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B. ACWSTIC STUDIES OF VWEL REDUCTION IN SWEDISH 
LRnnart Nord 

Abstract 
An acoustic analysis has been performed on a number of Swedish 

vowels, spoken in varying context. A complementary matching experiment 
using synthetic speech was made to see whether the analyzed differences 
in vowel quality were perceptually significant. Subjects had to adjust 
the vowel quality in words produced by an interactive rule-synthesis 
computer program. The purpose with these investigations was to describe 
and quantify the relations between vowel quality and influences of 
stress and position. 

Introduction 
In this study we focus on the concept of vowel reduction, here 

taken to mean the reduction in plwnetic contrast between vowels. For a 
number of languages it has been found that the vowel space is reduced as 
the level of stress placed upon the vowels is reduced. Acoustic studies 
by Tiffany (1959), Shearme & Holmes (1962), Delattre (1969), ~tsl- 
h a m m a r ,  Karlsson & Fant (1973), Kooprnans-van Beinum (1980) and others 
have shown that vowels in unstressed positions are displaced towards a 
more central (neutral) position in the vowel plane. A number of factors 
contribute to obscure vowel color in speech, see for example the study 
by Delattre (1969), who lists factors such as stress, rhythm, duration 
and contextual assimilation. 

One outcome of that particular study in which vowel systems for 
four languages are compared is that languages differ with respect to the 
extent of the perturbations in the vowel space due to the above-men- 
tioned factors. Thus, Delattre found that English vowel reduction was 
much stronger than in the other languages (French, German and Spanish) 
with displacement lines in the vowel plane almost joining in the center. 
Consequently, in Ehglish, reduction of vowel color is reflected at tbe 
phonological level. A vowel reduction rule changes a vowel phoneme 
that is [-WSE, -STRESS] into a schwa vowel /a/ (Chomsky & Halle, 1968), 
describing the speaker's intention of not striving for an articulate 
vowel color, but instead aimirq for a inore centralized vowel. 

Swedish phonology does not include a similar rule, a fact that 
agrees well with the notion that Swedish vowels are less reduced than 
English vowels. 

A few remarks could be made about the sbrt Swedish vowel /e/. In 
a large part of Sweden no distinction is made between the short stressed 
/e/ and /E/. Both could be transcribed as [E] . A general terdency is 



there are fewer vowel oppositions in unstressed syllables than in 
stressed. However, already in the old Swedish pronunciation lexicon 
(Lyttkens & Wulff, 1911; 1916), different variants of utistressed /e/ 
have been noted. Elert (1970) describes the vowel oppositions in un- 
stressed syllables and lists five contexts where differences in -el 
qualities might occur: 

1. pre-/r/ allophonic variation: [b s'po:] [ ben'so:l], 
2. vowel coarticulation, 
3. in closed or open syllable: [m~n'to:l] [me'tu:d], 
4. preceding or following a stressed syllable: [el'e:~] f%e:va], 
5 .  distance in the number of syllables preceding the stresssed 

syllable in words like: [ jcne'ra: 1 3 and [ m~se'na:t]. 

Before going further into the description of vowel reduction, let 
us discuss one issue which seldom is treated in acoustic-metic anal- 
yses of the speech signal in varying contexts: When slmuld we analyze a 
given speech gesture that dwiates from the target by a certain amount, 
in terms of articulatory constraints, 'underskroot' etc., and when slmuld 
we regard the observed perturbation as the result of a phonological rule 
on a higher level that has replaced the phoneme by another allapfwxle or 
even a completely different phoneme string? Especially in the analysis 
of fluent speech, as compared to more controlled "laboratory speech", 
many cases of coarticulation and reduction appear, where it is difficult 
to decide what strategy to apply. Ladefoged (1971) used the terms 
'intrinsic' and 'extrinsic' allophones as terms to capture variations 
due to articulatory variability as opposed to phomlogically 'motivated' 
variations. There is no simple solution to this problem except a con- 
tinuing effort to describe and model observed variations, locking for 
systematic effects. Also factors such as speaking style, tempo etc. 
must be included in a complete model. 

