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The paper investigates the interdependence between the perceptual identification of the vocalic quality
of six isolated Polish vowels traditionally defined by the spectral envelope and the fundamental frequency
F0. The stimuli used in the listening experiments were natural female and male voices, which were modified
by changing the FO values in the +1 octave range. The results were then compared with the outcome of
the experiments on fully synthetic voices. Despite the differences in the generation of the investigated
stimuli and their technical quality, consistent results were obtained. They confirmed the findings that
in the perceptual identification of vowels of key importance is not only the position of the formants
on the F1xF2 plane but also their relationship to F0O, the connection between the formants and the
harmonics and other factors. The paper presents, in quantitative terms, all possible kinds of perceptual
shifts of Polish vowels from one phonetic category to another in the function of voice pitch. An additional
perceptual experiment was also conducted to check a broader range of FO changes and their impact on
the identification of vowels in CVC (consonant, vowel, consonant) structures. A mismatch between the

formants and the glottal tone value can lead to a change in phonetic category.

Keywords: F0; formants; speech perception; vowel shifts; voice quality.

1. Introduction

The vowel space as defined by the frequencies of the
first two formants for contemporary Polish is sparsely
filled. However, it has not always been this way. In
the Middle Ages, Polish had additional narrowed vow-
els, i.e. /4/, /é/, /6/ (the grapheme § exists to this
day). In the earlier Proto-Slavic period, the Proto-
Polish vowel system included reduced vowels called
yers (DruGosz-KurczaBowa, DUBISz, 2006), which
underwent significant shifts. In contemporary Polish,
there are only six oral vowels, which are represented
by the phonemes: /i/, /y/, /e/, /a/, /o/, and /u/. De-
spite such a small repertoire of vowel sounds, the mis-
match between vowel formant frequencies and the glot-
tal tone FO may result in a change in phonetic category,
which has been proven in a number of listening experi-
ments conducted by the author (OwsIaANNY, 2001). To
generate test signals, a formant speech synthesizer has
been used. Results of these numerous and laborious
measurements of isolated synthetic vowels, published
in PROSODY 2000 conference proceedings, have been

included with the consent of the Polish Phonetic Asso-
ciation in the present paper to compare them with the
current data for natural vowels with the manipulated
fundamental frequency FO.

FANT’s (1960) theory of speech production is based
on the assumption that the source signal (i.e. the vi-
bration of vocal folds) is independent from the bank of
acoustic filters, i.e. the resonances of the vocal tract.
However, the frequency of the glottal tone F0, which
describes the work of vocal folds and the harmonics
defined by this frequency, have an impact on both real
and imaginary formants. Real formants result from the
resonances of the vocal tract, while imaginary formants
result from the integration of formants and particular
harmonics in the centre of gravity, COG (CHISTOVICH
et al., 1979). Naturally, due to their anatomical struc-
ture, female and child voices have higher formant val-
ues than male voices. Raised FO in the phonation pro-
cess and tensed vocal folds and larynx muscles lead to
increased formant frequencies through the raising of
the larynx (the thyroid cartilage) and, as a result, ad-
ditional shortening of the vocal tract (OBREBOWSKI,
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2008). Any change in voice pitch involves a change in
the formant frequencies F1, F2 (CHLADKOVA et al.,
2009) that have an impact on the phonological and in-
terpersonal variation between vowels (JASSEM, 1992;
PETERSON, BARNEY, 1952). CHLADKOVA et al. (2009)
prove that a change in the formant frequencies due
to FO changes is significantly greater for female voices
and apply more to the first formant F1. Intended FO
change causes changes in formant values both in short
and long Czech vowels. However, the greatest formant
change occurs in open vowels. This effect is unre-
lated to the aforementioned anatomical and physiolog-
ical dependencies. The authors suggest that this phe-
nomenon can only be attributed to the spectral under-
sampling hypothesis (DIEHL et al., 1996), which con-
cerns the formant dependence on FO and the F1 xF2
vowel plane expansion for female voices and the con-
sequent compensatory effect of retrieving information
that has been lost due to increased gaps between
harmonics. They estimate the percentage rate for re-
trieved information caused by increased F1 values due
to increased FO values for open vowels, which is 64
percent. This hypothesis seems to work only for rel-
atively small FO value changes (for female voices, FO
was changed only within the 200-280 Hz range). It also
appears that the possibility of changing formant val-
ues adapted to FO changes is specifically restricted by
the size of the vocal tract and the limited range of ar-
ticulator movements. DIEHL et al. (1996) also empha-
size additional, i.e. behavioural, reasons for a greater
between-category dispersion of female vowels on the
F1xF2 plane. This is related to the sexual dimor-
phism hypothesis which is based on Darwin’s argu-
ment that acoustic differences between male and fe-
male phonemes become more prominent as both gen-
ders want to demonstrate greater distinctiveness. The
authors also attempt to find a reason for this non-
uniform scaling and for weaker vowel identification
due to an increased FO frequency. On the other hand,
what stands in some contrast to the effect of vowel
space expansion for female voices with higher F0O val-
ues than for male voices is the interdependence of the
mean acoustic distance (in dB) between English vowels
and the fundamental frequency, which shows a notable
decrease with increased FO for both male and female
voices (DIEHL et al., 1996). A lower mean acoustic dis-
tance with increased FO results in weakened identifica-
tion and worse perception for high FO values, which is
commonly observed. ASSAMANN and NEAREY (2008)
claim that “the gradual decline in accuracy as a func-
tion of both upward and downward spectral envelope
shifts and the interaction between spectral envelope
shifts and FO suggests the additional operation of per-
ceptual mechanisms sensitive to the statistical covari-
ation of F0O and formant frequencies in natural speech”
(p. 3203). Thus, the previously mentioned hypotheses
that attribute decreased identification values solely to

