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This paper summarizes our research efforts in functional modelling of the relation-
ship between the acoustic properties of vowels and perceived vowel quality. Our
model is trained on 164 short steady-state stimuli. We measured F1, F2, and addi-
tionally F0 since the effect of F0 on perceptual vowel height is evident. 40 phonet-
ically skilled subjects judged vowel quality using the Cardinal Vowel diagram. The
main focus is on refining the model and describing its transformation properties be-
tween the F1/F2 formant chart and the Cardinal Vowel diagram. An evaluation of the
model based on 48 additional vowels showed the generalizability of the model and
confirmed that it predicts perceived vowel quality with sufficient accuracy.

1. Introduction

As early as 1890 Lloyd claimed that vowels with similar qualities have similar
formant frequency relations. During the following 62 years almost none of
the phonetic investigations on vowel quality contradicted this claim, which was
at the time remarkable. And even until recently, most vowel quality studies
(e.g. Fricker 2004) take into account only F1 and F2 and persistently ignore the
knowledge acquired during the second half of the 20th century. Therefore, it
appears to be useful to recall some of the relevant studies which led to decisive
conclusions and moved the vowel quality research forward.
Peterson and Barney (1952) recorded 76 American subjects (33 male, 28 fe-
male, and 15 children) producing 10 isolated monosyllabic words1 two times.
The resulting 1520 words (= 76 · 10 · 2) were presented to 70 listeners who had
to judge which of the 10 words they perceived, leading to 106400 judgements.
Formant charts with all 1520 vowels in the F1/F2 space revealed strongly over-
lapping regions even if non-uniformly judged vowels as well as all vowels of

1These words were heed, hid, head, had, hod, hawed, hood, who’d, hud, and heard.
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female speakers were excluded. Obviously, the F1/F2 space failed to represent
the vowel quality sufficiently, either in absolute or in relative terms.
Miller (1953) systematically varied the fundamental frequency of synthetic
monophthongs while keeping their spectral envelopes constant. He found a shift
of perceived vowel quality, i.e. if F0 was doubled the perceived vowel height
was raised. Many subsequent studies have confirmed these results (Traunmüller
1981; Syrdal and Gopal 1986; Di Benedetto 1987; Rooney, Vaughan, Hiller,
Carraro, and Laver 1993). They suggest that the distance between Bark-trans-
formed F1 and F0 corresponds to perceptual vowel height, and the distance
between Bark-transformed F2 and F1 represents perceptual vowel backness.
Inspired by the vowel perception experiments of Ladefoged (1967) who pre-
sented single-syllable word stimuli to a group of skilled phoneticians thus
achieving reliable vowel quality assessments, in Pfitzinger (1995) we inves-
tigated the perception of isolated monophthong stimuli produced by a single
speaker and judged by 20 skilled phoneticians. Based on the perception results
we developed our first functional model for speaker-dependent prediction of
perceptual vowel quality from acoustic measurements of F0, F1, and F2.
In Pfitzinger (2003a, 2003b) we developed and improved a functional model
based on Multiple Linear Regression analysis of acoustic and perception data
of 100 monophthongs cut from German read speech produced by 12 speak-
ers. Again, F0, F1, and F2 were measured to represent the acoustic proper-
ties. Judgements of 40 phonetically trained subjects measured as x- and y-coor-
dinates in the Cardinal Vowel diagram (Jones 1962) served as perception data.
The resulting model appropriately and speaker-independently predicts percep-
tual vowel quality from acoustic measurements. The inverse formulae of the
model enable the frequencies of F1 and F2 to be estimated from a perceptually
specified vowel quality (b,h) and a given target fundamental frequency. (b,h) re-
fer to perceptual vowel backness and height in an arbitrarily defined coordinate
system superimposed on the Cardinal Vowel diagram as shown in Figure 1.

1.1. Functional Modelling

Functional modelling is central to most of our investigations. It involves not
only understanding the function of a component and its impact on other compo-
nents of the speech chain. It also provides a formal description (usually in the
form of a computer program) which allows the accuracy of the model to be eval-
uated. The evaluation step is obligatory since all functional models are in some
sense only simplified imitations of samples of natural real-world processes and
thus always show a more or less imperfect behaviour.
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Figure 1: Dimensions of the Cardinal Vowel diagram used in our perception tests and in the
vowel quality prediction formulae.

