f ormant and source values are measured every 10ms, using a 
Hanning window of 16ms (effective length ), and recorded in a 
so-called OVCON file (see fig .3). Later this f ile can be used 
as a synth esis instruction to resynthesize th e orig inal 
utterance. Some manual editing is normally needed to correct 
f or errors in th e formant tracking and in th e bandwidth 
calculations. After this editing th e spech sig nal is again 
invers f iltered and th e new source parameters are calculated 
to substitute those comp uted initially f rom the incorrectly 
inverse filtered output. 
Th is kind of automatic analysis, alth oug h practical, does not 
perf orm well whenever there are rapid transitions or dynamic 
events th at occur within the analysis time- window. Indeed, th e 
synthetic V: CV utterances (where C was /b, d, 4, g /) th at were 
produced strictly on the basis of the automatic analysis quite 
often lost manner information and, in some cases, also place 
information as will be seen from the results of experiment 1. 
However VIJAYA3 may also work in an interactive mode in wh ich 
the vocal tract transfer f unction can be calculated using the 
portion of th e pitch period during which th e glottis is 
closed, the so- called closed-ph ase analysis (CPA). Under those 
conditions th e theoretical source-filter model, with infinite 
g lottal impedance, app lies. 
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FO 129 

EI 442 

EE 1 375 
TP 41 
TN 15 

TL 7 

F1 541 
B1 25 

F2 927 
B2 57 
F3 2521 

B3 53 

F4 3158 

B4 125 

F5 3403 
B5 188 

F5 4132 
B5 281 

F7 5478 

B7 440 
F8 5545 
B8 298 

F9 7172 
B9 551 

SPEAKER: ROLF/CHIDENTITY: A:RDE 
DATA WD1215 FFS (KHZ) 15 

CT 150 NFR 10 

1985-02-14 10:04:25 

Fig . 2 - Typical VIJAYA3 printout in interactive mode 
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Th e VC and CV boundaries of th e 64 V: CV utterances were 
re- analysed using the CPA and the OVCON f iles were updated by 
th e new formant and sourc e data. The main differences between 
the automatic and the CPA modes concerned the speed of 
variation of the source and filter parameters at 
consonant-vowel boundaries. Th e speed of variation of th e 
f romant transitions increased wh en the CPA analysis was used 
but the most important contribution to th e improved manner 
representation was given by a more ac curate estimation of th e 
sourc e parameters, in partic ular EE and El, representing the 
positive and negative peaks of th e glottal pressure waveform. 
Inf ormal listening indicated that the new speec h files 
produc ed after th e ch anges introduced by th e CPA sound much 
more distinct th an those that were produced by th e automatic 
analysis (c f. experiment 2, below). 

"LOCUS EQUATIONS" 
We use th e term "locus equations" to refer to empirical 
relations between th e values of a given f ormant at CV (or VC) 
boundary and th e values of th at formant at th e vowel target 
(Lindblom, 1963). Th e equations are parametric desc riptions 
establish ing linear relationsh ips between th e c onsonant "loc i" 
and the f ormant target values of the following (or preceeding) 
vowel with parameter values depending on th e particular 
consonant and on th e p receeding and f ollowing vowel. Th ese 
equations are suitable for terminal analog synth esis since 
they can be used to calc ulate the actual consonant "loci" (at 
th e VC and CV boundary), given th e vowel context (Klatt, 
1983). 
At th e present stag e of the project, an attempt was made to 
establish locus equations for F2 for all the consonants 
(including th e fricatives). Some examples of locus equations 
are disp layed below (fig .4 and 5). 
Fig .4 presents stylized "locus equations" for th e stop 
c onsonants studied. For any F2 value at vowel targ et (entered 
as abcisse), th e predicted F2 value at consonantal release is 
obtained by reading the ordinate for th e point on the 
corresponding "consonant straig h t  line". Th e slopes of th e 
lines dep end on the particular consonant and on th e vowel 
preceeding th at consonant. Th ese slops have a direc t 
interp retation in terms of the amount of anticipatory 
coarticulation: Th e h igh er th e slope, th e bigger th e 
c oartic ulation (with a maximum of 1, when the "locus" simply 
follows th e vowel target). 
Fig.4b sh ows th e "locus equations" for th e VC boundaries, 
wh ere it can be seen that there is considerable preservatory 
coarticulation for all th e consonants. 
As an exemple of "locus equations", th e relations between F2i, 
at c onsonant release, and F2 at vowel target that were used to 
comp ute F2 by rule f or experiment 2 are shown below. 
Th e first step is to calculate th e coarticulation c oefic ient, 
which depends both on the particular consonant and on the 
preconsonantic vowel, VI: 

k=q(C)*(F2t(VI)+2200)+O. 108 wh ere q(C) is a 
parameter depending on the particular consonant. 

Th e k value is now used in th e next equation, which predicts 
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� q I/) 
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(J 

d 0 
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ub 

Fig. 4a - Stylized "locus equations" for all the analysed stop 

consonants 
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Fig. 4b "Locus equations" for th e VC "loci" of th e stop 
consonants 
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Fig. 5 - "Locus equations" for some of the studied fricatives 
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F2 at consonant release: 

F2i=k*(F2t(V2)-2475)+1995 

Th e values of q(C) obtained for the analysed material were: 
Ibl Idl Iii Igl 

q(C) 1.57E-4 6. 68E- 5 1.99E-5 0 

Th e "locus equations" for th e F2f (final F2 value at VC 
boundary) are similar to those of F2i, but, in this case 
simpler expressions were used, namely a simple linear relation 
between th e F2f and F2vl, where th e slope and intecept 
parameters are dependent on th e particular voiced stop 
consonant, as listed below: 

Ibl Idl lli Igl (*) 
slop e . 7083 . 3 545 .458 3 .6549 
intrcp 261 943 926 698 
corr. 091 . 72 . 87 . 97 

(*) excluding lui contexts. 

Th e validity of the equations for the four voiced stop 
consonants was tested by substituting t h e measured F2 values 
at final and initial consonant "loci" by th e ones predicted by 
th e "locus equations". A linear 50 ms transition was used to 
interpolate between th e computed "locus" and th e measured 
formant value for th e adjacent vowel. Alth ough th ese "locus 
equations" may predict "loci" th at deviate from th e original 
data, a g ood performance may , nevert h eless, be exp ected, 
taking into acount the results of the experiments on 
frequency discrimination carried out by Lacerda and Lindblom 
(1983) and Lacerda (1985). 
In fig. 5 the "locus equations" f or some of th e analysed 
fricatives are sh won. The goodness of fit of th e straigh t line 
varies with the consonant. Th e linear correlation coeficients 
lie between . 553 for lu:6VI and . 999 for IE:fVI and lu:�V/, in 
th e cases illustrated here. Among all th e studied fricatives, 
the best correlation was found f or Ih/, as it could be 
expected. Also in the case of th e fricatives, it is 
interesting to note th e different deg rees of anticipatory 
coarticulation: th e more th e tong ue body is involved in the 
fricative articulation, th e less the slope of th e linear 
reg ression lines. 

EVALUATION OF THE ANALYSIS DATA 
Th e following discussion will be centered on th e 64 utterances 
of V:CV type, wh ere C is one of the voiced stop consonants 
refered above. 
To evaluate the quality of the analysis, the OVCON files 
(fig . 3) were used to control th e synthesis program (which is 
also part of the software developed by Ananthapadmanabha). The 
evaluation carried out so far, was done in two experiments: In 
the first th e analysis data from th e automatic analysis (after 
some editing to correct for wrong formant labeling s) was used 
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to synth esize th e utteranc es. Th e utteranc es were then 
presented to a g roup of experienc ed p honetic ians who were 
asked to label th e items. 
In the sec ond experiment four kinds of stimuli were used: The 
test tap e c ontained, in random order, (i) the orig inal 
utterances; (ii) th e utteranc es produc ed with the automatic 
analysis and now imp roved by a CPA analysis of the p eriods 
near th e VC and CV boundaries; (iii) the utteranc es produc ed 
by the "loc us equations" ap p lied to the prediction of F2 and 
(iv) a set of utterances produc ed by a c ommerc ially available 
text-to-sp eech system (Infovox). 
All th ese utteranc es were randomized and presented to a g roup 
of Swedish subjec ts, naive as far as synth etic sp eech is 
c oncerned. 

EXPERIMENT 1 
SYNTHESIS FROM AUTOMATIC ANALYSES 
A g roup of 7 exp erienced phonetic ians listened (throug h 
headphones) and transc ribed th e set of synth etic utteranc es 
that were p roduc ed on the basis of the hi-fi automatic 
analy sis. Th e utteranc es were presented randomly , in 
isolation, with no rep etitions and without training session. 
Th e subjects were allowed to stop th e tape and listen several 
times to th e same item but they did not use this op tion. The 
results obtained are shown in th e c onfusion matrix below 
(fig .G). 