an increased FO are far from sufficient. This point will
be confirmed by author’s findings discussed in the lat-
ter part of this paper. ASSAMANN and NEAREY (2008)
prove that when FO and the spectral envelope scale
factor are shifted in the same directions (they both
grow or decline), vowel identification is more precise
than in the cases when they are shifted in the oppo-
site directions. Those studies, however, concern vowels
in general, not individual phonemes, which will be the
subject of inquiry in the present study.

The effect of increased formant values in relation
to the glottal tone and harmonics can easily be ob-
served in the female voice pronouncing a vowel /a/
in the spectrogram in the Fig. 1. How do the values
of the first two formants change as a function of time
with an increased F0O? At first, they increase signifi-
cantly and then the formants start to overlap with the
lower harmonics. For high F0 values, it is very difficult
to precisely determine the formant values. It is only
feasible to attempt to estimate these values.

Besides the observed impact of the FO frequency
on the values of the lowest formants, another sub-
ject of inquiry was the impact of FO on vowel per-
ception. Perceptual studies by FANT (1960), CARLSON
et al. (1975), CHISTOVICH et al. (1979), DI BENEDETO
(1994), DI1EHL et al. (1996), IMIOLCZYK (1991), JOHN-
SON (1988a; 1988b), SYRDAL (1985), TRAUNMULLER
(1981), HIRAHARA and KATO (1992) and others prove
a considerable impact of the fundamental frequency
FO on the perceptual vowel quality. It has been found
that the same structure of the formants can cause
them to be perceived as two different vowels depend-
ing on the frequency of the excitation source. Modi-
fying the position of the formants, especially the low-
est ones, F1 and F2, with the constant voice pitch,
causes a change in vowel quality. Greater changes have
a distinguishing impact on the phonetic category. By
way of analogy, small manipulations of the fundamen-
tal frequency FO change the sound of the vowel through
the impact on the perception of its opening. Greater
FO changes (after exceeding a critical value) can re-
sult in a change in phonetic category, as has been
proven by CARLSON et al. (1975), SYRDAL (1985) and
OWSIANNY (1995, 2001). This effect, which is a func-
tion of vowel similarity in a given language, is con-
ditional on the density of the vowel space. The for-
mants of a given vowel need to be correlated with
the appropriate fundamental frequencies. If their FO
is too low, the perceived vowel becomes more open.
Conversely, if FO is too high, the vowel is perceived
to be more closed (TRAUNMULLER, 1981). The effect
of a perceptual vowel shift due to the glottal tone fre-
quency changes occurs most frequently in female voices
(OWSIANNY, 1995). They are much more susceptible
to FO changes and the number of misidentified vowels
with considerable FO changes is approximately three
times higher than in male voices.
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Fig. 1. The waveform and the spectrogram of the vowel /a/ pronounced by a female voice. The fundamental frequency

contour FO, indicated by the blue line, changes in the 140-776 Hz range, the frequency of the first formant (F1, red line)

increases from the 550 Hz mark, whereas the frequency of the second formant (F2, red line) increases from 1050 Hz to an
indefinite value.