mncerning the issue in general and, more specifically, the treat- 
ment of vowel reduction, Chomsky & Halle addressed the problem in the 
following way: "...It is an open question to what extent vowel reduc- 
tion is a matter of phonological rule." and further: "When a theory of 
performance ultimately emerges, we may find that some of the facts we 
are attempting to explain do not really belong to grammar but instead 
fall under the theory of performance, and that certain facts that we 
neglect, believing them to be features of performance, should really 
have been incorporated in the system of grammatical rules." (Ctramsky & 

Halle, 1968, p. 110-111). 
Thus, in our efforts to describe observed variability in the acaus- 

tic dumain, we sometimes encounter a situation, where an articulatory 
based reasoning will not suffice, and a solution in terms of allopbnic 



variation is the better alternative. As we gain more experience in this 
field, we will eventually reach a position where we can formulate the 
principles for a rational decision between the two ways of description. 

Weling reduction 
In 1963, Lindblom formulated and tested a simple dynamic model of 

vowel reduction where he postulated that duration was the sole factor 
that determined how close to the target a vowel would get. Articulatory 
gestures were simply regarded as responses to invariant 'neural com- 
mands' much like the filter response to constant energy pulses. The 
spacing between pulses determined the degree of coarticulation and 
undershoot. This was a fruitful challenge and a stimulating contribu- 
tion to the research on the dynamics of articulation. Further experi- 
ments led Lindblom to introduce 'force-' as well as 'duration-dependent' 
factors to take care of the observed variability in the speech signal 
and in articulatory maneuvres (Lindblom, 1968). This expanded version 
of the model which also included a possibility of articulatoxy recoding 
was more in agreement with ~elattre's view (1969), that: "stress and 
tempo are the primary determinants of vowel reduction", and "duration a 
product of stress and tempo and therefore a secondary determinant of 
vowel reduction". 

In a study on perturbations of vowel articulations, due to the 
influence of the consonantal context by Stevens & thouse (1%3), they 
also discuss the possible influence of an articulatory schwa-vowel 
configuration. Lindblom (1963) concludes that contextual influence is 
the dominant feature in his CVC-material, but that a schwa influence 
also might be present, preceding or following the carrier phrase. 

In this context, physiological measurements are of interest. In a 
number of articles from the University of Iowa, cineradiographic tech- 
niques have been used to measure articulatory gestures in speech mate- 
rial including stress contrasts, selected phonemes etc (see Kent & 

Netsell, 1971; Kent & Eloll, 1972; Kuehn & Moll, 1976). In a study of 
articulatory velocities, Kuehn & Moll (1976) analyzed speedh at differ- 
ent rates. They found that with an increase in speaking rate, speakers 
behaved differently in terms of the relationship between increase in 
velocity am3 decrease in displacement of the articulators. Consequent- 
ly, the speakers exhibited "undershoot" in varing degrees. The authors 
conclude by pointing out that a systematic analysis of the intelligibi- 
lity of speech at different rates, produced by speakers that use differ- 
ent strategies, would be an interesting area for future resear&. 



Present study 
The aim with the present study was to study in detail some of the 

factors that contribute to vowel reduction in Swedish. Apart from the 
general interest in this matter, we need a better understanding of these 
problems to improve the quality of synthetic speech, a typical impres- 
sion being that synthesizers often over-articulate unstressed syllables. 

According to theories of vowel reduction, it is said that reduced 
vowels move towards a neutral position in the vowel space, but also that 
unstressed phonemes coarticulate more strongly with the context. CY>- 

viously these two principles may come into conflict. N o r d  (1975) made a 
limited analysis of one speaker, trying to distinguish between the 
effects of coarticulation and neutralization. That study has been r e  
peated, this time with extended material and supplemented by another 
experiment. 