PERCEIV ED 

b d q, g � v � 

b 67 16 5 13 b 

d 18 55 1 0 3 7 8 d 

q, 2 74 21 4 q, 

g 2 98 g 

b d q, g � v 0 

Fig . G - Confusion matrix with th e results of .experiment I 

The best rep resented consonant was Ig /. There was only one 
error, where i:g It was interpreted as i:dIt. In what c onc erns 
the oth er stop c onsonants, Iii was most of the time 
interp reted as Id/, althoug h some c orrec t identific ations have 
also been reg istered when followed by I�/. Th e Idl produc ed 
th e big g est sp read of c onfusions: there were resp onses of Ib/, 
lvi, IiI and Ig l for th e presented Idl stimuli. Finally, the 
Ibl stimuli resulted in a number of manner errors IBI and 
Ivl resp onses and even some Ig l identific ations, sp ec ially 
wh en followed by luI. 
The g ood sc ores of th e V:g V stimuli may be due to the fac t 
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th at th e formant transitions for /g / evolve relatively slowly 
after c onsonantal release, wh ic h makes th em less sensitive to 
the smearing introduc ed by the automatic analysis. Th is 
explanation is in ac c ordanc e with th e observations of 
Kewly-Port (1982) and with th e recent results of Krull (1985). 
Krull's results are partic ularly interesting in th is c ontext 
because they involve p erc eptual evaluation of c onsonant 
releases produc e d  by a native Swedish spe aker. In h er 
exp eriments the stimuli were obtained by sp licing natural VCV 
utterances (26ms, aprox., after consonant release) for all th e 
voic ed stop s of Swedish, p roduced in a number of different 
vowel c ontexts. Th e subjec ts were th e n  asked to identify th e 
consonants from wh ic h the stimuli h ad been obtained. Th e 
results indicate (pe rsonal c ommunic ation) th at wh e never the 
sp ectra were relatively stable above 1500Hz th ere was an 
inc re ase in the number of /g/ re sponses, even if the stimuli 

had been drawn from another consonant. 

EXPERIMENT 2 
EVALUATION OF CPA AND RULE-BASED SYNTHESIS 
A new test tap e was g enerated c ontaining, in random order, (i) 
original utteranc es, (ii) sy nth etic items produc ed by 
rep lication of the orig inal (after correc tion of th e loc i 
desc riptions by CPA), (iii) utte rance s generated with F2 loci 
p redic ted by the "locus equations" and (iv) utteranc es 
produc ed by th e c ommerc ially available Infovox text-to-speech 
system. 
A group of subje c ts, not familiar with synth etic speech , were 
asked to identify th e c onsonant in eac h of th e V:CV utterances 
and to mark their option on an answer sh eet, wh ere several 
possible aswers were p rinted, including the most typ ical 
errors, and the option of "c ann't dec ide". In order to 
enc ourag e th e subjects to use a wide variety of resp onses, 
spurious fric ative stimuli were included in th e file. Th ere 
was no training session. 
The results are display ed by th e c onfusion matric es of fig.7: 
Fig .7a sh ows the scores for the h i-fi, manually correc ted 
analysis; fig.7b presents th e c onfusions for th e utteranc es 
where F2 was manip ulated by rule and flg.7c sh ows the results 
for th e Infovox stimuli, generate d by th e text-to-speech 
system. 
Th e re are important c h anges between the results from th e fully 
automatic analysis (fig .6) and th e detailed CPA analysis 
(fig .7a). Th e c orrect identification sc ores inc reased 
apprec iably after the manual c orrec tion of th e VC and CV 
boundaries. On th e oth er h and, th e substitution of th e real F2 
loci by c alc ulated ones did not markedly imp air th e quality of 
th e response matrix, as sh own by fig.7a and 7b. 
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CONCLUSIONS 
In th e p resent project we h ave been able to imp lement on th e 
comp uter of th e Phonetics Laboratory of Stockh olm University a 
set of software tools for th e analysis and synthesis of speech 
(th e Ananth ap admanabh a Voice and Sp eech System, VSS). We h ave 
gained valueable exp erience in app lying this tool to asp ects 
of Swedish Ph onetics. Limitations as well as advantages of th e 
system have become apparant. Neverth eless we feel th at we have 
had a high ly useful first ch ance to familiarize ourselves with 
th e thorny p roblems of producing h i-quality synth esis. 
However the main goal of the p roject is not h i-fi synthesis 
but a ph onetically oriented one viz that of contributing 
quantitative descrip tions of the acoustic regularities of 
sp oken Swedish - preferably in a synth esis-compatible format 
suitable for evaluation by listeners. Towards th is end we h ave 
revived th e old notion of "locus equations" (Lindblom,1963; 
Klatt, 1983). We are currently in th e p rocess of study ing th e 
way in wh ich th e p arameters of th ese emp irical relationsh ips 
vary as a function of manner and place of articulation and 
degrees of stress. Patterns of coarticulation are emerging 
from such an analy sis and will be the subject of a future 
rep ort. 
The use of locus equations for rule-based synthesis ap p ears to 
be limited by th e erratic behavior of F3 loci for which we 
h ave so far not been able to formulate empirical rules. Th is 
will also be discussed at length in a future work. 
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FR EQU ENCY D ISCR IM INAT ION AS A FUNCT ION OF STIMULUS ONSET 

CHARACTER IST ICS 

Francisco Lacerda 

ABSTRACT 

This paper reports a series of psychoacoustic 
experiments designed to study the influence of rapid spectral 
changes on frequency discrimination. The experiments were 
carried out with both non-speech and speech-like stimuli. With 
the non-speech stimuli it was found that the frequency 
difference limens (DLs) followed closely those obtained by 
Flangan (1955) for a similar frequency range, although in the 
present results there was a clear advantage in the frequency 
DLs for the stimuli having rapid onsets as compared to the 
ones having gradual onsets. When the experiment was carried 
out with speech-like stimuli, involving abrupt onsets, the 
discrimination scores dropped dramatically in relation to 
those of the initial experiment, in spite of the similarities 
between the spectral patterns of the non-speech stimuli and 
those of the IIlocill of the CV syllables used in the latter 
experiment. The discrepancy between the results obtained with 
the two kinds of stimuli can, it seems, be explained by simple 
psychoacoustic phenomena, as suggested by further experiments 
which are presented and discussed in the paper. 
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INTRODUCT ION 

When an auditory-nerve fiber is suddenly exposed to a 
steady state stimulation, it typically responds with an 
initial firing rate that is approximately proportional to the 
stimulation level but which, shortly after, as the nerve fiber 
adapts to the stimulation, decreases to a level roughly 
independent of the intensity and duration of the stimulus; 
besides, after the offset o f  the stimulation there is 
typically a refractory period during which the fiber cannot 
respond to new stimuli. These are well established phenomena 
tha t have been observed for several kinds of stimuli, 
including speech. An interesting point for the discussion 
below is that the nerve fibers may continuously adapt to the 
stimulus if the onset of the stimulation is suf ficiently 
gradual, as demonstrated, for instance, by Delgutte (1980) 
(Fig.1). 
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Fig. 1. Response patterns of an auditory-nerve fiber to noise 
bursts having differen t onset characteristics (Delgutte,1980) 

The core of this paper is based on the rationale that 
if the dynamic range of the auditory-nerve fibers is greatly 
reduced after the initial, non-adapted, response (Fig.2), then 
it may be expected that the auditory pattern generated by the 
stimulus might be somewhat "better" just at the stimulus onset 
than after adaptation of the auditory-nerve fibres. 

But does the phenomenon of auditory-nerve fiber 
adaptation have a counterpart in psychoacoustics? 
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This question was a nswered by Chistovich (1971): I n  her 
experiment she used a four-forma nt v owel where F2 was switched 
o n  after some delay relative to the onset of the other three 
forma nts. The subjects were asked to adjust the le v el of F2 s 
that the vowel quality would remain unchanged i n  spite of the 
delayed F2. The results showed that the subjects had to reduce 
the level of the seco nd formant in order to keep constant the 
vowel quality as the delay increased. The explanatio n, i n  the 
light of the adaptation of the auditory nerve fibers, is that 
the non-adapted fibers i n  the F2  region need less stimulation 
to come up to the firing le v el that produces the correct 
spectral balance relative to that of the already adapted nerve 
fibers (responding to Fl, F3 and F4) .  
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Fig. 2. Initial a nd steady- state discharge rates versus 
stimulus level (from Delgutte,1980). 

The questions asked 
conseque nces that adaptation 
represe ntation of F-patterns 
particular: 

in this paper 
might have for 

at stimulus 

concern the 
the auditory 
onsets, in 

- Is freque ncy discrimination of stimuli with co nstant 
F-patterns better at their onsets than after adaptation? 

