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ABSTRACT

The effect of interrelation between voice pitch and formant
frequencies on the perception of synthetic vowels was
investigated. Using a software cascade parallel formant speech
synthesizer SMOK, modelled on the system of D. H. Klatt and
capable of producing high quality speech, six Polish vowels /i/,
/i, fel, /al, fo/, lu/ spoken by male and female speakers were
resynthesised. Those prototypical vowels were subsequently
modified by varying fundamental frequency FO in the range of
+1 octave in relation to the original values. 15 subject (10
male and 5 female) participated in the listening experiments.
Their task was to identify vowel stimuli presented in random
order. The results indicate that it is not formant frequencies
alone, but also their relation to FO. That is of crucial
importance in the perceptual identification of vowels.
Discrepancy between formant frequencies and voice pith may
lead to a shift in phonetic category.

1. INTRODUCTION

According to a traditional acoustical description, vowel
quality depends on power spectrum envelope and is
independent of voice fundamental frequency FO. Yet,
perceptual studies show that vowel quality is affected both by
intrinsic pith and by the fundamental frequency of voice.
Carlson at al. [1] showed that the same formant structure can
be perceived as two different vowels depending on the
frequency of the excitation source. Traunmiiller [15]
demonstrated the effect of the F1-FO distance expressed in
Barks on the perceived openness of vowels. He showed in his
experiments that shifting FO and F1 concurrently along the
tonal scale does not essentially change the impression of
openness, whilst shifting F1 alone causes a change in phonetic
category. Perceived vowel openness changes depending on FO
even if formant frequencies, commonly held responsible for
perceptual vowel identity, remain the same. At constant FO,
small changes in formant frequencies lead to a vowel quality
change, greater ones may entail a change in phonetic category.
Analogously, if an FO change reaches a certain critical value,
a phonetic category shift may also result. This effect is the
function of similarity of vowel phonemes in a given language;
it is the more pronounced, the more densely the perceptual
vowel space is filled.

Similar suggestion can be found in numerous papers [14,
15]. For the Polish language, the most insightful analysis was
offered by Imiolczyk [4], who carried out a series of listening
experiments using steady-state synthetic vowels r(eprescnting
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different voice categories (formants were scaled using Fant’s
scaling factors [3]). This analysis led him to the conclusion that
FO is the principal factor responsible for perceiving an
utterance as produced by male, female or child speaker.
Consequently, FO plays a key role in the perceptual
normalisation of the speaker’s vocal tract. Formant frequencies
can only be properly interpreted on the basis of information
carried by FO. Formants characterising a given vowel must
combine with an appropriate fundamental frequency. If the FO
value is too low, the vowel is perceived as more open.
Conversely, if the FO value is too high, the vowel is
perceptually more close.

The aim of the present work was to verify the results and
suggestions presented by Imiofczyk, however using close
synthetic replicas of natural Polish vowels, rather than steady
state vowels, and to estimate, at least roughly, the boundary
values of FO at which a shift in phonetic category occurs.

The conviction that format frequencies and FO in male,
female and child voices are directly interrelated motivated
Maurer et al. to study natural vowels. They showed that
differences in format frequencies partly disappear when FO is
identical for different groups of speakers. This refers: to the
first and second formants of back vowels.

The problem of the effect of voice height on format
frequencies is strictly related with the attempts to explicate the
mechanism of the already mentioned perceptual normalisation
of the speaker’s vocal tract, and thus elimination of
interspeaker variability. Normalisation enables Iisteners to
correctly identify and classify the same phone spoken by a
male , female or child voice, even though with respect to their
acoustic structure the utterances are markedly different. The
explication of the normalisation mechanism is an essential
question in automatic speech recognition. It seems that speech
synthesis may considerably contribute to the solution of this
problem. Two hypotheses are currently most popular.
According to one of them, FO normalisation is the result of
auditory integration of FO and the harmonics in the vicinity of
F1 in a spectral centre of gravity (SGC; this effect was first
reported by Chistovich et al. [2]) [14, 15]. In his papers
published in 1988, Johnson {6, 7] puts forward another
hypothesis. It refers to the process of adjustment to talker in
which FO serves as a pointer to speaker identification, and
vowel normalisation is the result of adjusting inner vowel space
which provides reference for incoming sounds. Increased
reaction times in identification of stimuli of considerably varied
FO0, in comparison with identification of stimuli of identical F0,
is an argument corroborating this hypothesis.
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vowel FO[HZz] F1{Hz] F2[Hz]