Test hypothesis 
The phonetic context that will influence the formant pattern of a 

given w e 1  in a tw-syllable word is: i) surrounding consonants, ii) 
the neutral position of the vocal tract, and iii) the second syllable, 
especially its vowel nucleus. 

The following hypothesis concerning the articulation of vowels was 
tested: Stressed initial vowels as well as stressed vowels in final 
position come close to their phonetic target and are influenced very 
little by the context, while unstressed final vowels although of long 
duration due to final lengthening will not move towards target but 
instead towards a 'schwa' vowel, i.e., coarticulate with a relaxed 
position of the vocal tract. Unstressed initial vowels are of short 
duration and coarticulate strongly with surrounding consonants and also 
with the following syllable (and with the initial speech posture), 
resulting in a large spread of formant values. 

In particular, we focus on one aspect of the reduction phenomenon: I 

is there a difference in formant pattern between two vowel samples of 
the same duration, one stressed and the other unstressed but of equal 
duration due to final lengthening? If there is a difference, could it 

I 
be accounted for in terms of varying degrees of contextual influence? 

Four types of two-syllable words were chosen with the following 
structure: The lexical stress on the initial or the final syllable, with 
dental consonants surrounding the analyzed vowel: C V ~ S ~ ,  's~CVC, 'CVCS~ 
and S~'CVC, with V = the short Swedish vowels /a,i,e,a/ and C-C = /s-1, 
1-s, s-s/, S1 and S2 =first and second syllable. This means that each I 

analyzed vowel was placed either in initial or final position or in a 
stressed or unstressed syllable in an invariant consonantal frame. These 







In Fig. 1 the mean values of first and secord formants are sbwn. 
As can be seen, the unstressed initial and final vowels are displaced 
away from the target values of the stressed vowels. Fbr the sbrt /e/ 
and /i/, it is evident that the unstressed initial samples (0) are 
displaced differently compared to the unstressed final samples (8) as 
the arrows indicate. This difference could be expressed as a difference 
in coarticulation: the unstressed vowels coarticulate with the consonan- 
tal frame, i.e., they move towards the dental locus of approximately 
350/1650 Hz for ~ 1 / ~ 2 ,  while the unstressed final vowels are reduced 
towards a more neutral place in the vowel plane (500/1500 Hz). Formant 
values for the initial stressed vowels (+), that are of the same dura- 
tion as the finally lengthened unstressed vowels ( # )  are thus not 
identical, although they are of the same duration. Duration is thus not 
the sole determinant of the degree of reduction. These tendencies are 
not as evident for all the vowels, probably depending on the relative 
position of the target, the consonantal locus and the neutral vowel. For 
the /a/ vowel it is thus not possible to distinguish a perturbation 
caused by neutralization or by carticulation as both effects will lower 
F1 and raise F2. 

200 300 400 500 600 700 800 

F1 (Hz) 

1000 

- 
N 
I - 
2 500 

Fig. 1. Results from the analysis of real speech. 
Wan values of first and second formant 
of the short M s h  vuwels /a,i,e,a/. 4 
male speakers, 8-40 sanples/point. 
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In Table I1 the significant formant differences are marked. 

Table 11. Level of significance for the differences between formant 
values, comparing the read vowels in the four contexts. student's t- 
test. ** = at least 0.01, * = 0.05, NS = not significant difference. 
Symbols in the lower left half refer to first formant differences, 
symbols in the upper right half refer to second formant differences. 
Circled symbols indicate F1 a d  F2 differences between words of equal 
duration. 

mrd category 1 
unstr/in 

1 unstressed/initial 
2 /final * 
3 stressed/initial ** 
4 / final ** 

unstr/in 
1 unstressed/ initial 
2 / final ** 
3 stressedlinitial * 
4 /final NS 

Vowel /a/ 

Another way of showing this effect for /e/ is to plot F2 as a 
function of vowel duration, see Fig. 2. As can be seen, the duration 
alone cannot predict the formant value. The stressed initial vowel (+) 
has approximately the same duration value as the unstressed final vowel 
(*), but speakers choose different formant values depending on the 
syllable context (in terms of stress and position). 