- If so, what happens when the stimuli are more 
speech-like, with v arying forma nt transitions? Is there a 
better discrimination of initial CV "loci" t han of the 
correspondi ng final VC "loci"? 
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FR EQUENCY D-Ls FOR BR I EF CONSTANT F-PATT ERN ST IMUL I 

ST IMUL I 

In this experiment the frequency difference limens for 
four formant stimuli of short duration (50ms) and steady 
formant patterns were measured. 

In order to make it possible to compare adapted and 
non-adapted responses, the onset characteristics of the 
stimuli were manipulated according to the n europhysiological 
findings (Delgutte,1980, see fig. 1) and two series of stimuli 
were obtained: one of abrupt onset stimuli, (generating 
non-adapted respon ses) and an other of gradual on set stimuli 
(generating adapted re sponses) . 

In each series there were seven stimul i that varied 
only in their F2 values. In every other re spect, the two 
series of abrupt and gradual stimuli were absolutely 
identical, except, o f  course, for the onset characteristics, 
i.e. the seven formant pattern s used in the abrupt onset 
series were also u sed to generate the stimuli o f  the gradual 
onset series. 

The formant values were F1=200Hz , F3=2600Hz , F4=3600Hz 
and F2 varied from 15 10Hz up to 1690Hz in steps of 30Hz . The 
abrupt/gradual on set was obtained by multiply ing the voice 
source pulse gen erator by a negative/positive exponen tial 
function which produced a 20dB dif ference between t he fir st 
and the last excitation pulse s. The total excitation was 
produced by only 5 pulses, at a FO=120Hz (30ms excitation plu s 
decay time) . The pulse generator and the amplitude modulator 
were carefully synchronized in order to ensure that the same 
series of pulses (in reversed order) was used to excite the 
formant ci rcui ts of both the "abrupt " and "gradual " stimul i. 
No truncation of the signal was made. A calibration tone, 1dB 
above the largest peak amplitude, was used to calibrate the 
1 istning levels and to make sure that the signals would not be 
cl ipped at the output. 

The stimuli and the test tone were computer generated 
and outputed at 20kHz ,  using a 15bit D/A converter. 

P ER C EPT ION TEST 

The perception test used a 2AFC paradigm, with the 
stimuli presented in an (A,X) , (X,A) format where both A and X 
were drawn either from the gradual or abrupt onset series. The 
stimulus pairs were randomiz ed and presented, with four 
repetitions per pair, to 20 subjects. Except for four o f  the 
subjects, the test s were carried out individually, with the 
subjects in an anechoic chamber and having the data delivered 
directly by the computer. 

R ESULTS 

The di scrimination scores for the brie f constant 
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F-pattern stimuli 
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Fig. 3a. (left) Frequency difference limens for brief constant 
F-pattern stimuli compared with Flanagan's (19 5 5) data. 
Fig. 3b (right) The same but now expressed in d' 

The plots show a clear improvement in frequency 
diference limen for the stimuli presented with abrupt onsets 
as compared to the frequency difference limens of those with 
gradual onsets. The advantage is particularly important for 
for frequency differences in the range of 30Hz to 60Hz . When 
the F2 values of the stimuli in the pairs are very close or 
very different, the discrepancy between the discrimination for 
the abrupt and the gradual onset stimuli becomes less 
conspicuous; in the formmer case, the amount of errors 
increases for both types of stimuli ad in the latter case, the 
difference between the stimuli in the pairs is big enough to 
allow an easy decision independently of the type of stimuli 
involved. 

An interesting aspect is that the data points obtained 
from the gradual onset stimuli follow quite well the original 
Flanagan data, suggesting that the gradual stimuli did, in 
fact, adapt the auditory-nerve fibers in much the same way as 
if they were steady state stimuli. 

This experiment with brief constant F-pattern stimuli 
seems to point to the conclusion that the auditory 
repesetation at stimulus onset is IIbetterll t han during the 
steady state stimulation. 
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WHAT HAPPENS IF THE F-PATT ERN IS NOT STAT IONARY? 

ST IMULI 

In this experiment the effect of time- v arying formant 
patterns on the frequency dif ference limens was examined. 

The stimuli were now more speech-like. There were two 
series of sev en 50ms stimuli: one series of Idal sounds and 
another of lad/. The seven stimuli in each series differed 
only in their F2 v alues at the IIloci II (either initial, for 
Idal, or final, for lad/). 

The IIlocill values were, for both Idal and ladl, 
F 1=200Hz , F3=2600Hz , F4=3600Hz with F2 ranging from 1450Hz up 
to 17 50Hz in steps o f  50Hz . The formants of the vowel were set 
at 7 50Hz , 12 50Hz , 2400Hz and 3050Hz . The transitions between 
the con sonant IIlocill and the v owel (or from the vowel to the 
IIlocusll) were exponential and achiev ing 90% of the total 

transition range within the initial (or final) 50ms. The 
excitation pulses were carefully synchronized with the dynamic 
formant patterns so that the excitation would be deli vered at 
the same formant frequencies in the F-pattern s of both Idal 
and lad/. Beside s, a simulation o f  the glottal open phase wa s 
included in order to damp the oscilations after each 
excitation pulse, which would be different for the Idal and 
the ladl series, since the formant tran sition s for Idal and 
ladl were sy mmetrical. 

P ERCEPTION T EST 

This test had a format similar to the pev ious one. It 
u sed a 2AFC paradigm where the stimuli were presented in pairs 
of (A, X) and (X,A) ty pe. Again, the stimuli in each pair were 
either both Idal or both lad/. The stimuli were randomiz ed and 
presented, v ia headphones, to 20 subjects, with five 
repetitions of each stimul i pair. 

R ESULTS 

The results of this perception test were processed in 
the same way as those from the prev ious experiment and are 
plotted in fig.4 in terms of d� v alues. 

A striking a spect i s  that there was the very poor 
o v erall discrimination for these stimuli a s  compared with that 
observed for the brief constant F-pattern stimuli (in spite of 
the fact that the steps of F2 were now increased to 50Hz). 

Another interesting a spect is that the discrimination 
o f  the stimuli in the Ida I serie s, where the IIlocill 
(containing the relevant information for the di scrimination) 

were presented to nerve fiber s at re st, wa s worse than the 
observed for the ladl series, where the IIlocill were presented 
to nerve fiber s already adapted by the preceeding excitation. 
This rev ersal of the discrimination pattern does not agree 
with the expectations ba sed on the di scrimination scores for 
the brief con stant F-pattern stimuli. 
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Fig. 4. Discrimination scores for 50m s initial and final 
transitions of Idal and lad/. The dashed line shows the data 
from the brief constant F-pattern stimuli (abrupt onset). 

DISCUSS ION 

The results of the fir st experiment 
with the initial hypothesis based on both 
Delgutte�s findings and with Flanagan� s 
discrimination scores suggest that the 
repesetations are the ones obtained before 
place. 

were compatible 
Chistovich�s and 

results: The 
IIbestll auditory 

adaptation takes 

Ne v ertheless, the generaliz ation of those results to 
the case of CV and VC syllables, was not clear. Ob v iously, the 
discrimination ability dropped drastically because the formant 
patterns were not stationary but can thi s be related to the 
fact that the stimuli are now more speech-like? Are there 
categorical perception effects involv ed? 

It is possible, since the stimuli were drawn from the 
sa me phonetic category, that the discrimination might ha v e  
been impo v erished by some kind of categorical effects. 
However, the fact that the scores for ladl were systematically 
higher than those for Ida/ is hard to explain in terms of 
categorical perception; the e ffects ought to be roughly the 
same for both serie s since the IIlocill were identical. The 
advantage of the /ad/ series over the Ida/ series may, instead 
- and this is the interpretation that we favor our selv es - be 
explained on a psychoacoustic ba si s, taking into con sideration 
the influence of the auditory sy stem� s time window and the 
non-linear interactions during the formant tran sitions. 

WHAT IS THE ROL E OF THE TIME WINDOW OF THE AUDITORY SYST EM? 

The results obtained for the Ida/ and lad/ stimuli may 
be explained in terms of blurring of the Idal IIloci" because 
the formant transitions within the auditory sy stem� s time 
window, together with forward ma sking effects l Iextendingll the 
loci of the lad/ stimuli. The net e f fect of these two 
phenomena may, in fact, result in a better auditory 
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representation of the final consonant "locus", than that of 
the initial consonant "locus" of the Idal stimuli. 

The following experiment examined the question of 
whether a more stable stop-consonant "locus" would lead to an 
impro vement in the discrimination of the Idal stimuli. 
Furthermore, if it is true that the discrimination among the 
final "loci" is based on residual masking patterns, extending 
these "loci" by adding a stationary F-pattern at the "loci" 
v alues, should not affect appreciably the discrimination of 
among the lad I stimuli (Lindblom, He inz and Lindq v ist, 1967). 