What also needs to be mentioned here is the per-
ceptual normalization of the sender’s vocal tract and
elimination of individual variability, i.e. the ability
to properly classify a phoneme produced by voices
that exhibit significant acoustic differences. On the one
hand, when we hear sounds with fairly similar F1 and
F2, we identify them as different phonemes. On the
other hand, there are male, female and child voices
with very different F1 and F2 values of a phoneme,
which is, however, identified as the same sound in
a phonemic sense. The FO frequency is a normaliz-
ing factor here: it plays a key role in the process
of the perceptual normalization of the sender’s vocal
tract (IMIOLCZYK, 1991). MAURER et al. (2015) while
investigating real vowel vocalization even argue that
the differences in the position of the lowest formants
(< 1.5 kHz) disappear when the FO value is identical
for different groups of speakers: women, men and chil-
dren. He puts forward the conclusion that these find-
ings confirm the huge impact of FO on the position of
the lowest formants.

In the aforementioned work (OWSIANNY, 2001), the
software formant synthesizer, modelled on Klatt’s sys-
tem (KrLaTT, 1980; KLATT, KLATT, 1990), was used
to resynthesize the Polish vowels /i/, /y/, /e/, /a/,
/o/, and /u/ produced by female and male speakers.
These prototypical phonemes were modified by vary-
ing the FO fundamental frequency in the range of +1
octave with a 1/4 octave step in relation to the F0
course obtained for individual voices. The frequencies

of the two lowest formants were also varied. 5,292 test
signals were used. The listeners were tasked to iden-
tify vowels played in random sequence. The results
show that any mismatch between the formant frequen-
cies and the voice pitch results in a change in pho-
netic category. Female voices are more susceptible to
FO changes. Considerably decreased FO values for fe-
male voices cause the vowel /y/ to be identified as /e/,
/o/ is identified as /a/ while /u/ is identified as /o/.
By contrast, increased F0 values for female voices re-
sult in the perceptual replacement of /e/ by /y/. The
perceptual identification of the male /a/ as /o/ due
to an increased FO value or the replacement of the fe-
male /o/ by /a/ with a decreased FO can easily be
explained by the similarity of the formant frequen-
cies of the male /a/ and female /o/. However, to ex-
plain the identification of the female /e/ as /y/ by
more than a half of the listeners, it is necessary to
invoke the effect of the centre of gravity (COG), as de-
scribed by CHISTOVICH et al. (1979), TRAUNMULLER
(1981), and SYRDAL (1985), which provides a satisfac-
tory account of this phenomenon. The effect consists
in the frequency selectivity of the auditory system, i.e.
the ability to hear particular components in a com-
plex sound, which is linked with masking of the acous-
tic signal and the critical band theory (JORASZ, 1999).
A different approach to this issue is taken by JOHNSON
(1988a; 1988b), who focuses on the process of adjust-
ment to the talker, in which FO serves as an indicator of
talker identification and vowel normalization is a result
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of the internal vowel space adjustment. D1 BENEDETO
(1987) also notes that the perceptual boundaries be-
tween /i/ and /e/ in American English change due
to FO while SUNDBERG (1977), who studied singing
voices, shows that vowel identification and their pitch
level during singing can be maintained by lowering the
mandible and raising mouth corners, which results in
higher F1 values and the adjustment of the fundamen-
tal frequency to F1.

The present paper includes a series of studies on the
perceptual identification of Polish natural oral vowels
produced by various speakers and modified by a change
in the frequency of the glottal tone FO. The results of
the experiments are then compared with earlier results,
which pertain, by contrast, to fully synthetic voices.
In previous studies, many researchers restricted them-
selves only to determining the accuracy of vowel recog-
nition, analysing a whole set of vowels or individual
vowels in a specific language and their relation to FO.
Moreover, they did not concentrate on erroneous iden-
tifications. Drawing on author’s experiments and the
ensuing conclusions, they were focused on misidentifi-
cations, i.e. perceptual replacement of an intentionally
produced vowel by another one, which is misidenti-
fied by listeners due to the FO change. Besides purely
scientific values, such an approach can prove partic-
ularly useful in aiding the recognition of spontaneous
and emotionally loaded speech in the automatic speech
recognition systems (ASR) in the cases of big changes
in the FO parameter that could lead to the misidentifi-
cation of vowels, which are the nucleus of the syllable
and transfer suprasegmental information. Suggestions
on the principles of the perception of Polish vowels can
be used in the construction of acoustic models that are
better adjusted to the real world of speech sounds and
that will ensure a higher ratio of accurate recognition.