F3[Hz] F4[Hz] F5[Hz]
e —————

F1-FO[Bark]

EN i 308 321 2768 3665 4441 - 0.12
i 266 494 2209 2940 4433 - 2.09
e 260 669 2045 2862 4427 - 3.60
a 247 871 1474 2858 4223 - 5.23
0 247 703 1089 2821 4019 - 3.99
u 235 458 809 2870 4228 - 2.07
BS i 184 300 2207 3118 3402 4122 1.11
i 150 388 1887 2607 3451 4053 2.26
e 135 589 1745 2593 3618 4040 4.14
a 113 731 1172 2516 3558 4426 5.51
0 110 569 889 2677 3412 4400 4.24
u 123 342 672 2805 3525 4201 2.10

Table 1. Mean fundamental frequency and formant frequency values calculated on the basis of parameters defining Polish vowel
produced by a female (EN) and a male (BS) speaker. The last column presents the F1-F0 difference expressed in Barks.

2. EXPERIMENT
2.1 Preparation of stimuli

Utterances of six Polish vowels: /i/, /i/, /e/, lal, /o/, Iu/
spoken one after another in an isolated manner were used as
model utterances in the present work. Average duration of
vowels was ab. 200 ms. Care was taken to ensure a high
recording level and consistence in FO contours of individual
vowels. After low-pass filtering and sampling at 10 khz,
utterances were stored on computer disk. Using an LPC-based
software speech signal analyser, parameters necessary for
vowel resynthesis were extracted. For each frame the program
calculated the following parameters: fundamental frequency FO,
formant frequencies and bandwidths as well as overall gain,
treated as amplitude of glottal tone. Using a specially
developed program, the above parameters were transformed to
the format conforming to that of the formant synthesiser
SMOK [12]. Following necessary corrections of parameter
courses and manual editing of other ("new") synthesizer
control parameters, synthetic replicas of the vowels were
generated (the SMOK synthesiser is controlled by means of 37
parameters, 3 of which are constant and 34 time-variable,
which allow the selection of an optimum system configuration,
describe the glottal tone shape and the transfer function of the
vocal tract). Altogether, six voices were synthesised using the
method described: 4 female and 4 male. Their naturalness was
verified in listening experiments presented in [12]. The
listeners’ task was to identify natural and synthetic vowels
presented in random order, indicate when a vowel sounds
synthetic, give speaker’s gender and, in a follow-up test,
identify the speaker (having learnt to do so in a training session
during which natural utterances were presented). The results
obtained confirmed that the synthetic utterances sounded very
natural and that they reflected personal voice features of the
original speakers. LPC proved a useful method for parameter
eXtraction.

Mean values of frequency parameters, i.e. fundamental
frequency FO, and formant frequencies, used to control the
synthesiser in the generation of the Polish vowels (for one of
the female voices and male voice) are presented in Table 1.
The frequencies FO and F1 were used for the calculation of the
F1-FO0 difference expressed in Barks, shown in the last column.
In accordance with the already mentioned Traunmiiller’s theory
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[15], the obtained values are a measure of openness of the
synthetic vowels. If the Polish vowels were to be ordered from
the most close to the most open then taking into account mean
F1-F0 values for the individual vowels, the order would be as
follows: /i/, /i/, lu/, /el lol, /a/.