STIMULI 

The stimuli for this experiment were generated from 
the original Idal and lad I "loci" and target v alues, but the 
transitions were made linear and the "loci" were made stable 
by prefixing (or suffixing) the transition onsets (or offsets) 
with a stable F-pattern, ha ving formants at the "loci" v alues. 
Se v eral series of stimuli were generated using "stable loci" 
of different durations (adding extra pulses, at FO=120). 

P ERCEPTION T EST 

The test had the same format as the Idal - ladl 
stimuli. Series of 7 stimuli ha ving the same prefix (or 
suffix) durations and the same F2 v ariations, were used to 
determine the F2 difference limens. 

R ESULTS 

The results are plotted in fig. 5. 
It is clear that, although the discrimination for the 

ladl series did not impro v e  by adding the suffix with the 
stable "locus", the discrimination among the Idal stimuli 
impro ved for prefix "loci" of 16ms and gradually decreases as 
the prefix duration was increased. 

DISCUSSION 

The last series of experiments seems to support the 
idea that the ladl stimuli were better discriminated than 
their Idal counterparts because their final "loci" pro vide 
more stable auditory patters. 
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Indeed, the fact that prolonging the final "loci" of 
ladl stimuli did not produce an appreciable increase in the 
discrimination scores (fig. 5a), can be interpreted as an 
indication that those final "loci" were already producing 
stable enough auditory representations. Furthermore, the 
results from the "prefixed initial loci" are also compatible 
with the general hypothesis that discrimination may be 
impoverished if the spectral pattern of the stimuli v aries 
appreciably within the auditory system�s time window. The 
improvement in the discrimination scores observ ed when the 
initial consonant "loci" were "stabiliz ed" (fig. 5b), clearly 
indicates that some kind of blurring of the auditory patterns 
was taking place before and that it was now eliminated by the 
longer initial "loci". 

If stable "loci" can produce improvements in the 
discrimination, then the scores of Idal and ladl must become 
similar as the initial Idal "loci" are made more stable. This 
was, in fact obser ved (specially for the 16ms prefix loci). 

Now, on the other hand, if the auditory 
representations tend to favor the patterns at stimuli onsets 
(as observed in the experiment with brief constant F-pattern 
stimuli), then discrimination of the "loci" should not 
increase steadily as the prefix duration is increased. In 
other words, discrimination should improve only to the extent 
that the "prefix loci" bring in stability for the auditory 
patterns without, at the same time, driving the auditory-ner v e  
fibers into saturation. Again, this is the pattern displayed 
by the results: The curve showing the discrimination scores, 
for a 200Hz difference, as a function of the prefix duration 
has a maximum at about 16ms, the same order of magnitude as 
the decay time for the non-adapted auditory-nerve fibers 
responses. 

C ONC LUS ION 

The set of experiments discussed in this paper 
indicate that the peripheral auditory system may be seen 
somewhat like a filter bank where each filter is fed via an 
AGC circuit having a time constant of the order of 16ms. The 
spectral pattern is then built up on the basis of the 
filter-bank responses seen through a time window also of the 
order of magnitude of 16ms. If the input signal v aries within 
this integration time window, the resulting auditory pattern 
is smeared and the frequency discrimination drops. 
Extrapolating somewhat from the present results one also sees 
a long-term possibility of psychoacoustics and auditory 
physiology rather than structures specialized for speech -
explaining, at least in part, the phenomenon of categorical 
perception. 
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SPEAKER-LISTENER INTERACTION AND PHONETIC VARIATION 

Bjorn Lindblom and Rolf Lindgren 

ABSTRACT . 

A major probl em for theori es of speech percepti on as well as for recog

nition algorithms is the variability of the acoustic correlates of phonetic 

categories. This paper attempts to study the variabil ity by proposing a 

tentative typology of speaking styles that distinguishes between listener

oriented and talker-oriented speaking modes, and within these classes, 

between communicatively/socially determined and cognitive/psychological 

variables repectively. Any instance of speech can be interpreted as the 

result of an interaction among such factors. According to the present 

classification scheme each word of an utterance can be evaluated with 

respect to its position on a continuum of strong/ weak forms (hyper/hypo

articulation). Qu a�titative acoustic measurements will be presented for 

samples of speech representing the typological categories. Our aim is that 

of demonstrating the extent of phonetic variability (VOT, segment duration, 

F-patterns for vowel s and consonants etc.) in spoken material that can be 

said to achieve far greater ecological realism than typical "lab speech ". 
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I ntroducti on 

The present project is an investigation of the acoustic characteristics of 

spoken Swedish. We are particularly interested in studying the extent to 

which speakers adapt their speech in accordance with the varying demands of 

different speaking situations. Our goal is thus to acquire quantitative 

data on acoustic phonetic variation as a function of certain variables of 

speaker-listener interaction. 

One reason for choosing this topic is the general need for learning more 

about the acousti c correl ates of phonetic categori es in va ri ous 1 anguages. 

Gunnar Fant (1983) has repeatedly stated that the bottl eneck of appl ied 

speech research - and we interpret him to imply also phonetic theory - is 

our relative lack of large-scale acoustic reference data even for the most 

commonly examined languages. Another reason motivating us is the challenge 

i neherent in tryi ng to go beyond the analysi s of III aboratory speechll 

(typically produced in the style of list reading) and start characterizing 

- and perhaps quantifying - the properties of natural speech as they vary 

along ecologically realistic dimensions. 

Typology of speaking styles 

In order to approach this task systematically we have adopted a tentative 

taxonomy for cl assi fying di fferent speaki ng styl es (Fi g. l). It presupposes 

that pronunciations tend to be optimized either with respect to the demands 

of the listener or of the talker and that any given utterance is a co m

promi se between these demands. Exampl es of speaki ng modes resul ting from 

the domi nance of mai nly tal ke r-ori ented goal s we have grouped under the 

labels of physiological and cognitive factors. Here the listener and com

municative goals are secondary (as in speech heavily modulated by the 

. physiological state of the speaker (emotions, disease, fatigue • .. ) , or as 

in cognitive styles (talking to oneself, problem solving ••• )) . Examples of 

utterances principally dominated by listener-oriented goals have been cate

gorized under social and comm unicative factors. Here the listener and 

communicative goals are indeed primary (as in speech produced under con

ditions making transmission through the medium or reception by the listener 

difficult or when the speaker (sub)consciously adapts to the social role 
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play that he and his listener(s) happen to be engaged in (e .g. formal/ in

formal interactions)) . We believe that all of these factors interact in the 

production of an arbitrary natural utterance. The present proposal does, 

needl ess to say, not represent a cl ai m about the ul timate correct way of 

choosing the dimensions of the space of all possible speaking styles . 

Rather we are content to use it as no more than a preliminary basis for 

selecting and classifying our recordings of natural speech. 

FACTORS 

under7�atlon 

SPEAKER- LISiENER-

BASED 

~ 
PHYSIOLOGICAL COGNITIVE �OMMUNICATIVE 

INFORMAL FORMAL 

SPEECH 

Fig. 1 

Procedures 

Recordings and analyses are under way at present. The present report pre

sents some preliminary results that serve the purpose of illustrating some 

of the effects that can be expected to be observed in a study of speak i ng 

style variations. 

The general pl an is to record both "1 ab speech" and spontaneous speech. 

Recordings of natural speech are being made with a view towards collecting 

examples of the major categories of our cl assification system. Once this 

material has been edited and transcribed, lists for recordings of lab 

speech corresponding to the natural samples will be compiled. These lists 

come close to the style normally adopted in standard laboratory situations. 

They will be supplemented by recording two speakers simultaneously, one 

producing test items from a list of Swedish words all meaningful and 

members of possible minimal pairs, the other pretending to repeat through 
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noise what he hears but reading in fact from a similar list containing, at 

random points, the "wrong member" of a mini mal pair. At these points we 

hope to elicit spontaneous instances of "clear speech" from the first 

speaker without explicitly instructing him to speak more clearly. 

SPONTANEOUS SPEECH 

RECOReI�G 

CLASSIFICATION 

I 
NEUTRAL CONTRASTIVE 

ACOUSTIC 

ANAL �SIS 

Fig. 2 

In collecting the pilot data to be presented we used ourselves as speakers 

simply to try out some different procedures. Consequently the types of 

speech that we' have investigated (clear, neutral, casual) have not been 

gathered strictly according to the aims we have set ourselves. Neverthe

less, we feel that sufficiently natural conditions were achieved to make 

the analyses and the findings worth considering. 

