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Abstract

This paper investigates acoustic, phonetic, and phonological
representations of spoken vowels. For this purpose four ex-
periments have been conducted. First, by drawing the anal-
ogy between the spectral energy distribution of vowels and the
vowel space concept of Dependency Phonology, we achieve a
new phonologically motivated vowel quality representation of
spoken vowels which we name the /¢/-/a/-/u/-ness. As a second
step, it is shown that the extension of this approach is connected
with the work of Pols, van der Kamp & Plomp 1969 [1] who,
among other things, predicted formant frequencies from the
spectral energy distribution of vowels. Third, the vowel quality
relating to the IPA vowel diagram is derived directly from the
spectral energy distribution. Finally, we compare this method
with a formant and fundamental frequency based approach in-
troduced by Pfitzinger 2003 [2]. While both the /i/-/a/-/u/-ness
of vowels as well as the perceived vowel quality prediction are
quite robust and therefore useful for both signal pre-processing
and vowel quality research, the formant prediction achieved the
lowest accuracy for the mapping to the IPA vowel diagram.

0. Introduction

The acoustics of vowels and their phonetic as well as phono-
logical representations still present problems for spoken lan-
guage research. Studies on the vowel transformation between
the acoustic and the phonetic domain and vice versa have a long
tradition. Recent efforts (Ran, Millar, Macleod & Rose 1994—
96 [3, 4], Pfitzinger 1995/2003 [5, 2]) still do not provide com-
monly accepted solutions but at least appear to be promising.
By contrast, the acoustic-to-phonological mapping is al-
ways considerably degraded by the huge amount of acoustic
variation of spoken vowels. One of the outstanding studies
on the relationship between the acoustics of vowels and their
phonological categories has been conducted by Syrdal & Gopal
in 1986 [6]. A three-Bark frequency distance criterion between
two formants or between one formant and the fundamental fre-
quency was suitable to generate a system of binary features that
allowed to considerably reduce the errors when deciding on the
corresponding phonological category. Nevertheless, the tran-
sition from the acoustic to the phonological layer is not well-
understood. Thus, the present study addresses this problem.

0.1. Dependency Phonology

In contrast to phonological descriptions of vowels based on
Distinctive Feature Theory (Jakobson, Fant & Halle 1952 [7]),
Dependency Phonology (Anderson & Ewen 1987 [8]) makes
use of “anchor” vowels lil, lal, lul, and Iol. The vowel space
is characterized by four components: lil (palatality or acute-
ness/sharpness), lal (lowness or sonority), lul (roundness or
gravity/flatness), and lol (centrality) (Anderson 1986 [9, p.25]).
Each vowel in the vowel space is either one of these primi-

tive components, or a ‘mixed’ vowel (e.g. the /y/ is a combi-
nation of lil and lul, i.e. li,ul). Thus, all vowels are described
by defining their “distances” to these anchor vowels. Because
of the still categorical description, maximally three intermediate
vowel quality steps are describable between two anchor vowels,
e.g. /e/=lizal (lil governs lal), /e/=li:al (lil and lal mutually govern
each other), and /&/=la;il (lal governs lil). The lsl was introduced
to enable the symbolic description of centralized vowels (e.g.
/1/=li;al). Despite the fact that the lil, lal, and lul components are
intended to characterize quantal vowels in the sense of Stevens
1972 [10] and therefore “are grounded in phonetic theory” [9,
p-27], Anderson states that the anchor vowels “do not corre-
spond to precise articulatory manoeuvres or acoustic values”
[9, p.28]. Nonetheless, we searched for corresponding acoustic
values as described in the following.

1. First Experiment

The relation between vowel acoustics and the vowel space con-
cept of Dependency Phonology is investigated. It is not our
concern here to train HMM- or ANN-based vowel classifiers to
a given set of phonological vowel categories. Instead, we used
a phonological theory as a starting point which does not com-
pletely ignore the continuous character of vowel quality, namely
the Dependency Phonology.