2. Refinement of the Vowel Quality Prediction Model

In the present study we refined the reliability of the model developed in Pfit-
zinger (2003a) by estimating the model coefficients from extended acoustic and
perception data: F0, F1, and F2 frequencies together with the coordinates (b,h)
of 164 vowel tokens were submitted to Multiple Linear Regression analysis.
They consist of the original 100 monophthongs cut from German read sentences
produced by 6 female and 6 male speakers, and of 64 new monophthongs cut
from German spontaneous speech of further 4 female and 4 male speakers. The
new vowels were also judged by 40 phonetically trained subjects.

3. Results

The increased number of stimuli changed the vowel quality prediction formu-
lae presented in Pfitzinger (2003a) slightly: while the former model predicted
vowel backness more accurate when including F0, backness prediction of the
refined model did not benefit from F0 information. Presumably, the inclusion of
F0 in backness prediction of the former model was due to over-adaption to the
training data. Therefore, the corresponding formula was reduced to only three
coefficients. The refined formulae are:

ĥ =3.122 log(F0) − 8.841 log(F1) + 44.16

b̂ =1.782 log(F1) − 8.617 log(F2) + 58.29
(1)

where F0, F1, and F2 are in Hz. The estimated values for perceptual vowel
height ĥ and backness b̂ refer to the dimensions displayed in Figure 1. The
end-of-scale effect (Traunmüller 1981, p. 1469) poses a problem to any vowel
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Figure 2: Mean perception results and 90% confidence ellipses (light colors) of 164 German
monophthong stimuli and their predicted positions (dark numbers).

quality prediction model. Generally, it is a perceptual saturation effect limiting
acoustic values that exceed the end of a perceptual scale to the perceptual limit.
Accordingly, whatever fundamental and formant frequencies vowels have, they
lie within the Cardinal Vowel diagram boundaries.
In favour of its simplicity our model ignores these effects and therefore trans-
forms vowels with end-of-scale F0, F1, or F2 into positions outside the Cardinal
Vowel diagram. Consequently, it is necessary to graphically move vowel tokens
from outside the diagram boundaries to the boundary coordinate values.
The correlation coefficients of this refined model are r = 0.98 between per-
ceptual and predicted vowel backness and r = 0.96 between perceptual and
predicted height of the 164 vowels used in the training of the model. This
corresponds to a mean deviation of ± 1

18 of the mean Cardinal Vowel diagram
width and ±

1
15 of its height. The training vowels and their predicted positions

are shown in Figure 2.
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Figure 3: Relationship between formant frequencies (vertical: F1 in Hz, horizontal: F2 in kHz)
and the Cardinal Vowel diagram estimated by the refined model for two selected F0 frequencies.
Both marked vowels have the same F1 and F2 frequencies.

4. Analysis of the Transformation Properties

The formulae of the model also allow to systematically project all F1/F2 for-
mant combinations onto the Cardinal Vowel diagram for a given F0. As an illus-
trative example, this is done for two different fundamental frequencies (100 Hz
and 200 Hz) and displayed in Figure 3. It clearly shows the warping of the two-
dimensional formant space caused by the refined model. In particular, the effect
of F0 on perceptual vowel height is evident: while at a fundamental frequency
of 100 Hz a first formant frequency of 750 Hz is sufficient for the perception of
an open vowel, an F1 of about 950 Hz is necessary if F0 is 200 Hz.
F0 also influences perceived vowel backness: e.g. a vowel with F1/F2 frequen-
cies of 650 Hz/2 kHz and an F0 of 100 Hz is perceived as a front vowel. But
with an F0 of 200 Hz it is perceived more retracted (and raised) (see Figure 3).
The coefficients of the inverse formulae of the refined model, which predict
the frequencies of F1 and F2 given the coordinates of a vowel quality in the
Cardinal Vowel diagram (b,h) (see Figure 1) as well as a fundamental frequency,
also changed only slightly compared with Pfitzinger (2003a):

̂F1 = e0.3532 log(F0)−0.1131h+4.9951

̂F2 = e0.0730 log(F0)−0.0234h−0.1160b+7.7974 (2)

It is not surprising that while the refined model in formula (1) predicts per-
ceptual vowel backness b independent of F0, the inverse model in formula (2)
requires F0 in both equations. The reason is that in the equation for estimating
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Figure 4: Using the inverse refined model with four different F0 frequencies to project the
Cardinal Vowel diagram onto the linear F1/F2 frequency space.