Resul ts 

The data to be presented below is from a single subject (RL) who was asked 

to produce test items in several different speaki ng styl es. The fa 11 owi ng 

diagrams contain examples of clear, neutral and casual speech. The first 

,two styles were obtained from lists of minimal word pairs. The subject who 

is one of the experimenters "was instructed" to read the lists and to use a 

clear or neutral pronunciation respectively.  T he casual speech was the 

speech recorded when the subject unprepared was suddenly asked to improvise 

a story usi ng as many of the test words on hi � 1 i st as poss ib 1 e. 
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Voice onset time 

VOT: s  were measured for about 80 minimal and meaningful word pairs con

taining /p t k/ and /b d gl in utterance initial position. Negative 

values in Fig. 3 indicate prevoicing. The stop plosion defines the zero of 

the VOT scale. 

The major difference between the distributions for clear and neutral styles 

for this subject appears to be in terms of prevoicing. He does not increase 

his aspiration duration in overarticulating as the two American English 

speakers did in Chen, Zue, Picheny, Durlach and Braida (1983). 
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Vowel durations 

Vowel segment durations were measured for five repetitions of all major 

Swedish vowel allophones in an [h - t(: ij environment which generates 

almost exclusively meaningful lexical items. Mean values for the three 

styles are shown in Fig. 4. It can be seen that the jagged contour which 

arises from alternating long and short vowels in the diagram is preserved 

in all cases but becomes less marked as we go from clear, to neutral and 

casual. The main -effect though is the more or less uniform decrease of 

durati ons through thi s seri es. 
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Fig. 4 

Vowel formant patterns 

The first three formant frequencies were also measured for the vowel 

material described above. W i d e-band spectrograms were sampled at vowel 

segment midpoints, or at points corresponding to the neucleus and glide of 
I 

- diphthongs in the case of I': �: WI.: I.l:�: ¢: 0:1 

Fig. 5 shows the F2 -Fl plots of these data. It appears that the clear 

style gives rise to an expanded space. Not shown is the observation that in 

clear style the speaker tends to produce more strongly marked diphthongiza

tions of the above-mentioned vowels which become more monophthongal in less 

overarticulated sty1es. 
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Fig. 6 shows a comparison of clear and neutral pronunciations of IIsi:ija 

go j a II. The two r end i t ion s 0 f (ttj .] are goo d e x amp 1 e s 0 f ph 0 net i c v a ri a

tions that to even the trained phonetic ear may - if not closely attended 

to - seem rather limited. The point we would like to make here though is to 

draw attention to the starting frequency of F2 (arrow) in fg). Note that 

the neutral style exhibits an F2 (locus) value that is lower and more 

similar to its position for thet:» vowel. We interpret this difference to 

imply that there is greater coloring of the locus by the following vowel ( = 

more coarticulation) in the neutral pronunciation. 
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clear neutral 

Fig. 6 

To bring out the generality of �his observation we present data for /b/ and 

/d/ followed by five different vowels in Fig. 7. 
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On the x axes we plot the di fference between locus and vowel target fre

quencies for the reference speech. Along the ordinate the corresponding 

differences for clear speech. The plots bear out the previous observation 

in that - with one exception - locus-target distances are always greater 

for the hyperspeech style. The clearly produced c onsonants accordingly 

exhibit less coarticulation and thus greater relative acoustic invariance. 

Conclusions 

Al though 1 i mited �nd tentati ve the present fi ndi ngs for VOT, vowel dura

tion, vowel F-patterns and consonant "locus" information form a consistent 

pattern in that acoustic contrast appears to b e  enhanced along all di

mensi ons when the speaker attempts to "speak more cl earlyll . However, in 

view of the small corpus and the use of a IInon-naivell speaker we must 

refrain from making firm conclusions until more complete information is 

available . 
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ARTIaJLATORY TARGETING AND PERCEPTUAL CONSTANCY OF LOUD SPEECH 

Richard Schulman 

ABSTRAcr 

We investigate the production, acoustics and perception of loud contra 

normal vowels, and find that loud productions are accompanied by lowered 

jaw positions for all vowels. On the basis of these res ults we pose the 

question: for loud speech, do speakers maintain tongue constrictions 

typical for normal vowel productions in spite of the lowered jaw position, 

or does the tongue "follow" the jaw using constrictions atypical for the 

particular vowel? Acoustic analyses show that FI increases in these loud 

productions, reflecting a lowering of the tongue. In spite of large differ

ences in the speech signal for the loud vowels as compared with the normal, 

results of listening tests indicate that listeners perceive the intended 

vowel quality and not that which might be inferred from the loud formant 

values. 1he problems investigated are: what are the perceptual cues used to 

judge vowel quality for loud speech? and, are loud speech targets deter

mined by the dynamic constraints of the articulatory system or are they 

instead oriented towards perceptual constraints set by the listener? 
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INTRODUcrION 

L'1 this paper I will present data concerning the production, acoustics 

and perception of loud speech. Previous studies in this area have dealt 

with the voice source (Lindqvist 1965) degree of jaw opening and shifts in 

formant patterns (Fr0kjCEr-Jensen 1966� Rostolland and Parant 1974) . In 

addition to adding data in agreement with these previous findings, I shall 

attempt to address certain theoretical issues, such as the nature of 

articulatory goals invoked by the speaker in loud speech and their 

perceptual significance. 

EXPERIMENTAL PROCEDURE 

At the outset of the investigation, a production experiment was con

ducted in which five subjects were recorded reading five lists of twenty

one Swedish vowels appearing in an '� t" context, with both loud and normal 

vocal effort. � measure j�w and lip separation, the magnetometer system 

described by Branderud in an accompanying paper was used. Magnetic coils 

were placed on the upper and lower lips and on the lower incisors. Record

ings of the movement and speech were made from an anechoic chamber onto an 

FM tape recorder. 'lb aid the subjects in maintaining a constant and strong 

vocal level, a VU m eter was used to allow the subjects to monitor vocal 

effort, assuring that each production was produced at least 90 db, at a 

distance of one meter from the microphone. 

RESULTS: ARTICUIATORY FINDINGS 

Figure la shows the jaw movement for one subject - loud vs. normal 

conditions. The data are averaged over five lists for each condition and 

are representative of all of the five subjects. One observes that, in 

agreement with the Fr0kjeer-Jensen study, the jaw opening increases for all 

the loudly produced vowels as compared with the normally articulated ones. 

N:>te, in particular, that the jaw perurl:ation for loud speech tends to be 
more or less in proportion to the normal values. Figure lb presents lip 

separation data for the same subject. Of special interest here, is that 

for the unrounded vowels, lip separation is of a lesser amount than the 

corresponding jaw opening. Whether this is a "deliberate" action towards, 
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for example, an attempt at compensating for an extreme javl position or of a 

more "mechanical" nature is uncertain. 

JAW OPENING LIP SEPARATION 
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Figures la and lb 

That articulatory compensation may be invoked here is suspected due to 

the nature of the task which is reminiscent of another experimental situ a

tion, that of the bite-block. In one such experiment (Gay et al. 1981) a 

bi te-block w as used to hold open th e jaw at 22.5 mm for the close vowels 

[i] and [u ]. X-ray pictures showed that the tongue compensated for such 

extreme jaw openings by not keeping a position fixed rel a tive to the jaw 

but instead maintaining a constriction appropriate for that particul ar 

vowe l. Such compensation r esulted in vowels acoustically equiv a lent to 

those produced during normal articulation. It is possible, then, to view 

the low speech raradigm as a "natural" bite-block experiment, that is, me 

causing the speaker to use jaw openings extreme for each of the vowels -

th ough elicited he re by m e a ns of a com mon m ode of com munication, i.e. 

shouting. 

We must then ask, to what degree - if any - will t,.'1e spe aker compen

sate for the lowered jaw position? Is the observed movement of the lower 

lip indicative of such compensation? Will the tongue realize the super

sh aped position as observed in the x-r ay study by Gay et a l., or will it 

follow the jaw thus causing a more open constriction? If the latter is the 
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case, the shouted vowels would not have the same formant pattern as the 

normal productions. In particular, one would expect a shift upward in FI. 

'fuis was illustrated in a study by Lindblom and Sundberg (1971) whereby a 

computer model was used to calculate Fl for vowels produced with increased 

jaw openin g, though not accompanied by compensatory articulation of the 

tongue. In the studies by Rostolland and Farant and by Frokj r-Jensen, Fl 

was found to increase for all vowels during loud speech, thereby indicating 

a lack of such compensation by the speakers. 

