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features. With this view the Jakobsonian distinctive feature is an 

abstract entity of the language code and should not be confused with its 

phonetic correlates or with single parameters on any of the stages of 

encoding. 

These principles have interesting consequences in the analysis of 

the rich Swedish vowel system. Complex and multidimensional articulato- 

ry patterns are encoded into a continuous acoustical space of basically 

two or three dimensions. Thus, from an articulatory point of view, the 

long (tense) re:) and the corresponding short (lax) C81 seem to have 

very little in common whilst in terms of their formant patterns, they 

may be grouped into a single class distinct from all other vowel pho- 

nemes (Fant, 1969). 

Can we exploit perception theoryto resolve continuous acoustic 

patterns into discrete auditory categories? Some of the recent years' 

work of Ludmilla Chistovich and coworkers in Leningrad provide a support 

for such attempts. The following revisit to my old domains of Swedish 

vowels is mainly intended as a summary of earlier work. It also provides 

an opportunity to present supplementary articulatory data and to discuss 

perceptual aspects. 

Articulatory data 

A detailed presentation of the vowel system of standard Swedish as 

spoken in StocKholm and the main part of the country was given by Fant 

(1969, 1971, 1973). The fully developed system comprises a system of 

W e e  back vowels, three unrounded front vowels, and three rouded front 

vowels, each with a long (tense) and a short (lax) member, i.e., in all 

18 vowel phonemes, see Elert (1964). 

In the Stockholm dialect, the distinction between the unrounded 

front vowels, open /E/ and the half-open /e/, is lost and the corre- 

sponding long vowels also tend to merge. m e  pre-r allopkhones [ae lmoe]  
of /&/ and /d/ have characteristically open qualities. The symmetry 
within the three groups is upset by the phonemes /a:/ and /8/. The /a:/ 

vowel originates from a former /u:/ and /8/ from a former /u/, as a 

result of a vowel shift in the 15th-16th century. An additional back 

vowel took the place of the former ru] in standard Swedish, whilst the 
vowel system as spoken in Finland retains a single vowel in the [u :] - < 

Cut] area. The IPA bar denoting the shift is phonetically motivated as 

far as /8/ is concerned whilst the /a:/ progressed much further than to 

a centralized modification of ru:]. In fact, Malmberg (1951) stated 
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that even the earlier studies of E.A. Meyer revealed the extreme front 

articulation of [u:] . The phonetical fact, either urknown or ignored by 

@mnologists, is that the standard [a:) is at least as advanced as ri:] 

(Malmberg, 19511 1956) and tends to be produced with a rise of the apex 

towards the alveolar ridge (Fant, 1969, 1971), a property which it 

shares with some dialectal variants of [i:] (~iby i). 

My earlier midsagittal X-ray pictures of Swedish vowels are repr- 

duced in Fig. 1, and Fig. 2 provides a more detailed comparison of [a :] 

and [8] with neighboring vowels. Here, we have close-up evidence of the 

apicalization of the tongue contour of [a:]compared to that of [ y:] 

and [ i:] and of the fact that the articulatory distance between a: and 8 
is much greater than that between [B]  and [o:] reflecting a moderate 

centralizatim only. 

A discussion of articulatory patterns in terms of conventional 

dimensions, such as front-back, open-close, rounded-unrounded, does not 

provide a very complete picture even if we add the traditional descrip- 

tion of [u:) and [a:] being "inrounded" as opposed to the protruded 

l'~~tr~~nding'l of [y:], [d :I, and [o:]. In my view, it is the relative 

small lip-opening area which is the essential aspect of the lipround- 

ing of [u:] and [a :I whilst it is perfectly feasible to produce an [ u:] or 
[u: ] with outrounding. 

The alternative to conventional articulatory descriptions is to 

refer to a parametric model of the vocal tract specifying the place xc 

of the major internal constriction and its cross-sectional area A, and, 
in addition, a lip-aperture parameter %/lo proportional to the lip- 

opening % and inversely proportional to the length lo of the lip- 
passage (Fant, 1960). 