2. Description of experiments

Isolated Polish vowels were recorded in the follow-
ing sequence: /i/, /v/, /e/, /a/, Jo/, and /u/ with the
sampling frequency of 44.1 kHz and a 16-bit depth,
using the Shure Beta 58 A dynamic supercardioid vo-
cal microphone connected to the Zoom H4n recorder.
This mode of recording ensured independence from
the acoustic conditions of the surroundings and iso-
lation from other sources of sound thanks to the mi-
crophone’s directional characteristic. The vast major-
ity of the recordings were made in a recording studio
with a reverberation time of 0.5 seconds, the others
in silent and strongly damped rooms. From among 57
subjects recordings, 31 voices were finally selected. The
subjects were native speakers of Polish, aged 24 to 50
(the vast majority of them were young people). 21 sub-
jects were female while 10 were male. The selection cri-
teria were: vowel production quality and naturalness,
recording quality (appropriate level and signal-to-noise

ratio of more than 35 dB), vowel duration (from 200 to
300 ms), the interval between vowels much longer than
the vowel duration itself (it totalled from 1.5 x to 4 x,
which ensured a small coarticulation effect), constant
frequency of the glottal tone FO. All of these crite-
ria were treated equally. The greater susceptibility of
female voices to the perceptual shift was taken into
account; thus, in the listening tests, the female voices
outnumbered the male ones by a proportion of 2:1.

The recordings were edited, i.e. the intervals be-
tween the vowels were silenced and brought down to
0 dB. Then the recordings were modified by vary-
ing their fundamental frequency FO in the range of
£1 octave with a 1/4 octave step. To this aim the
PSOLA (Pitch Synchronous Over Lap-Add) algorithm
was used (MoUsA, 2010). PSOLA is generally regarded
as a highly effective tool in FO transformation as it
mostly does not interfere with the spectral structure
and provides a high quality of the modified signal
(KORTEKAAS, KOHLRAUSCH, 1997). Signal duration,
formant frequencies and the general sound of each
person’s voice remained unchanged despite FO mod-
ifications. In the experiment the “pitch fixer.praat”
script was used. Written by Mark Antoniou of the
MARCS Auditory Laboratories, and working under
the PRAAT software (BOERSMA, WEENINK, 2013),
it automatically sets FO to a predetermined value.
The resynthesized vowels were checked for their acous-
tic properties; the analysis included FO values, formant
properties and the course of intensity. The FO mean
value for the female voices was 223.2 Hz (SD = 33 Hz),
while for the male voices 123.4 Hz (SD = 18.6 Hz).
Figure 2 shows sample waveforms and spectra for the
vowel /a/ in the range of +1 octave.

By means of the Sound Forge Pro 11.0 software, all
recorded and transformed vowels were normalized in
terms of sound intensity level. The effective levels of
all vowels were brought to the same value of —18 dB
RMS, which ensured acoustic and dynamic balance in
terms of perceived stimulus pitch. Then the normalized
vowel sequences were split into single phonemes and
recorded. This yielded a total of 1,674 test signals saved
in the .wav format. They came from 31 speakers (31
voices x 6 vowels x 9 FO values). These signals were
used in the listening experiments.

Assuming that a vowel is determined by the fre-
quencies of the lowest two formants, each of them
can be represented as a point in the F1 xF2 two-
dimensional graph. Figures 3 and 4 present points that
show the location of natural vowels pronounced by men
and women, whose voices were used in the current
experiment and the places of the occurrence (in the
F1 x F2 coordinates) of synthetic vowels from the 2001
experiment (they are indicated by unfilled markers of
the corresponding colour and asterisks). In the previ-
ous experiment, the first step was to select the natu-
ral vowel prototypes, and every prototypical vowel was
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Fig. 2. The waveform and the spectrogram of the vowel /a/ pronounced by a female voice with the AF0 value of -1, 0,
+1 octave. FO transformation did not change the frequency of the formants. The fundamental frequency contour FO was
indicated by the blue line, formants contours by the red lines.

modified by changing the formant parameters, i.e. de-
viating the frequencies of the first and second formant
by permanent and specified values. Specifically, the
first formant (F1) was deviated by 50 Hz, 100 Hz and
150 Hz up and down from the real values whereas the
second formant (F2) was modified by 150 Hz, 300 Hz
and 450 Hz, respectively. The set of points belonging
to one vowel formed a quantized area whose centre in-
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cluded the values of the two lowest formants of the
prototype. Figures 3 and 4 show the areas of iden-
tification of the tested vowels produced by male and
female voices from both experiments. It is worth not-
ing that while in the current experiment the points
represent different but natural values for real voices,
the points from the previous experiment refer to the
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hypothetical voices. It can also be said that, besides
/o/ and /u/, the voices selected for the current exper-
iments match the central positions of the earlier areas
of vowel identification. The aforementioned phonemes,
for both male and female, represented by the unfilled
markers had too high F1 values.