ACOUSTIC FINDINGS 

In the present study, our measurements of Fl confirm these observa

tions. Figures 2a and 2b show Fl respective F2 for loud contra normal 

productions of the Swedish long vowels [i, y, Q, e, E ,  0, u plus the short 

vowels [a] and [:::>]. The values plotted are for the same speaker shown in 

Figures la and lb. The measurements for these vowels were made with LPC 
analysis for select glottal periods (closed phase) throughout the vowels. 
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Due to the character of the voice sour ce, and in particular to a dramatic 

increase in FO, the acoustic analysis of loud speech tends to be problema

tic often leaving some doubt as to the correctness of the analysis. In the 

present study, the SUbject's FO increases for each vowel by at least 100 Hz 
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over that for normally produced vowels, and for some tokens showed an 

increase of up to 200 Hz. The uncertainty of the validity of the analysis 

could be allayed by means of a perceptual evaluation of resynthesis of the 

vowels. An informal comparison of the resynthesized vs. the original 

productions of roth the loud and normal vowels resulted in a general agree

ment that the synthetic versions were of the same or very similar quality 

as the original tokens. A more formal vowel identification test was con

ducted which showed listener confusion only in cases where it could either 

be attributed to orthographic representation or to vowel duration, the 

latter not being fully controlled for in the stimuli. An exception to the 

above was [i] being often identified as [y], the difference between them 

lying primarily in F2 and F3 and in the second dipthongal glide element, 

however not Fl. All of the confusions applied to both resynthesized and 

original tokens - loud and normal voice effort - and is evidence supportive 

of the validity of the acoustic analysis. 

PERCEPI'UAL FINDINGS 

In discussing the acoustics of loud vowels, it was observed that Fl 

increases by about 100 Hz for all vowels. One wou ld expect this to have 

perceptual consequences for a vowel identification task. 'll1is, however, 

was shown in the arove comments not to be the case. 'll1ere are two possible 

explanations as to the constancy of perception of the vowels' identities. 

It is conceivable that the listener allows for a certain leeway in the 

dimension of Fl and, given that F2 and F3 remain relatively unchanged, a 

raising of Fl by 10 0 Hz is not at all that significant, that is does not 

cause major stimulus ambiguity. The second explanation argues that the 

perceptual invariance observed here illustrates a dependency of vowel 

quality on the relationship between FO and Fl (of the type demonstrated in 

e g TraunmUller's paper) .  'll1at is, since FO is increasing by about 100 Hz 
and Fl does the same, vowel quality will remain relatively unchanged. 

COOCWSION 

The results of this study show that, in agreement with previous 

studies, that in the production of loud as a:mpared with nomal speech: 

1) FO increases by 100 - 200 Hz 
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2 )  Fl increase on the order of 100 Hz 
3) F2 remains relatively unchanged 

4)  Vowel identification is not affected 

'!here remains, however, one point of discussion and that is, why do 

loud speakers behave differently from bite-block speakers. Although we do 

not fully understand how perceptual constancies are achieved in the case of 

l oud speech, it seems justifiabl e to suggest that whereas bite-block 

speakers have a single task, that of producing vowels of a specific 

qual ity, l oud speakers have the double constraint of maintaining vowel 

invariance and sounding l oud. And, speech level is enhanced with an 

increase in Fl. Our belief, then, is that loud speakers will affect 

extreme articulatory positioning within the limits as defined by perceptual 

constancy. 
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THE RO LE OF THE FUNDAMENT AL AND THE H IGHER FORMANT S  IN THE PERCEPT I O N  O F  

S PEAKER SIZE, VOCAL EFFORT, AND VOWEL O PENNESS 

Hartmut TraunmLiller 

ABSTRACT 

The acoustic features of phonetically equivalent speech sounds vary to a 

large extent with speaker size (age, sex) and vocal effort (from murmur to 

shouting and from unstressed to stressed syllables). This creates a norma

lization problem for the phonetician trying to describe speech sounds in 

terms of physical quantities. As listeners we do not make use of these 

quantities, instead we rely in the first pl ace on quantities that invari

antly carry the information on relevant aspects of the speech signal. It is 

demonstrated that the tonotopic distance between the first formant and the 

fundamental carries most of the information on vowel openness. This pro

vides, i. a. , an explanation for the intrinsic pitch differences amon g 

vowels. It is also shown that the group of lower formants, including fO and 

F1 in front vowels and in back vowels also F2, is perceptually dissociated 

from the group of higher formants. It is demonstrated that an upward dis

placement in tonotopic position of the group of lower formants is percep

tually interpreted as an increase in vocal effort, while a uniform upward 

displacement in both groups of formants is interpreted as a decrease in 

speaker size. In both of these kinds of transformation, the perceived 

phonetic quality of the speech sounds remains invariant. The probable 

articulatory correlates of the observed variation in perceived vocal effort 

are discussed. 

92 



The acoustic features of speech sounds with the same phonetic quality, 

i. e. of speech sounds which a phonetician would transcribe with the same 

phonetic symbol in a maximally narrow transcription, vary to a high degree 

between speakers, mainly as a function of their age and sex. In addition , 

variation s in vocal effort influen ce the acoustic features. While vari

ations in vocal effort within a text are used to code linguistic informa

tion (stress pattern), and thus can be transcribed by a phonetician, vocal 

effort al so varies between speakers and speech situations, dependin g on 

such factors as noisiness of the environment, distance to the listener, and 

emotional state of the speaker. These personal factors affect the fundamen

tal frequency, the frequency position of the formants, and the overall tilt 

of the spectrum. 

Traditionally, it has been assumed that the formant pattern of vowel s 

and other comparatively stationary speech sounds constitutes the primary 

and decisive acoustic correlate to their phonetic timbre. This is still the 

underlyin g assumption in most systems for automatic speech recognition 

developed so far. It has, however, been known for a long time that the 

whole forman t pattern is displaced upwards in frequen cy in the speech 

sounds of women as compared whith those of men , and that it is displaced 

still further upwards in the speech of children. T .  Chiba and M. Kajiy ama 

(1941) and R. K. Potter and J. C. Steinberg (1949) compared vowels produced 

by men, women, and children. They observed a displacement in formant fre

quencies that could be roughly described by multiplying all the formant 

frequencies by the same factor, i. e. , if plotted on a logarithmic scale of 

frequency, the formants would maintain the same distan ces from each other. 

On the basis of the further assumption that frequency is represented loga

rithmically along the basilar membrane, these investigators arrived at the 

conclusion that the phonetic identity of vowels is primarily determined by 

the relative positions of the formants such as they are represented along 

the bas i 1 a r memb rane. 

Later� it emerged that the frequency of the fundamental also influences 

the perceived phonetic quality of vowels. Accordin g  to A. W. Slawson 

(1968), the formant frequencies (Fl and F2) have to be increased by a small 

percentage if the fundamental frequency is increased from a typi cal male 

value to a typical female one and the phon etic quality is to remain the 

same. Similar findings were reported by H. Fujisaki and T. Kawashima (1968) 

and by R. Ca rl sson, G. Fant, and B. Granstrom (1975). Al though these i n ves

tigations demonstrated that the fundamental influences vowel quality, this 
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infiuence appeared as marginal. While these investigations were focused on 

the rage of fundamental frequencies that commonly appears in the speech of 

adul t men and women, H. TraunmUll er (1981) investi gated the perception of 

synthetic vowel s with fundamental frequencies up to 700 Hz , which can be 

observed in the speech of children and in adults at increased vocal effort. 

In this investigation, the influence of the fundamental frequency on vowel 

identifications was found to be more pronounced. The results could be 

described adequately under the assumption that the fundamental plays a role 

equivalent to that of the formants in the perception of vowels. For funda

mental frequencies above approximately 160 Hz , the tonotopic distance 

between the fi rst formant and the fundamental appeared to be an i nvari ant 

correlate to the perceived degree of openness in vowels. At lower funda

mental frequencies, the fO-dependence of the identi fications appears to 

diminish. At high fundamental frequencies (fO > 350 Hz) the interpretation 

is complicated by the large frequency distance between the lowest partials. 

At these high fundamental frequencies, the first formant can not be reco

vered in the signal. Apparently our perceptual system in this case may 

interpret the second partial, if it is prominent enough,  as the first 

formant . 

The difference in fundamental frequency between male and female adults 

corresponds closely to one critical band (1  Bark). Pre-school children 

typically have an fO that is higher still by another critical band. The 

difference in frequency position of the higher formants (F3 and above) is 

also in both cases approximately 1 Bark . This would agree nicely with a 

generalised version of the hypothesis proposed by T. Chiba and M. Kajiyama 

(1941) in which the fundamental was to be treated just like a formant. The 

difference between the speech sound spectra of the different speaker cate

gories would correspond to a uniform displacement along the tonotopic 

scale. The problem faced by the phonetician trying to describe the phonetic 

quality of speech segments in terms of formant frequencies would then have 

a simple perceptually based solution: Transform the frequencies into a 

tonotopic measure, such as the Bark-scale, and just specify the distances 

between the formants, including also fO. This would, however, not do the 

whole trick . It had been observed previously that the tonotopic distance 

between the first and the second formant is irrelevant for the distinction 

between front rounded and unrounded vowels as long as it remains above 

approximately 6 Bark (TraunmUller, 198 1) and the female-male differences in 

the frequencies of the first and second formants in the same vowels in some 
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instances deviate substantially from 1 Bark (Traunmuller, 1984). In the 

following, it shall first be demonstrated that an invariant phonetic quali

ty of a vowel can be obtained not only by di spl aci ng all the formants and 

fa uniformly along a tonotopic scale, but also by retaining all the higher 

formant frequencies unchanged and displacing only the fundamental and the 

first formant uniformly along such a scale. 