Within the back vowels [u:] , [o:], 1 3  ] , [a:], [ a] the constric- 

tion coordinate xc varies from a back velar position to a location just 

above the middle of the pharynx, whilst the degree of constriction 

opening s, contrary to the conventional openness dimension, remains at 
an essentially constant and small value; compare the data of Fant (1960) 

for Ftussian vowels. The [i:'] , [ y:],[a:], and [e:], articulations also 

belong to the category of narrow constriction areas; [ i:] and [ y: 7 at a 
prepalatal location somewhat more advanced than re:] and [a :I even 
further advanced than [i:] and r y:] due to the apicalization. I do not 

have an X-ray picture of the Viby [ i :'] variant but it probably has a 
tongue articulation similar to that of [a:]. 



Fig. 1. X-ray tracings of Swedish 
-1s. Fram Fant (1969). 
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Fig= 2 .  A comparison of vowel articulations Ca:]/[i : I, 
y :  [e:]/Co:], and [e:]/[a:]. 



me Lindblm & Sundberg (1969) classification of [a:] as [+palatal] 

[+velar 1 might possibly r e f l e c t  a d i a l e c t a l  variant .  Such a retracted 

hypothetical form requires a more open lip-passage ard thus a higher F1 

and F3 than the  proper Swedish [u:]. Compensation is not perfect .  A 

similar treatment ignoring the extreme front character of [a:] was given 

by Line11 e t  a1 (1971) who classify it as  [-front][-back]. 

Acoustical data and perceptual interpretations 

The composition of X-ray tracings i n  Fig. 1 has been approximately 

arranged to conform w i t h  an F2 versus F1 or  rather an effective second 

formant frequency Fa' versus F1, diagram i n  Fig. 3 from Fant (1971, 

1973). These data w i t h  separate plots for long and short vowels refer 

t o  isolated words i n  citation-form uttered by male speakers but need to 

be validated numerically from larger populations. The only more recent 

data we have on short and long vowels  are from the study of st&lhammar, 

Karlsson, & Fant (1973), who employed a rather small number of speakers. 

The main object of thei r  study was the influence of contexts of various 

complexity including connected speech. Our reference data  fo r  long 

vowels stems from a larger pool of subjects analyzed by Fant, Hennings- 

son, & selhammar (1969). 

The concept of the  F2' has a long h i s to ry  s t a r t i n g  with the  two-  

formant synthesis  a t  Haskins Laboratories, Delattre e t  a1  (1952). W e  

now def ine  F ~ '  a s  the  second formant frequency i n  a two-formant best-  

match synthetic replica of a human vowel (Carlson et all 1970). Ehpiri- 

ca l  equations, as suggested by Fant (1959a, 1973), Carlson e t  a1 (1975), 

Bladon & Fant (1978) for  calcula t ing F2' from measured Fl1 Fa, Fgt F4 

should not be confused w i t h  the primary definition from matching experi- 

ments. 

A l l  vowels, except the r-colored vowels, may be approximated fa i r ly  

w e l l  by two formants which hold very well  fo r  back vowels and mid- 

vowels. High unrounded f ron t  vowels sound a b i t  "thin" when the  F2 F3 

F4-group is replaced by a single upper formant only whilst back vowels 

generally may be approximated with a single formant i f  properly shaped. 

(Xle additional parameter could be the to ta l  frequency span or  shape of 

the  F2 F3 F4-region. According to ~ts lhammar (1978), a c lus ter ing of 

these formants into a single broad group would favor the [e:] overci:] 

and the  [d : over y : )  responses. The shape fac tor  appears t o  be of 

secondary importance only and is detectable when the formant pattern is 

selected to  provide ambiguous responses. 