Synthetic replicas of natural vowels described above were
modified. Changes were limited to only one parameter, namely
fundamental frequency F0, even though in a natural voice such
a modification entails a change of formant frequencies and
parameters describing the glottal tone: OQ[%], defining the
ratio of the duration of the open phase of the glottal period to
the overall period duration and modelling the spectrum in the
low frequency range as well as TL[dB], determining the rate
of spectrum envelope fall-off for frequencies above 3 kHz in
relation to an envelope showing a typical fall-off of -12
dB/octave (cf. [8, 9, 10, 13]). The adopted range of RO
changes was 11 octave with a 1/4 octave step in relation to the
FO course obtained for the individual voices. Modifications
were effected using the SMOK parameter editor, by parallelly
moving FO courses up and down the frequency scale,
synthesising the stimuli and storing them on disk. In this way,
the original inventory of 36 vowel utterances (6 voices * 6
vowels) was increased ninefold, i.e. up to 324 utterances, of
which 216 were derived from female vowels and 108 from
male ones. Bach Polish vowel was ultimately represented by 54
realisations coming from 6 different voices and with 9 different
FO patterns.

The complete material was randomised using a specially
developed program and stored on magnetic tape. The inter-
stimulus interval was 3s. After each 45 signals, a 7s musical
intermission followed. Such an organisation of the test material
was reflected in the answer sheets supplied to the listeners,
which enabled them to monitor the number of the currently
identified signal.

2.2 Listening experiments

5 female and 10 male subject participated in listening
experiments carried out in an anechoic chamber. 5 subject
listened to the whole material 3 times. Since high consistence
of responses was observed for those 5 subject, multiple
listening was abandoned. The remaining subjects were
presented. The 324 test vowels once only. Their task was to
identify the vowels occurring in random order. Altogether, 25
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AF0[octave]

3, 1le

6e, 6i, 1u 7i, 4e 14i, 1e, 1u 28i, 3u
5%, 20 2 10¢ 53¢
So 60 210, 2e 150
11a, 2u 20a, Su 19a, Su 20a, 19u
1lo 30 30

Table 2. The number and kind of erroneous responses to synthetic Polish vowels which were modified copies of male (upper part
of the table) and female (lower part) utterances. FO was changed within the range of +1 octave, with a step of 1/4 octave, in relation

to the original FO courses extracted from the natural vowels.

filled-in answer sheets were obtained.

3. RESULTS AND CONCLUSIONS

Of the total of 324 vowels presented in one test the number
of "misidentified" ones (i.e. those that were assigned to
phonetic categories different from what formant frequencies
"suggested") varied between 21 and 79. The average number
of errors was 44.3, which corresponds to 13.7% of incorrect
identified vowels. Obviously, some errors may have been due
to chance, some may have resulted from certain unnaturalness
of the stimuli (synthetic vowels), the manner of presentation,
coarticulation etc., and some were "errors” caused by the
purposeful changes in fundamental frequency FO.

The results of the listening tests are shown in table 2. It is
divided into two parts. The upper one shows the number and
kind of erroneous identifications of those synthetic vowels
which were FO-modified copies of natural vowels produced by
male speakers. The lower part of table 2 presents analogous
data for synthetic vowels derived from female "prototypes". Of
the total number of 324 stimuli presented in random order in
each test, 108 were derived from male and 216 from female
voices. Of the total number of 2700 "male" stimuli, 161 were
misidentified (60%). Analogously, of the total number of 5400
"female" stimuli, 927 (17.2 %) were identified incorrectly. This
errors rate, almost 3 times higher than for the male voices,
proves that female voices are more susceptible to FO changes,
which makes phonetic category shifts more likely. It is
noteworthy that female voices are “"limited", in terms of FO, by
male and child voices. This entails a more critical evaluation
of those voices by the listener and is an important cause of
difficulties in attaining high quality female synthetic speech.