1.1. Method

To find distinctive frequency ranges, the mean logarithmic fre-
quency spectra of the four “anchor” vowels were estimated from
128 /i/, /al/, lu/, and /a/ vowels giving in total 512 vowels which
were randomly selected from 270 /i:/, 1727 /a:/, 400 /u:/, and
1195 /a/ vowels from the PhonDatll-corpus [11] of continu-
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Fig. 1: /i/-/a/-/u/-ness of training (dots) and evaluation vowels.
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Fig. 2: Mean frequency spectra and standard deviations over the
128 training vowels (16 speakersx 8 repetitions) for each class.

ously read German speech containing 10 male and 6 female
speakers (16 speakers x 4 vowel types x 8 repetitions = 512
vowel tokens).

Fig. 2 shows the resulting LP-based and amplitude normal-
ized frequency spectra. Visual comparison of the spectral dif-
ferences encouraged us to build, as a preliminary approach, a
linear regression model based on only three frequency bands:
i) at 300 Hz the energy is highest for /u/ and might represent
gravity (see Sec. 0.1), ii) at 1.2 kHz the energy is highest for /a/
thus possibly representing sonority, and iii) 2.4 kHz is near to
the prototypical F2 of an /i/ and thus might represent acuteness.

The phonologically motivated target vowel space is shown
in Fig. 1 and 3: The centers of each third of the circle represent
the prototypical vowel categories /i/, /a/, and /u/. Their Carte-
sian coordinates were used as the training targets. The /o/ target
is located in the center of the circle diagram.

Because the preliminary approach yielded strongly over-
lapping vowel positions the procedure was refined as follows:
Two linear regression models (for the x- and the y-dimension)
based on 19 logarithmic spectral amplitudes measured between
250 Hz and 2500 Hz and equally spaced by 125 Hz were esti-
mated from the 512 vowel spectra of the training corpus.

1.2. Evaluation and Discussion

For the evaluation of the refined prediction method, we used
another set of 48 /i/, 48 /a/, and 48 /u/ vowels. The positions
of both the training and evaluation vowels are plotted in Fig. 1.
Additionally, we estimated the positions of 530 /e/, 361 /¢/, 371
/3/, and 323 /o/ vowels (see Fig. 3) which were also not included
during the training procedure.

Both Figures show clearly, that although the centers of the
distributions of vowels belonging to the same class are arranged
in the circular vowel space as expected, the acoustic variation
of vowels is also reflected. An informal perceptual inspection
of 10% of the vowels, which deviate most from the centers of

Fig. 3: /i/-/a/-/u/-ness of 530 /e/, 361 /e/, 371 /5/, and 323 /o/
taken from the evaluation corpus.

their corresponding distributions, revealed for 37% of the vow-
els strong deviations between their phonological labels and their
phonetic vowel qualities.

But despite their strong deviations in the circular vowel
space, 63% of the inspected vowels perceptually match their
phonological labels. Thus this approach is, not surprisingly,
also confronted with the vowel normalization problem (i.e. pho-
netically equivalent vowels show strong acoustic variations)
which occurs in every acoustic-to-phonetic mapping. Obvi-
ously, the acoustic-to-phonological transformation suffers from
both the vowel normalization problem and the problem of pho-
netically different vowels belonging to the same phonological
class. In the following sections the vowel normalization prob-
lem is addressed.

2. Second Experiment

Formant frequencies are considered to be, on the one hand, the
most important acoustic features of vowels but, on the other
hand, the most difficult to reliably extract from the speech sig-
nal. The aim of this experiment is to estimate the frequencies
of the formants 1, 2, and 3 directly from linear combinations of
the logarithmic amplitudes of successive frequency bands. This
approach could be interpreted as an extension of the method
introduced in the previous section.

While improved versions of the cepstrum-to-formant map-
ping introduced by Broad & Clermont 1989 [12] are applied in
speech research (Mokhtari & Campbell 2003 [13]), direct map-
ping from the frequency spectrum to formant frequencies has
to our knowledge not reached this state. Pols, van der Kamp
& Plomp 1969 [1, p.464] achieved correlation coefficients of
rp; = 0.985 and rpy; = 0.981 between predicted and measured
F1 and F2 but they averaged over 50 speakers. Their analysis
was based on a method introduced by Plomp, Pols & van de
Geer 1967 [14] to predict vowel categories from a linear com-
bination of 6 principal components over 18 bandpass filters.