Among recent work on vowel perception, the most influential is that 

of the Leningrad-group (Chistovich, Schejkin & Lublinskaja, 1979; Chis- 

tovich & Lublinska ja, 1979). Their experiments show that t m  formants, 

when placed closer than a critical distance of about 3.5 Bark, may be 

substituted for a single formant at a position corresponding to some 

weighted mean whilst subjects tend to match the single formant to one or 

the other of the two formants if spaced further apart than 3.5 Bark, in 

which case the match is insensitive to a relatively large range of 

amplitude variation. According to their theory, the frequency proces- 

sing goes through two stages. One is a peripheral mechanism of peak 

detection which is capable of capturing formants over a large range of 

relative intensities. The second stage supplying the 3.5 Bark critical 

measure is some kind of integration or comparison process within the 

spatial neural network providing a center of gravity measure conforming 

with an F2' or F1' concept. The first stage is compatible with the 

neurological studies of Sachs et a1 (1982) and with the " D O M W  model- 

ling of Carlson & Granstrom (1979). The second stage as suggested by 

Carlson et a1 (1975) is related to their earlier auditory modelling with 

relative broadband filtering. 

Chistovich & Lublinskaya (1979) conclude that back vowels are those 

in which the distance between F2 and F1 is less than 3.5 Bark and that 

front vowels are those in which the distance between F3 and F2 is less 

than 3.5 Bark and F2-F1 greater than 3.5 Bark. An extension of this 

categorization applied to American Ehglish vowels has been reported by 

Syrdal (1982) who also adopts the measure F1-FO as a normalized crite- 

rion of openness in vowels as suggested by Traunmiiller (1981). 

Formulas for the translation from frequency in Hz to an auditory 

equivalence in Bark have been published by Schroeder et a1 (1979). The 

original work on the Bark scale is that of Zwicker & E'eldtkeller (1967). 

We are now in a position to discuss the auditory patterning of 

Swedish vowels as in Fig. 3. The frequency scales of F1 and F2' have 

been warped to reflect a Bark scale but are calibrated in Hz. 

Within the long vowels there are three major groups in terms of F1 

values: [i:], [y:], [u:], and [a :I with F1 in the range 200-325 Hz, a 
middle group of re:], [d:], and Lo:] of F1 around 350-425 HZ, and a 

more "open" group with F1 above 450 Hz comprising the vowels [a:] and 

[&:]and the pre-r variants [oe :] and [a :]. These three groups have 
mean frequencies of about 3, 4, and 6 Bark. 
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Within the short vowels the symnetry is upset by [el belongins 'Lo 

the second layer of F1 instead of the first. However, if we rotate 

coordinates by 45 degrees introducing the new parameters F2'-F1 labeled 

"spread" and (F2'+F1) "flat" we gain several advantages. The category 

of back vowels becomes neatly separated from non-back vowels by a bound- 

ary of F ~ - F ~  = F2-F1 = 3.5 Bark which incidently coincides exactly with 

the rule of Chistovich & Lublinskaja (1979). When this boundary is 

exceeded, Swedish listeners immediately switch over to a percept of a 

centralized vowel. Within the front vowels the spread parameter sepa- 

rates the three areas occupied by (1) [i:], (2) [e:], and [y:], and (3) 

[&:]1[Q:31 Cu:3* 

Ihe flatness parameter -(F~+F~') separates the unrounded [ i : 1, [e: 1 , 
and [E:] from the rounded front vowels [y:], [Q:], and [u :I of which [a:] 
constitutes a class of more extreme flatness than [Q : 1 and [ y:] . Within 
the short vowels the relations are the same, [e] attaining the extreme 

value of flatness. ?he implications for distinctive feature analysis is 

that the common denominator of the pair [a :I and [€)]is more clearly 

defined on the acoustical perceptual stage than in the articulatory 

stage. In[u:] the second level of flatness is a consequence of extreme 

1 ip-rounding super imposed on a maximally fronted tongue articulation 

modified by apicalization, whereas for [el it is the result of less ex- 

treme lip-rounding and a velarization close to a back vowel. Still they 

belong phonemically to the same pair of long-short as evidenced by 

morphological derivations of historical origin and dialectal variations 

with less distance within the pair. 