̂F2 the original term ‘F1’ has been substituted by the equation for estimating ̂F1.
In Figure 4 the boundaries of the Cardinal Vowel diagram are projected onto the
linear F1/F2 space using formula (2) and four different F0 frequencies.
It is important that the combination of the trapezoid shape of the Cardinal Vowel
diagram and the Cartesian coordinate system being used in this study (see Fig-
ure 1) lead to vowel backness values b between 0 and 12.25 for high vowels,
while low vowels are transformed into values only between 5 and 12.25. Thus,
this vowel quality measurement method per se introduces a small amount of
correlation between backness and height.
If the goal is to analyse perception results statistically, the amount of correlation
which is technically introduced by the Cartesian coordinate system should be
removed from (b,h) measurements by transforming them into a square space:

B = 10
b + 0.5h − 5

0.5h + 7.25
(3)

The resulting coordinates (B, h) are also useful if the objective is to modify
the vowel quality in equally-spaced steps within the Cardinal Vowel diagram.
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Figure 5: Transformation of perceptual vowel qualities (bi,hi) within the Cardinal Vowel dia-
gram (left) into a square space (right) via formula (3).

Then, the inverse transformation of modified positions within the square space
into the Cardinal Vowel diagram is also needed:

b =
B (0.5h + 7.25)

10
− 0.5h + 5 (4)

Figure 5 portrays the effect of formula (3) on the shape of the Cardinal Vowel
diagram. It should be emphasized that when discarding vowel height informa-
tion the remaining values of the vowel backness dimension b are meaningless
except for (i) the case of back vowels or (ii) when referring to B.

5. Evaluation

Acoustic and perception data of 48 monophthongs taken from Pfitzinger (1995)
were used to evaluate the refined model. These vowel stimuli corresponded to
the following 11 vowel phonemes of the German vowel system: /i/, /e/, / � /, /a/,
/ � /, /o/, /u/, / � /, / � /, / � /, and / � /. Additionally, an allophonic realization of /a/ was
also recorded which is used in some dialects of southern Germany. Since it is
more retracted than the standard German /a/ it is denoted by the symbol / 	 /.
A native German speaker produced the 12 vowels in isolation with two different
fundamental frequencies: 105 Hz and 230 Hz (±1 semitone). The mean dura-
tion of the resulting 24 vowels was 208 ms (±18%). Inappropriate articulation
or too large variation of F0 or duration has been immediately rejected during
the vowel stimulus recordings. A second stimulus set was created by carefully
shortening the 24 vowels to 50 ms in order to investigate the effect of vowel
length on vowel perception (Weiss 1972).
20 skilled German phoneticians perceptually judged each of these 48 vowels 5
times. Thus, each perceptual reference position in the Cardinal Vowel diagram
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Figure 6: Evaluation results: Perceptual and predicted positions of 24 vowels. Half of them
have an F0 of 108 Hz (l) and the other half 230 Hz (h). Lines join each predicted position (bold)
with two perceptual reference positions for long (L) and shortened (S) versions of the vowels.

is derived from 100 judgements.
Figure 6 shows the application of the refined vowel quality prediction model
to acoustic measurements of F0, F1, and F2 of the underlying 24 vowels and
the 48 perceptual reference positions. The mean deviation of the prediction
results from both reference positions (= the average length of all joining lines
in Figure 6) is ±

1
17 of the mean Cardinal Vowel diagram width and ±

1
17 of its

height. These deviations are similar to those achieved with the 164 training
vowels.
A significant amount of error is due to the vowels / � h/, /al/, /ah/, / � l/, and / � h/.
Both perceptual reference positions for the vowels / � h/, /al/, and /ah/ are very
close which means that the judgements of the phoneticians were not biased by
the length of these vowels. Thus the error is caused by the model.
But for / � l/ and / � h/ the influence of vowel length on perception is obvious and
in accordance with the literature (Weiss 1972): The shortening of these vowels
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leads to a raised vowel height perception. The predicted positions are closer to
the reference positions for the short vowels which might be due to the fact that
all training vowels had a comparatively short duration of 80 ms.