While the synthetic voice source used in the experiments in which these 

results first emerged (H .  Traunmuller, 1981) was of a simple kind using 

short (50 us) exci tatory pul ses fed through a fi rst order low pass fi 1 ter 

with a fixed limiting frequency of 100 Hz, in the present demonstration a 

voice source of the ki nd proposed by G. Fant (1979) was used. Al though it 

can not be excluded that the use of a more natural voice source, 1 ike the 

one used here, might have had some influence on the vowel identifications, 

this possible influence can be assured to be small and without essential 

importance. The improvement in the voice source appeared, however, to have 

an appreciable influence on speaker size and vocal effort perceptually 

attributed to the synthetic vowel s. 

In synthesizing the present vowels, the starting point was a set of 

natural Swedish vowels, pronounced in isolation by a female adult and 

recorded on tape, whereby precautions were taken to preserve the original 

ampl i tude and phase re 1 ati onshi ps of all frequency components. The vowel s 

were inverse filtered and one of them - it was an [y: ]  - was chosen to 

provide a prototype train of voice source pulses by fitting the three 

parameters of the Fant voice source to the result of the inverse filtering. 

The procedure is described by F .  Lacerda (1984 ). When changing fa, the 

voice source parameters were rescaled in such a way as to keep the shape of 

the glottal pulses unchanged in relation to the period of the fundamental. 

A resynthesized version of the original [ y: ] proved to be acceptably 

natural in quality. although clearly distinguishable from the original. The 

[ n ] -like termination of the original vowel was not repr�duced faithfully. 

It was subsequently decided to eliminate this termination from the proto

type synthetic source signal. The synthesis of the vowels was done using a 

block diagram simulating program. Sampl ing frequency was 36 kHz. The band

widths of the formants obeyed the relation B = 50 Hz + 0. 05 f, where f = 

formant frequency. Eight'formants were used, but F7 and F8 had only the 

functi on of provi di ng a 1 evel correcti on. Thei r frequenci es were in each 

case kept at (13/11) F6 and (15/11) F6, respectively.  The tonotopic scale 

used in the following demonstrations was the Bark scale, as approximated by 
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the empirical expression z = (26.8 1 f / (1960 + f» - 0.53, that fits the 

empirical data excellently in the frequency range 0. 2 kHz < f < 6. 7  kHz 

( Traunmiill er, in prep. ). 

Demonstration 1 consists of a series of six vowels in which all the 

higher formants (F2 and above) are kept at constant frequencies throughout. 

The particular formant frequencies are mean values obtained from an i: 

produced by the abovementioned female speaker (see Table 1). The voice 

source signal is also the same in all six vowels. The difference between 

the vowels consists exclusively in F1, whose tonotopical position is moved 

up in steps of 1. 0 Bark from an initial value of 2 . 5  Bark to a final one of 

75 Bark. This refers to its mean value. F1 is not constant throughout each 

vowel, but the variation in F1 of the prototype vowel is preserved in terms 

of its frequency deviation from its mean value. The tonotopic locations of 

F1 and F2 in the vowels of this and the following demonstrations are 

presented in Figure 1 in two ways, first, F2 plotted against F1 on tonoto

pic scal es and, second, the tonotopic distance between F2 and F1 plotted 

against that between F1 and fOe 

The phonetic quality of these vowels is usually heard as changing from 

[ i: ] through [ e: ] and [€:1 to, finally, [ae:J. This agrees well with any 

reasonab le expectati ons. It is noteworthy, however, that the i nformati on 

carried by F1 almost totally overshadows the conflicting inform ation on 

vowel identity carried by the higher formants, which always remain at the 

positions appropriate for an [ i: J . 

Demonstration 2 also consists of a series of six vowels in which all the 

higher formants and the mean position of F1 are at the same frequencies as 

in the subsequent respective vowels of the previous series. In this series, 

however, the fundamental frequency is al so increased in steps of 1 Bark, 

from an initial value of 1. 5 Bark to, finally, 6 .5  Bark. This was done by  

rescal ing the source parameters by appropriate factors. Thereby, the mean 

distance between the first formant and the fundamental remained the same, 

namely 1 .0 Bark, in each vowel. The variation in the tonotopic distance 

between F1 and fO of the prototype vowel was preserved in close approxima

tion by upscaling the deviation of F1 from its mean value by the same 

factor by which fO was increased. Due to several factors, the total level 

of these vowels would increase substantially when fO is increased. In order 

to reduce this increase in levels, the amplitude of the synthesized vowels 

was decreased by the same factor by which fO was increased. 

The phonetic quality of these vowels is usually heard as being the same, 
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namely that of an [ i: ] . This might not have been expected on the basis of a 

traditional conception of speech perception. This series of vowels, to 

begin with, demonstrates that vowel openness is perceived on the basis of 

the tonotopic distance between F1 and fO, rather than on the position of F1 

whith merily sl ight modifications by fa. It further demonstrates that a 

decrease in tonotopic distance between F2 and F1 by as much as 5 Bark does 

not bring about a change in phonetic quality from [i:] to [ y: ] . While the 

distance between F1 and Fa proves to be decisive for perceived opennes, the 

distance between F2 and F1 in thi s case proves to be irrel evant for the 

perception of phonetic quality. While the phonetic qualities of the vowels 

in this series are usually perceived as close to identical, the difference 

that can be heard between subsequent vowels is usually heard as an increase 

in vocal effort. The vowel s are heard as more and more shouted, al though 

their increase in intensity is quite moderate. This produces the additional 

impression that the speaker is situated at subsequently increasing distan

ces. 

Demonstration 3 consists of a series of six vowels in which fa and all 

formants are subsequently moved up in tonotopic position in such a way that 

the distances between the characteristic spectral peaks remain unaffected. 

�so in this series this is done in steps of 1 Bark. The difference between 

this series and the previous one consists in the tonotopic position of the 

group of higher formants (F2 and above). The subsequently increased fre

quency position of these formants also reduces the increase in their rela

tive levels as compared with the subsequent vowels in the previous demon

stration. 

The phonetic quality of the vowels in this series is also heard as 

approximately constant, but the difference between subsequent vowels is now 

usually perceived as being due to decreasing speaker siz e, rather than to 

increasing vocal effor� 

Demonstration 4 consists of the same vowel series as that of demonstra

tion 2 ,  but now without any individual compensation for the increasing 

intensity of the stimul i. The type of change perceived now comes quite 

close to that of an increase in vocal effort without any other mod ifica

tion. In natural speech, however, the intensity would increase still more 

(cf. Rostolland, 1982 ), because the vocal source pul ses tend to become 

steeper at increased vocal effort even when normal ized with respect to 

period duration. In the spectrum this would be reflected by increased 

levels of the higher partials in relation to the lower ones. 
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The following Demonstrations 5 to 8 replicate the Demonstrations 1 to 4,  

but now the higher formants are those of an [u:], produced by the same 

female speaker, and F2 is always kept at a constant tonotopic distance of 3 

Bark above Flo Different from what had been found with front vowels, in 

back vowels the distance between F2 and F1 is crucial for their perceived 

phonetic qual ity. In speech perception we apparently recognize spectral 

patterns shaped by prominent peaks that are relatively close to each other 

in tonotopic position. Thus, in front vowels the upper formants, including 

F2, constitute a perceptual pattern that is dissociated from another one 

constituted by the spectral components in the region of fO and Flo In back 

vowels the corresponding pattern includes also F2, while the pattern con

stituted by the higher formants begins with F3. The relative level of these 

higher formants is quite low and since the difference between the vocal

effort and the speaker-size type of transformation only consists in the 

group of higher formants, it mi ght be expected that these two types of 

quality variation should be easier to distinguish in front than in back 

vowels. In part, this is compensated for by more steeply increasing higher 

formant levels in back vowels as compared whith front vowels. In back 

vowels, there is an additional higher formant emphasis of 12 dB per octave 

displacement in F2. The formant frequencies of the vowels in Demonstrations 

5 to 8 are also listed in Table 1 and graphically presented in Figure 1. 