The upward left arrow for Ci:] and [ y:] and the downward left 

direction of the arrows for [u :] and r u:] indicate formant transitions of 

increasing F2' towards a palatal closure in [ y:] and [i:] and a labial 

closure with decreasing F2' for ru :land [u:]. These wellknown phenomena 

add to the otherwise smaller contrast between ru :) and [4 :] , ru: ] and 
[o:], and [i:] and [y:] versus re:]. In addition re:] is often produced 

with an offgli.de toward a more open articulation. 

With these effects in mind, we find a rather even distribution of 

distances witJnin adjacent vowels. As observed by Chistovich & Lublins- 

kaya (1979)~ the distances between back vowels are about one-half the 

critical distance of 3.5 Bark, i.e., 1.75 Bark. This is also true of 

our data. The distance between the target values of [y:] and [a:] and 

between [e:] and [$:I are close to 3.5 Bark, whilst the region of [i:l, 

[e:], [&:I is more crowded. In 1970, well before the concept of a 3.5 

Bark critical distance had emerged, Carlson et a1 summarized their 
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Fig. 3. F2 versus F1 of long and short Swedish vowels frequency ad- 

justed to an auditory scale. Revised graph £ram Fant (1969). 

Fig. 4. Continuous spectrum contours of synthesis vuwels 
selected to approximate M i s h  vowels. 



results from listening tests with two-formant synthetic vowels in terms 

of a generalized M2' versus M1 vowel space with boundary lines of M~'-M~ 

and M~'+M~ quantized into integers of respectively 3x125 and 3x135 me1 

which is close to 3 Bark. 

One less densely populated area in the vowel plane of Fig. 3 is 

that between [u:] and [u:] which is about 6 Bark. Lindblom 

(1980) ascribes this gap as due to the relatively small auditory con- 

trast of loudness density patterns in this area of the vowel diagram. 

However, an alternative explanation could be the need to avoid an addi- 

tional phoneme with F2 transitions competing with those of[a:] and Lu:] 

when subjected to reduction and dental or palatal coarticulation which 

cause undershoot, i.e., Fa values above those of the vowel target. 

Readers are referred to the Bladon & Lindblom (1981) article for 

discussion of continuous loudness density patterns as a measure of 

mnetic contrast. I share the view of Qlistovich & Lublinskaya (1979) 

that the primary invariance lies in the location of the F1 and F~' peaks 

whilst the overall spatial distribution of the auditory pattern, al- 

though being a consequence of formant patterns, is also influenced by 

voice source characteristics which are irrelevant to phanetic identity. 

A more general analysis of the perceptibility of vowel parameter varia- 

tions was provided by Carlson & Granstrom (1979) and Carlson et a1 

(1979). Earlier discussions of auditory patterns of vowels are found in 

Fant (1978). 

The first step in approximating auditory patterns is that of plot- 

ting continuous vowel spectra in a me1 or Bark scale and employing a 

semilogarithmic amplitude scale. Such processing, see Fig. 4 from Fant 

(1959b) later reproduced in Carlson et a1 (1970) and on the cover of my 

book (Fant, 1973), brings out basic aspects of spectral shape factors. 

An additional 3.5 Bark convolution would remodel the F1 F2-area of back 

vowels as a single peak and otherwise bring out the F2' concept as a 

single gross peak being centered on F2 of the midvowels re] and roe], in 
the F2 F3-area of [u:J, ly:l,[d:lr and [E:], and closer to F3 in [i:] 

and [el. 

Feature analysis. Oonclusions 

A distinctive feature analysis of vowels is complicated by a number 

of incompatible requirements such as orthogonality in spite of a con- 

sistent binary framework and the difficulties within a specific solution 

to optimize simultaneous demands for simplicity, phonetic reality, and 
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tinctions . 
A solution with fewer of features was included as one of the alter- 

natives presented by Fant (1971), matrix 2. It employed the features 

"grave", "compact", "flat", and "sharp" as the basic inventory. The 

vowels [tl : 1 and [ u: 3 were both classified as [ ampact] [+flat ] and 

as [+compact] [+flat 1 which obscures the phonetic nature of the spec- 
ific liprounding in [u:) and [tl :]. Furthermore, within the class of 
short vowels [dl  is not consistently more compact than [el Compactness 

as defined by F1 alone can be higher in re] than in [d l .  In terms of an 
F~'-F~ measure, [ e ]  always has a less "diffuse" aparance. Moral: a 

minimum redundancy hunt may lead to a loss of phonetic realism and 

unforeseen ambiguities. 