During the preparation of the test material it was observed
that the identification of vowels of varied FO was relatively
easier when the vowels were presented in a "block" of similar
mean FO values (e.g. if they belonged to one voice). This was
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the case even if the formants of a female /o/ were combined
with a "male" (i.e. decreased by 1 octave) fundamental
frequency. However, if the same utterance /o/ was evaluated
in isolation, a majority of listeners classified it as representing
the phoneme /a/. This observation is in agreement with the
contrast effect occurring in FO normalisation (cf. Johnson [7:
p.255)).

Voice height exerts an essential influence on the perception
of the degree of opening of vowels: for a given formant set,
the higher the fundamental frequency, the more close the
vowel; the lower the fundamental frequency, the more open the
vowel. If FO changes reach a certain critical value, a shift in
phonetic category may ensue. this effect is to a high extent
dependent on similarity of vowel phonemes in a given
language. In Polish, the greatest articulatory acoustical and
perceptual similarity characterises the /o/-/a/ pair. Considering
this and the ordering of Polish vowels with respect to the
degree of opening (cf. section 2.1 above) it is easier to
interpret and evaluate the results presented in table 2. It has to
be remembered that the maximum number of erroncous
responses for the individual vowels and appropriately modified
FO frequencies (this refers to one table cell) is 50 (2 * number
of listeners) for the male voices and 100 (4 * pumber of
listeners) for the female voices. Now, it is not difficult to note
that for the male voices a change in phonetic category may
take place if formants typical of /a/ are combined with a
doubled fundamental frequency. Of the 50 cases possible, in as
many as 34 (68 %) the listeners recognised the vowel as /o/. A
characteristic gradual rise in the number of /o/ responses is
noted as FO increases, thus increasing the "mismatch" between
voice height and formant frequencies.

As already mentioned, vowels produced by female
speakers are "more precisely defined" than male, which
favours phonetic category changes. Thus, for example, a
significant lowering of FO causes /i/ to be identified as /e/, /o/
as /a/ and /u/ as /o/. On the other hand, increasing FO for this
voice category will bring about a change of /e/ into /i/. Whilst
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the perceptual change of the male /a/ into /o/ resulting from
increased FO or, conversely, of the female /o/ into /a/ resulting
from decreased FO can be ascribed to the similarity of formant
patterns in the male /a/ and the female /o/, in order to
understand e.g. identifying the female /e/ as /¥ by the majority
of the listeners, the theory offered by Traunmiiller [15] has to
be applied. The mean F1-FO difference for the female /e/ in
the voices considered is 3.9 Bark. As FO increases, this
difference decreases until it reaches a value smaller than the
critical one equal to 3 Barks. Now, the process of auditory
integration of FO and the harmonics in the vicinity of F1
becomes operative and a "gravity center” reaches a value close
to the first formant of a child’s '/i/, it will be interpreted as
such by the listeners. The theory of auditory integration
explains well the kind of particular perceptual changes and
defines a relative boundary at which this effect is manifested.

The data describing the listeners’ reaction to vowels of
unmodified FQ are presented in the middle (shadowed) column
of table 2. They reflect real systematic errors which should be
considered and explained. Their reason should primarily be
sought in the coarticulation effect present in the original natural
vowels. The vowels used in the test were close copies of the
natural ones. As coarticulation is a natural feature of speech,
closely related with it, it was left to "interfere” with the
experiment.

At constant voice height, modifying formant locations (esp.
of the lowest formants) causes a vowel quality change. Greater
changes bring about shifts in phonetic categories. Analogously,
small manipulations of FO change vowel quality by affecting
the perception of the degree of opening. The consequence of
greater FO changes, when a certain critical value is reached,
may also be, as shown above, a phonetic category change.
Thus, a certain compensatory effect of voice pitch on formant
frequencies can be observed in vowel perception. It is not
formant frequencies alone, but also their relation to F0, that is
of crucial importance in vowel perception. Discrepancy
between formant frequencies and voice height may lead to a
shift in phonetic category.

The results of the present work will be used in the synthetic
output of a system translating speech from English into Polish.
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