2.1. Method

100 vowel signals cut from 6 male and 6 female speakers of the
PhonDatll-corpus (see Sec. 1.1) together with their manually
measured and repeatedly verified F1, F2, and F3 values served
as the training data. A careful selection of the underlying fre-
quency range for each formant has been conducted by reduc-
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Fig. 4: Scatter plots of measured versus predicted F1 and F2.
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ing the number of bandpass filters as much as possible without
considerably degrading both r and the root-mean-square error
(rms). As a consequence, F1 is predicted by a linear combina-
tion of the logarithmic amplitudes at the five frequencies 250,
500, 750, 1000, and 1250 Hz while F2 uses 14 frequencies in
the range of 250-3500 Hz equally spaced by 250 Hz. F3 is
predicted from 10 frequencies between 2000 and 4250 Hz.

2.2. Results and Discussion

Fig. 4 presents scatter plots, correlation coefficients, and rms-
values for F1 and F2 of 7828 vowels having a duration of more
than 40 ms and coming from the formant database built by Heid,
Wesenick & Draxler 1995 [15]. Predicted F3 showed only a
correlation coefficient of r=0.6966 and an rms of 229 Hz.

The results of Broad & Clermont [12, p.2015] who reported
rms-values of 52 Hz for F1, 164 Hz for F2, and 218 Hz for
F3, are based on vowels spoken by only four male speakers.
In a similar but speaker-dependent and MFCC-based approach
Hogberg 1998 [16] reports rms-values of 52 Hz for F1, 97 Hz
for F2, and 155 Hz for F3.

Our results seem to be considerably degraded by two facts:
i) the multiple linear regression coefficients were trained on
only 100 vowels and ii) both male as well as female speakers
were used. Taking this into consideration, the degradation of
our results was to be expected. But at least for F1 and F2 the
prediction method is accurate enough to be used as an alterna-
tive formant detection in the next sections.

3. Third Experiment

The goal of this experiment was to develop a method for esti-
mating the perceptual vowel quality as defined by the Cardinal
Vowel diagram of Jones 1962 [17] and used in the IPA vowel
diagram. For this purpose, reliable positions of vowels in the
diagram were needed. This we obtained in an earlier percep-
tion experiment [2]: 100 vowel stimuli each having a duration
of 80 ms were randomly selected and then cut from the quasi-
steady portion of different vowels from 6 male and 6 female
speakers of the PhonDatlI-corpus mentioned in Sec. 1.1.

40 volunteers (24 students of phonetics who were inten-
sively trained in narrow phonetic transcription for at least one
year, 9 phoneticians, and 7 skilled teachers of narrow phonetic
transcription) from Munich carried out a computer-aided inter-
active combined discrimination/identification test using the pri-
mary Cardinal Vowel diagram in which they could place and
reorganize the labels of the vowel stimuli and compare their
acoustics as often as they wished.

3.1. Method

We used the same bandpass filters as in the formant frequency
prediction experiment (see Sec. 2) since it is well-known that F1
roughly correlates with vowel height and F2 with vowel back-
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Fig. 5: Cardinal Vowel diagram with mean perce;;tion results
(light color) and 90% confidence ellipses estimated from indi-
vidual judgements of 40 subjects. Black numbers represent the
positions predicted from spectral properties of the vowels.

ness. Two linear regression models were trained to predict the
Cartesian coordinates of the mean perception results for the 100
reference vowels in the primary Cardinal Vowel diagram. Ad-
ditionally, we included FO values measured from the reference
vowels in a second set of two linear regression models to enable
the analysis of the influence of FO on the accuracy of predicted
perceived vowel quality, because FO was found to be useful in
speaker and gender normalization of vowel height [18, 19].