The long/short distinction also referred to as tense/lax is a 

combination of shorter duration and a formant pattern with a higher F1 

in the short vowel than in the long vowel, see Fant & a1 (1974). In 

some pairs the difference in formant pattern is small or insignificant, 

eq., comparing [a= and [ae), [u] and[uJ[e:] and [elin Stockholm dialect. 

The largest distance between the long and short members of any pair is 

that within [a :) and [el. 
Future work on Swedish vowels could profitably be directed towards 

the following objectives : 

(1) Data from larger populations of speakers including, first of all, 
long and short vowels in various contexts including variabilities with 
respect to dynamic effects, voice source interaction, reduction, and 
coarticulation. 

(2) Improved models of vowel perception, eq., with respect to auditory 
spatial spatial integration effects, F 4ependences, the Validity of the 
F,' concept and improved numerical megrods for predicting F;. 

(3) More extensive reference material of X-ray projections and supple- 
mentary articulatory data. 

(4) Normalization of age and sex induced variations with respect to 
auditory, articulatory, and dialectal constraints. 

References 

Bladon, FLA.W. and Fant, G. (1978): "A two-formant model and the cardi- 
nal vowels", STL-QPSR 1/1978, pp. 1-8. 

Bladon, FLA.W. and Lindblom, B. (1981) : "Flodeling the judgment of vowel 
quality differences", J.Acoust.Soc.&n. 69, pp. 1414-1422. - 
Carlson, R. and Granstrijm, B. (1979): "Model predictions of vowel dissi- 
milarity", STGQPSR 2-3/1979, pp. 84-104. 



Carlson, R., Granstrom, Be, and Fant, G. (1970): "Some studies concern- 
ing perception of isolated vpwels", STGQPSR 2-3/1970, pp. 19-35. 

Carlson. R., Fant, G., and Granstrom, B. (1975) : "Two-formant models, 
pitch, and -vowel perception", pp. 55-82 in Mitory Analysis and - Per- 
ception of Speech (G. Fant & M.A.A. Tatham, eds.), Academic Press Inc., 
La-don. 

Carlson, R Granstrom, B., and Klatt, D. (1979): "Vowel percepton: The 
relative perceptual salience of selected acoustic manipulations", STG 
QPSR 2-3/1979, pp. 73-83. 

Chistovich, L.A. and Lublinskaya, V.V. (1979) : "The 'center of gravity' 
effect in vowel spectra and critical distance between the formants: 
Psychoacoustical study of the perception of vowel-like stimuli", Hearing 
Wseardh 1, 185-195. - 

Chistovich, L.A., Sheykin, R.L., and Lublinskaya, V.V. (1979) :  en- 
ters of gravity' and spectral peaks as determinants of vowel q~ality', 
m. 143-157 in Frontiers of Speech Communication Research (B. Lindblom & 
S. bhman, eds.), Academic Press, London 1979. 

Delattre, P., Liberman, A.M., Cooper, F.S., and Gerstman, L.J. (1952): 
"An experimental study of the acoustic determinants of vowel color", 
Word 8. - 
Elert, C-C. (1964) : Phonological Studies of Quantity in Swedish, Alm- 
qvist & Wiksell, Uppsala 1964. 

Elert, C-C. (1970): Ljud och ord i svenskan, Almqvist & Wiksell, Upp 
sala . 
Fant, G. (1959a) : "The acoustics of speech", pp. 188-201 in Proc. IIIrd 
ICA. - 
Fant, G. (1959b): "Acoustic analysis and synthesis of speech with 
applications to Swedish", Ericsson Technics, No. 1. 