DURATION ( msec 1 

Fig. 2. Second formant value as a function of -1 dura- 
tion for the short -1 /e/. Each point repre- 
sents the mean value of the tsm readings of each 
s~eaker 
stressed initial/final: +/* 
unstressed initial/f inal : o/# 

The intention was to maintain an invariant C-C frame for each 
vowel (for the four word categories). Due to the d-s for meaningful 
words, the comomntal frame differs somewhat for the different vowels, 
but still being dental. Thus, for /a/ and /el: 1s-l/, for /i/: 11-s/ 
and for /HI: /s-s/. This causes the differences in vowel duration. /tl/ 
and /i/ become shorter than /a/ and /e/ as they are followed by a 
voiceless consonant. 

One might also worder whether all speakers behave in the same way. 
In Fig. 3 separate plots for the four speakers are shown. As can be 
seen, the tendencies vary between speakers. Speaker C, who was the 
subject in the previous study by Nord (1975), still shows a clear ten- 
dency arr3 so does speaker B. Speaker A, on the other hard, shows less 
F1-perturbations and speaker D apparently shows small vowel areas in 
general. The vowel /tl/ differs appreciably between the speakers, proba- 
bly due to sociolect differences. 
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. 3. Individual results £ r a n  the analysis of real speech. Mean values 
of f i r s t  and second formant of the short Swedish -1s /a,i,e,a/. 
2- 1 0 samples/point. 

stressed initial/final: +/* 
unstressed initial/£ inal : o/# 



Elatching experiment 
A s  a complement to  the acoustic analysis, an interactive rule- 

synthesis program (Carlsson & GranstrGm, 1976), developed for our E- 
clipse computer and OVE I11 formant synthesizer, was used i n  a matching 
experiment. The task of the subject was to listen to synthetic words 

I taken from the l i s t  of previously analyzed material, and by means of a 
joystick connected to the compuker, adjust the quality of one vowel a t  a 

1 time i n  a word to make it sound as natural as possible. This inter- 
I 

active method has been used earlier for duration studies (Carlson & 

Granstrijm 1975). For this experimental set-up the x- and y-coordinates 
of the joystick were programmed to give the F1- and F2-values of the 
synthetic vowel that was tested. The quality of the vowel could thus, 
instantly, be changed by moving a cursor around i n  a grid pattern on the 
terminal screen. Different scaling and offset values were used for each 
test word i n  order to avoid learning effects. A minor modification of 
the duration rules made the unstressed finally lengthened vowel of equal 
duration as the initially stressed vowel. 

With this paradigm it is possible to get valuable information about 
the perceptual importance of acoustic parameters. Here, where one aim 
is to improve the synthetic speech with regard to the vowel dynamics, it 
i s  especially interesting trying to optimize the setting of the syn- 
thesis parameters directly, using the rule synthesis. 

The test was run i n  the following way: The subject had a list of 
test words with one vowel i n  each word marked. The task was to listen 
to a synthetic version of one word a t  a time ard adjust the phonetic 
quality of the marked vowel to sound as natural as possible. The s b  
jects were f i r s t  instructed on the task of moving the joystick and 
listen to the result. The test demanded some effort i n  terms of concen- 
tration by the subjects so it was felt  necessary to l i m i t  the word list.  
The same type of test as for the reading list was made to evaluate the 
influence due to different dental C-C frames, comparing 1s-11, 11-s/ 
etc. (see Appendix). The variation i n  matching did not change system- 
atically with the different frames. Therefore, the mean values are 
p l e d  over the entire word list. 

Preliminary tests with phonetically untrained subjects sbwed that 
they could manage the task quite well. However, i n  order to keep the 
variability as low as possible, it was decided to use phonetically now 
naive subjects. 