3.2. Results
The prediction accuracy is summarized in the following table:

vowel height vowel backness

r mean dev. r mean dev.
spectrum—IPA (without FO) | 903 9.90% 964  6.88%
spectrum—IPA (using FO) 960 6.01% 965 6.77%

r are the correlation coefficients between the perceived and pre-
dicted vowel height or backness, mean dev. are the mean ab-
solute errors divided by the height or the mean width of the
Cardinal Vowel diagram. Fig. 5 shows the positions of the per-
ceived and predicted vowel qualities. An evaluation corpus of
50 vowels judged by 10 trained phoneticians caused the corre-
lation coefficients to degrade only slightly by 0.005 and 0.007,
respectively. Statistical analysis revealed that the influence of
FO on the vowel height prediction accuracy is highly significant.

4. Fourth Experiment

The last experiment of this study is concerned with the predic-
tion of vowel quality using predicted formants (see Sec. 2). Two
sets of two linear models, one based on only F1 (or FO and F1,
respectively) for perceived vowel height and the other on F1
and F2 (or FO, F1, and F2, respectively) for perceived vowel
backness, were trained on the same 100 reference vowels as in
the previous experiment. Also the influence of the presence or
absence of FO information on the prediction quality was tested.

4.1. Results

The following table summarizes the accuracy results of the two
vowel quality prediction procedures which were trained on pre-
dicted formant frequencies (see Sec. 2) excluding and including
FO measurements:
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Fig. 6: Cardinal Vowel diagram with mean perception results
for the 100 vowels used in third and fourth experiment. Each
vowel is labelled in SAM-PA with its phonological class.

vowel backness
r mean dev. r mean dev.
spectrum—F1,F2—IPA .883 10.99% 960 7.39%
spectrum—F1,F2—IPA (+F0) | 953 6.59% 961 7.44%

vowel height

As in the third experiment, the influence of FO on the prediction
quality was statistically highly significant. Even if the vowel
quality prediction method is based on formant values which are
not precisely extracted the results when including FO are ac-
ceptable. An informal inspection of F2 predicted by the method
introduced in Sec. 2 showed that high F2 values are more likely
to be underestimated and low F2 values frequently are overesti-
mated. The linear model seems to be able to partially compen-
sate for these systematic deviations.

5. Conclusions

The results of the vowel quality prediction methods of the third
and fourth experiment are summarized in the following table
together with the prediction result taken from an earlier study
which was based on hand-measured formant frequencies ([2]):

vowel backness
r mean dev.

vowel height
r mean dev.

spectrum—IPA 903  9.90% 964  6.88%
spectrum—IPA (+F0) 960 6.01% 965 6.77%
spectrum—F1,F2—IPA .883  10.99% 960 7.39%

spectrum—F1,F2—IPA (+F0) 953 6.59% 961 7.44%
true formants & FO—IPA ([2]) | .963 5.85% 980 5.47%

This work shows that perceived vowel quality is predictable
from formant frequencies as well as from the spectral energy
distribution with reasonable accuracy when including FO mea-
surements. Thus the vowel normalization problem seems to be
reduced to an acceptable residual error. But the problem of pho-
netically different vowels belonging to the same phonological
class is far from being solved. Fig. 6 shows strongly overlap-
ping phonological vowel regions, especially for the /¢/ and the
/u/. Future work should concentrate on the relation between the
perceptual and the phonological layer of spoken language.

6. Acknowledgments

I thank all members of the CREST/ESP group at ATR, espe-
cially Nick Campbell and Parham Mokhtari for their valuable

comments on first drafts of this paper. Many thanks are due to
Sebastian Heid for providing his PhonDatlI-formant-database.

7. References

[1] L.C. W. Pols, L. J. T. v. d. Kamp, and R. Plomp, “Perceptual and
physical space of vowel sounds,” J. of the Acoustical Society of
America, vol. 46, no. 2, Pt. 2, pp. 458467, 1969.

[2] H. R. Pfitzinger, “Acoustic correlates of the IPA vowel dia-
gram,” in Proc. of the XVth Int. Congress of Phonetic Sciences,
Barcelona, 2003, in press.