T ABLE 1 

Formant frequencies of the synthetic vowels in Hz . 

fO Fli Flu F2u II ill IIUIl 

1 r 1 
0.1. 250 2 78 606 F2 2 2 20 

250 347 378 738 F3 3 406 2 655 

347 453 486 883 F4 4 434 3 645 

453 569 606 1 046 F5 5 050 4 409 

569 697 738 1 229 F6 5 741 5 118 

6 97 838 883 1 435 F7 6 785 6 048 

F8 7 829 6 979 

98 



\D
 

\D
 

Z2
 [

Ba
rk

) 
1 5

 
10

 
5 

0 

r 
u /

 1 
2 I 

/I
 

2 
I!

 

�
 

3 I 
ce

 
5 

Z 2
 [

Ba
rk

) 
10

 
0 

1 5
 

r 
u /

 1 
2 I 

/I
 

2 
e 

3�
 

3 
ce

 

Z 2
 [

Ba
rk

) 
1 5

 
10

 
5 

l/
Y 

u /
 1 

2 
/

e 
/I

 
2 

o 

30/
 

4/
3 

/
; 

I 
5 

ce
 

-l 
5 

IE
 

IE
 

/
J 

/
J 

4 
e 

4 
4 

I 
/

 
I 

/
 

/
 

/
 

5 
5 

Z1
 

5 
5 0

 
Z

1 
/

5 
/

50
 

i 
Z1

 
I 

/
 

a 
[B

ar
k)

 
I 

[B
ar

k)
 

6 
iI!

 
6 

iI!
 

i/
 

6 
iI!

 
[B

ar
k)

 
i 

" 

Z2
 -

Z1
 

[B
ar

k)
 

5 
� 0

 
10

 
y 1 "

 1! 2
 

II
 

"
 3 "

e 4
 "

 O!
 

5 

u
 

1 I rJ I 3 J
 

I 4 I 
5 

Z2
 -

Z1
 

[B
ar

k)
 

r 
Z2

 -
Z1

 
[B

ar
k)

 
10

 
5 

10
 

5 
o 

0 
I 

Y 
Y 

1-
2-

3-
4-

S-
b 

u
 

-9-
1-

6 
-9-

1-
6 

u 
-9-

1-
6 

e 
II

 
e 

/I
 

0
 

0
 

O!
 

ce
 

"
 

a!
 

6 
5 

a 
I 

a
 

a!
 

5 
-I 

5 

1 Z
1 -

zo
 

a
 

t} 

Fi
g

u
r

e
 

1 

Z1
 -

ZO
 

[B
ar

k)
 

a
 

a!
 

a
 

[B
ar

k)
 

T
o

n
o

t
o

p
i

c
 

l
o

c
a

t
i

o
n

 
o

f
 

t
h

e
 

f
i

r
s

t
 

(Z
1)

 a
n

d
 

t
h

e
 

s
e

c
o

n
d

 
f

o
r

m
a

n
t

 
(Z

2)
 i

n
 

t
h

e
 

v
o

w
e

l
s

 
o

f
 

t
h

e
 

De
m

o
n

s
t

r
a

t
i

o
n

s
 

1 
t

o
 

8,
 

r
e

p
r

e


s
e

n
t

e
d

 
b

y
 

n
u

m
b

e
r

s
. 

T
h

e
 

p
h

o
n

e
t

i
c

 
s

y
m

b
o

l
s

 
r

e
p

r
e

s
e

n
t

 
f

o
r

m
a

n
t

 
l

o
c

a
t

i
o

n
s

 
i

n
 

t
y

p
i

c
a

l
 

v
o

w
e

l
s

 
o

f
 

f
e

m
a

l
e

 
s

p
e

a
k

e
r

s
. 

T
h

e
 

u
p

p
e

r
 

d
i

a
g

r
a

m
s

 
a

r
e

 
p

l
o

t
t

i
n

g
s

 
o

f
 

a
b

s
o

l
u

t
e

 
f

o
r

m
a

n
t

 
l

o
c

a
t

i
o

n
s

, 
Z2

 a
g

a
i

n
s

t
 
Z1

. 
T

h
e

 
lo

w
e

r
 

o
n

e
s

 
a

r
e

 
p

l
o

t
t

i
n

g
s

 
o

f
 

t
h

e
 

d
i

s
t

a
n

c
e

 

b
e

t
w

e
e

n
 

t
h

e
 

t
w

o
 

f
o

r
m

a
n

t
s

 
(Z

2 
-

Z1
) 

a
g

a
i

n
s

t
 

t
h

e
 

d
i

s
t

a
n

c
e

 
be

t
w

e
e

n
 

t
h

e
 

f
i

r
s

t
 

fo
r

m
a

n
t

 
a

n
d

 
t

h
e

 
f

u
n

d
a

m
e

n
t

a
l

 
(Z

1 
_

 
ZO

).
 

L
e

f
t

: 
P e

r
c

e
i

v
e

d
 

i
n

c
r

e
a

s
e

 
i

n
 

v
o

w
e

l
 

o
p

e
n

n
e

s
s

, 
D

e
m

o
n

s
t

r
a

t
i

o
n

s
 

1 
a

n
d

 
5 .

 
M

i
d

d
l

e
: 

Pe
r

c
e

i
v

e
d

 
i

n
c

r
e

a
s

e
 

i
n

 
v

o
c

a
l

 
e

f
f

o
r

t
, 

De
m

o
n

s
t

r
a

t
i

o
n

s
 

2 
a

n
d

 
6 

(a
l

s
o

 
4 

a
n

d
 

8)
. 

Ri
g

h
t

: 
Pe

r
c

e
i

v
e

d
 

d
e

c
r

e
a

s
e

 
i

n
 

s
p

e
a

k
e

r
 

s
i

z
e

, 
De

m
o

n
s

t
r

a
t

i
o

n
s

 
3 

a
n

d
 

7.
 

Z1
 -

ZO
 

[B
ar

k)
 



There are, as yet, no formant frequency data on shouted vowels available 

in the literature. This is not surprising, because formant frequencies are 

difficult to measure at the high fundamental frequencies prevail in g at 

increased vocal effort ( cf. Rosto1land, 1982). An analysis-by-synthesis 

approach might here be expedient. By speculation , we can bring the present 

observati ons of vari ation in percei ved vocal effort into consi stence with 

what probably happens when we articulate at increased vocal effort. It is a 

common observation that the jaw depression is increased, leaving the pas

sage through the oral cavity more open. This will be reflected in an 

increased frequency of the first formant. The higher formants will not be 

very much affected because these are, by and large, given by the length of 

the vocal tract. This len gth can be varied by lip-protrusion, but this 

gesture is not associated with increased vocal effort. Vocal tract length 

can also be varied by lowering or raising the larynx. At least in some 

speakers a raised position of the larynx can be observed at increased vocal 

effort. As a consequence, the hi gher formants may be sl ightly raised in 

frequency. The second formant in back vowel s is affected the most by the 

consequently decreased length of the pharyngeal cavity ( cf. Lindblom and 

Sundberg, 1971). Besides, it is a theoretical requirement, independent of 

vocal tract shapes, that F2 be raised in frequency if it is close to F1 and 

F1 is raised in frequency. E.g. , if the frequency of F2 in the vowels of 

Demonstrations 5 to 8 were kept at the original position, F1 would be 

higher in frequency than F2 in the last two vowels of each series. 

The inference that variations in vocal effort have profound consequences 

on the formant pattern, different from those more well known conditioned by 

variations in speak er size, are not only of essential importance for appli

cations like automatic recognition of speech, but the new interpretations 

a1 so provoke reformul ati ons of questi ons concerned wi th some theoreti ca 1 

problems in phonetics. One example is the explanation for the intrinsic 

pitch differences among vowels. 

It has often been observed that the fundamental frequency in vowels 

pronounced in segmentally and prosodica11y identical contexts is inversely 

correlated with the frequency of the first formant, e. g. in the Bavarian 

vowels shown in Figure 2. Traditionally, the formant pattern as described 

by the spectral envelope has been considered to carry the information that 

distinguishes vowels from each other. The first formant may have been 

considered to encode vowel openness. In any case, no need was conceived for 

the fundamental frequency to vary among the vowels. The observation that it 
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Figure 2 

The correlation between 

F1 and fO, reflecting the 

intrinsic pitch of vowels, 

as observed in 12 male 

adult speakers of a 

Bavarian dialect. Mean 

values from measurements 

on long vowels in stressed 

position. The coordinates 

are logarithmically scaled. 

does could be explained as an imperfection in production: A change in the 

positioning of the tongue body influences the state of the laryngeal struc

tures determining fO e If, instead, we start with the assumption that vowel 

openness is encoded by the tonotopic distance between the first formant and 

the fundamental, we shoul d expect fO to be inversely correlated with FI , 

since openness can be varied not only by a change in FI but also by change 

in fO e  What has to be explained is the fact that most of the job is actual

ly done by the jaw and the tongue body whose position in g determines Fl, 

rather than by the larynx responsible for fO e The explanation is not diffi

cult to find: It is easier to vary Fl by 600 Hz or so, than to vary fO by 

the same amount. Moreover, fO is al so used to en code intonation and stress 

(vocal effort) and that appears to require fO to be vowel in dependent 

within certain tolerable limits. 
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