The matched formant values were automatically stored by the program 
and could be analyzed immediately after  each session. For the un- 
stressed initial syllables, a correction had to be made of the resulting 
formant values as some undershoot occurred i n  those cases when the 
distance was large between the vowel values and the consonantal loci. 





were manipulated, while higher formants were kept constant, especially 
the E2 of high, frmt vowels w i l l  differ fran E2 of natural vowels. The 
matching session was experienced as a difficult but manageable task by 
the subjects. Also the spread between subjects was small. In carrclu- 
sim, the method seems to be useful for this type of optimizations. 

- 
N 
I s tressed  i n i t i a l / f i n a l :  +/* 1 
Y 

N 
unstressed i n i t i a l / f i n a l :  o/# -1 

Fig. 4. Results £ran the matching test with synthetic 
wrds. Mean values of first  and seccnd formants 
of the Swedish vowels /a,i,e,a/. 8 subjects. 
14-48 matchings/point. 

stressed initial/final: +/* 
unstressed initial/final: o/# 

2!E?Ex 
The first and second formants were measured for four Swedish smrt 

vowels /a,i,e,tl/ in  varying cantext, the purpose being to investigate 
factors of vowel reduction, such as stress, position and duration. The 
vowels were placed in stressed and unstressed, initial and final  
syllables i n  two-syllable words. 
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The result supports the findings i n  the previous p i lo t  study by 
Nard (1975). A tentative explanation to the distribution of formant 
data is that the perturbations are caused by contextual influence of 
s u r d i n g  consonants ard in  unstressed f inal  position by a neutraliza- 
tion gesture, which i n  this word list material w i t h  no carrier phrase 
also belongs to the immediate context. I f  we do not reach for a plmml- 
ogical  r u l e  to explain the observations, spec i f i ca l ly  regarding the 
unstressed short /e/ in final  syllable position, we could formulate the 
vowel reduction process in the following manner: irrespective of their 
duration, unstressed vowels coarticulate strongly with context: In mrk 
final syllable position w i t h  surrounding phonemes and in final  syllable 
position w i t h  a neutral position corresprdixq to a centralized schwa 
vowel. These terdencies were  seen i n  varying degrees, prcjbably depend- 
ing on the relative locations of vowel targets, schwa ard consonantal 
loci. 

A supplementary study was performed using synthetic speech in 
order to evaluate the perceptual importance of formant perturbatians in 
the realization of vowels in varying contexts. During the experiment, 
subjects were exposed to synthetic words of the same structure as i n  the 
previous experiment. The task was to adjust the quality of one vowel in 
each word by means of a joystick, connected to the rule-synthesis pro- 
gram, controlling the f i r s t  ard seconl formant of that particular vowel. 

The results f r o m  this test were compared with the previous analy- 
sis. The same tendencies were seen, although to a lesser extent. 'Ihis 
was  probably due to the design of the experiment. A s  only t w o  formants 
were manipulated, there were some diff icul t ies  i n  finling suitable vowel 
qualities during the matching procedure. Also the synthetic quality of 
the  s t imu l i  might have had some influence on the  subjects* matching 
strategies. Altibugh the task was rather diff icult ,  subjects performed 
w e l l  with small dwiatrms. One conclusion f r a n  this test is that  the 
matching procedure using synthetic stimuli is an efficient  way of evalw 
ating perceptual cues and testing theories of speech dynamics. 

Wferences 
Carlson, R & GransWm, EL (1975): "Perception of segmental duration", I 
STL-QPSR 1/1975, p ~ .  1-16. 

Carlson, R. & Granstrijm, B. (1976): "A text-to-speech system based 
entirely on rules", pp.686-689 i n  W. Reaxd, 1976 IEE 1 n t . M .  on 
Acx>ustics, Speech and Signal Processing, April, Philadelphia, PA 

Cbnsky, N. & Halle, M. (1968): The Sound Pattexn of Errglish, 
Ibw, New York, NY, USA. 

Delattre, P. (1969): "The general pbne t ic  characteristics of languages. 
An acoustic and a r t i cu l a to ry  study of vowel reduction i n  four lan- 
guages", Final Report, University of California, Santa Barbara, CA, USA. 