[3] S. Ran, B. Millar, and I. Macleod, “Vowel quality assessment
based on analysis of distinctive features,” in Proc. of ICSLP '94,
vol. 1, Yokohama, 1994, pp. 399-402.

[4] S.Ran, B. Millar, and P. Rose, “Automatic vowel quality descrip-
tion using a variable mapping to an eight cardinal vowel reference
set,” in Proc. of ICSLP ’96, vol. 1, Philadelphia, 1996, pp. 102—
105.

[5] H. R. Pfitzinger, “Dynamic vowel quality: A new determina-
tion formalism based on perceptual experiments,” in Proc. of EU-
ROSPEECH ’95, vol. 1, Madrid, 1995, pp. 417-420.

[6] A. K. Syrdal and H. S. Gopal, “A perceptual model of vowel
recognition based on the auditory representation of American En-
glish vowels,” J. of the Acoustical Society of America, vol. 79,
no. 4, pp. 1086-1100, 1986.

[7]1 R.Jakobson, G. Fant, and M. Halle, Preliminaries to speech anal-
ysis. The distinctive features and their correlates. ~Cambridge;
Massachusetts: MIT Press, 1952.

[8] J.M. Anderson and C. J. Ewen, Principles of Dependency Phonol-
ogy. Cambridge: Cambridge University Press, 1987.

[9] J. M. Anderson and J. Durand, “Dependency Phonology,” in De-
pendency and non-linear phonology, J. Durand, Ed.  London,
Sydney, Dover; New Hampshire: Croom Held, 1986, ch. 1, pp.
1-54.

[10] K. N. Stevens, “The quantal nature of speech: Evidence from
articulatory-acoustic data,” in Human communication: A unified
view, P. B. Denes and E. E. David Jr., Eds. New York: McGraw-
Hill, 1972, ch. 3, pp. 51-66.

[11] H. R. Pfitzinger, “10 years of PhonDat-II: A reassessment,” in
Proc. of ICSLP ’02, vol. 1, Denver, 2002, pp. 369-372.

[12] D.J. Broad and F. Clermont, “Formant estimation by linear trans-
formation of the Ipc cepstrum,” J. of the Acoustical Society of
America, vol. 86, no. 5, pp. 2013-2017, 1989.

[13] P. Mokhtari and W. N. Campbell, “Quasi-syllabic and quasi-
articulatory-gestural units for concatenative speech synthesis,” in
Proc. of the XVth Int. Congress of Phonetic Sciences, Barcelona,
2003, in press.

[14] R.Plomp, L. C. W. Pols, and J. P. v. d. Geer, “Dimensional anal-
ysis of vowel spectra,” J. of the Acoustical Society of America,
vol. 41, no. 3, pp. 707-712, 1967.

[15] S.J.G. G. Heid, M.-B. Wesenick, and C. Draxler, “Phonetic anal-
ysis of vowel segments in the PhonDat database of spoken Ger-
man,” in Proc. of the XIIIth Int. Congress of Phonetic Sciences,
vol. 4, Stockholm, 1995, pp. 416-419.

[16] J.Hogberg, “Prediction of formant frequencies from linear combi-
nations of filterbank and cepstral coefficients,” KTH, Stockholm,
Speech Transmission Lab., Quarterly Progress and Status Report,
1998.

[17] D. Jones, An outline of English phonetics, 9th ed. ~ Cambridge:
W. Heffer & Sons Ltd., 1962.

[18] R. L. Miller, “Auditory tests with synthetic vowels,” J. of the
Acoustical Society of America, vol. 25, no. 1, pp. 114-121, 1953.

[19] H. Traunmiiller, “Perceptual dimension of openness in vowels,”
J. of the Acoustical Society of America, vol. 69, no. 5, pp. 1465—
1475, 1981.

[20] W. Klein, R. Plomp, and L. C. W. Pols, “Vowel spectra, vowel

spaces, and vowel identification,” J. of the Acoustical Society of
America, vol. 48, no. 4, Pt. 2, pp. 999-1009, 1970.