Fant, G. (1960) : Acoustic Theory of Speech Production, Mouton, The 
Fkque . 
Fant, G. (1969) : "Distinctive features and phonetic dimnsions", in 
Applications of Linguistics, Selected Papers of the Second ~nternatidal 
Congress of Applied Linguistics, Cambridge, 1969 (G.E. Perren & J.L.M. 
Trim, eds.), Cambridge Univ. Press, London 1971; also in Fant, 1973, pp. 

Fant, G. (1971): "LWtes on the Swedish vowel system", in Form and Sub- 
stance (L.L. Hammerich, R. Jakobson, and E. Zwirner, eds.), Akademisk 
Forlag, mperihagen 1971; also in Fant, 1973, pp. 192-201. 

Fant, G. (1973) : Speech Sounds and Features, The MIT Press, Cambridge, 
MA 1973. 

Fant, G. ( 1978) : "Vowel perception and specification", Rivista Ital iana 
di Acustica 11, pp. 69-84. - 
Fant, Gal Henningson, G., and ~tslhammar. U. (1969): "Formant frequen- 
cies of Swedish vowels", STGQPSR 4/1969, pp. 26-31. 

, 3  

i' 



Fant, G., ~tAlhammar, U., and Karlsson, I. (1974) : "Swedish vowels in 
speech material of various complexity", pp. 139-147 in Speech Communica- 
tion, Vol. 2 ( Proc. Speech Communication Seminar, Stockholm 1974) (G. 
Fant, ed.), Almqvist & Wiksell, Stockholm 1975. 

Jakobson, R., Fant, G., and Halle, M. (1952): "Preliminaries to speech 
analysis: The distinctive features and their correlates", Acoustics 
Lab., MIT, Technical Report No. 13. 

Lindblom, B. (1980): "Phonetic universals in vowel systems", to be 
publ. in J. Wla: Experimental Phonology, Academic Press. 

Lindblom, B. and Sundberg, J. (1969): "A quantitive theory of cardinal 
vowels and the teaching of pronunciation", STL-QPSR 2-3/1969, pp. 19-25. 

Linell, P., Svensson, B., and ohman, S. (1971): Ljudstruktur. Inled- 
ning till fonologien och sSrdragsteorien, Gleerups, Iund. 

Md-mberg, B. (1951): Svensk fonetik, Gleerups, Lund. 

Sachs, M.B., Younq, E.D., and Miller, M.I. (1982): "Encoding of speech 
features in the auditory nerve", pp. 115-130 in The -- -- ~e~resentation of 
Speech in the Peripheral Auditory System (R.Carlson & B. Granstrom, 
Eds.) , Elsevier Biomedical, Amsterdam 1982. 

Schroeder, M.R., Atal, B.S., and Hall, J.L. (1979) : "Objective measure 
of certain speech signal degradations based on masking properties of 
human auditory perception", pp. 217-229 in Frontiers of Speech Qmmuni- 
cation Research (B. Lindblom & S. ohman, eds.), Academic Press, mndon 
1979. 

~Glhammar, U. (1978): "Form factors for power spectra of vowel nuclei. 
1181, STGQPSR 2-3/1978, pp. 23-34. 

~tslhammar, U., Karlsson, I., and Fant, G. (1973): "Contextual effects 
on vowel nuclei", STGQPSR 4/1973, pp. 11-18. 

Syrdal, A.K. (1982): "Frequency analyses of American English vowels", 
paper presented to the 103rd Meeting of the Acoustical Society of Ameri- 
ca, April, Chicago. 

Traunmtlller, H. (1981) : "Perceptual dimension of openness in vowels", 
J.Acoust.Soc.Am. 69, pp. 1465-1475. - 
Zwicker, E. and Feldtkeller, R. (1967): Das Ohr als Nachrichtenemp- 
fwer, S. Hirzel Verlag, Stuttgart. 