6. Discussion

The evaluation of the refined perceptual vowel quality prediction model re-
vealed that (i) the model generally achieved a reasonable prediction accuracy,
and that (ii) even a jury of skilled phoneticians is not able to completely ignore
the phonological system of their native language in case of very few vowels.
Since the mean duration of the long vowels was 208 ms and regarded as phono-
logically long, we do not expect our prediction model, which was developed on
the basis of short vowels (80 ms), to be able to predict phonologically biased
vowel quality judgements with high accuracy.
In Pfitzinger (1995) we have already shown that the shortening of isolated
monophthong vowels leads to a significant raising of vowel height judgements
of skilled German phoneticians (t̂ ≈ 2.639 > t0.01;2398 ≈ 2.581, **). And
in Dioubina and Pfitzinger (2002) we found that phonetically trained subjects
with different native languages do not perfectly agree when judging vowel qual-
ity by means of the Cardinal Vowel diagram. Finally, in Pfitzinger (2003a) we
reported that skilled phoneticians are not able to exactly repeat their judgements
after a period of one year.
Obviously, the experimental method of judging vowel quality by plotting its
position in the Cardinal Vowel diagram yields perception data near to the limit
of human precision. This method is also suited to evaluate and compare the
different levels of experience of phoneticians since in all our perception exper-
iments some phoneticians steadily produced small deviations from the mean
group results and from their former individual judgements.
However, we still conclude that mean perception results of a group of phoneti-
cians are the most reliable source for the assessment of vowel quality (Pfitzinger
2003a). The reason for this is that in a group of subjects random deviations of
individual subjects from a target position compensate each other so that only
systematic effects remain. By increasing the number of participants the relia-
bility of the mean results also increases.
If in a study on vowel quality a group of phoneticians is not available the pre-
diction model could be applied to approximately imitate their mean judgements
since only a few skilled phoneticians are able to determine vowel qualities more
precisely than the prediction model.
Phonological bias is a top-down process, that means a listener interprets the
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Figure 7: Model of speech analysis/synthesis along layers which have different degrees of
abstraction.

sounds of speech with reference to knowledge of the phoneme system and co-
occurrences of phonemes of a specific language. Listeners with different native
languages interpret the same acoustic stimuli in different ways. E.g. shortening
of the vowels /e/ and /o/ leads to a tense/lax category change and the perception
of / � / and / � / for German listeners (Weiss 1972) but not for Danish listeners
(Fischer-Jørgensen 1975). And Dutch listeners perceive an / � / when shortening
an /o/ (van Son 1993).
Because of the presence of effects like these a functional model which makes no
use of phonological knowledge and which uses only vowel intrinsic features can
not sufficiently predict the phonological vowel category. Nevertheless, many
studies (e.g. Syrdal and Gopal 1986) try to solve the problem of acoustic-to-
phonological mapping by taking into account only vowel intrinsic features. It
seems that this problem is underestimated.
In Figure 7 we try to illustrate the outline of our theory on vowel identification:
between the acoustic layer and the concept layer (which contains the phono-
logical layer and other higher-level knowledge bases) are at least three addi-
tional layers with different degrees of abstraction. The “wide phonetic tran-
scription layer” is e.g. used in spoken language databases to enable access to
the speech signal by means of a very limited set of labels. These coarse labels
are phonologically motivated but denote real speech segments which appear in
various allophonic realizations. In contrast, the “narrow phonetic transcription
layer” additionally provides all phonetic symbols and diacritics to symbolically
describe the segmental features of the speech sounds as precisely as possible.
Finally, the “perceptual layer” is a continuous layer closely related to the acous-
tic features of speech but with parameters in a meaningful and easy-to-modify
domain (such as the Cardinal Vowel diagram). Note that only the “acoustic fea-
tures layer” contains — highly encoded — information about the gender or age
of a speaker.
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In this paper we only solved the problem of transition from the acoustic fea-
tures of vowels to the perceptual layer. In Pfitzinger (2003b) we investigated
several ways to further abstract from vowel quality information but with only
limited success since we did not include contextual or dynamic information.
This remains to be done.
Since only F0, F1, and F2 are taken into account the generation of synthetic two-
formant stimuli via the inverse model could lead to mean deviations greater than
the investigated transformation accuracy from the acoustic to the perceptual
vowel quality representation. Therefore experiments with synthetic vowels are
subject to our future research. The vowels of the Secondary Cardinal Vowel
diagram are conspicuously excluded from this paper since their investigation is
not finished yet.
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