2.1. Listening experiments

The experiments involved 20 otologically normal
listeners aged 25-40 (11 females, 9 males). They were
tasked to listen to vowels played in random sequence
and assign them to one of the six phonetic categories.
The listening session was composed of two 40-minute
blocks. The stimuli were presented in random order
separately for each listening session and for each of
the subjects. For the purposes of the experiment, the
PsychoPy open-source application was used. Written
in the Python language (PEIRCE, 2007), this psycho-
logical software package enables users to monitor pre-
sented stimuli and save results to a .txt file. In the ex-
periments, the listeners used the C/A USB DAC con-
verter, the FiiO E10K amplifier, and the Sennheiser
HD215 headphones. The experiments were conducted
in the Poznan Supercomputing and Networking Cen-
ter’s recording studio. The six vowels were displayed on
the monitor screen as potential answers. The listeners
were asked to select one perceptually correct answer
(with no repetitions) using a computer mouse or key-
board. The stimuli were presented at intervals of at
least three seconds. The listeners could not use an ex-
tra category “unnatural sound” when answering the
question about the kind of perceived vowel. If they
could, they would most likely select this answer af-
ter hearing a modified vowel when exposed to quality
changes. The main object of interest was potentially
‘incorrect’” answers indicating a perceptual shift.

The results of the experiment, i.e. the parameters
of sent and received stimuli and reaction times, were
recorded in a table, which enabled their multivari-
ate analysis. The mean number of misidentified vowels
(i.e. answers in which the listeners wrongly identified
the stimulus by assigning it to a phonetic category
other than the suggested prototype) was 117 out of
1,674 stimuli, which is 7% of the total. The incorrect

answers were given far more frequently in the case of
the female voices (6%) than the male ones (1%). Even
if we consider the fact that the number of the proto-
typical female voices was twice that of the male ones,
then the number of the misidentified female voices is
still much higher. The proportions between the ratios
of answers concerning the female and male voices are
similar to the findings of the 2001 experiments. How-
ever, in the experiments conducted 17 years ago, prob-
ably due to the overlap of the areas of identification
of individual vowels (Figs 3 and 4), the percentage of
misidentified vowels was much higher and reached an
average of 37%. A possible reason for this high rate of
incorrect answers was worse quality of the vowel stim-
uli in the 2001 experiments: the sampling frequency
was only 10 kHz while the depth was 8 bits and the
vowel prototypes were differently defined (the vow-
els /o/ and /u/ had too high F1 values compared to
the vowels identified in the current experiment even
though those values were certainly within the range
of the parameters of the Polish vowels). Last but not
least, the vowels in the 2001 experiment were synthetic
as they were produced in a formant synthesizer. Their
quality, albeit worse than in the current realizations,
did not raise any concerns then.

The total number of misidentified vowels results
from both random and systematic errors, that is errors
that are caused by the mode of presentation, unnatu-
ralness of sound, contrast and coarticulation as well
as the listeners’ reactions to FO induced vowel modi-
fications, which were the aim of the perceptual exper-
iment. The last kind of error which describes depen-
dence on FO is interesting from the perspective of the
experiment’s objective, that is determining the kinds
of perceptual identification shifts from one vowel to an-
other due to FO as well as describing and accounting
for this phenomenon.

With a view to testing this assumption, additional
experiments were planned to be conducted. In these
tests, the FO range was to be increased up to +2 oc-
taves. In another experiment, CVC (consonant, vowel,
consonant) pseudowords were to be used to test the
identification of vowels in syllables. The new experi-
ments were to be conducted solely on female voices.
Table 1 provides an overview of all three experiments.

Table 1. Overview of the experiments.

Experiment 1

Experiment 2

Experiment 3

Objective

of +1 octave; comparison with the
results of the 2001 experiment.

Identification of 6 vowels with|F0 range extensions: FO in | Vowels in CVC structures; FO in the
modified FO values in the range|the range of £2 octaves

range of 1.5/42 octaves

No. of stimuli
31 voices x 6 vowels x 9
FO = 1,674

21 female voices + 10 male voices; | 21 female voices;
21 voices x 6 vowels x 7
FO = 882

10 female voices;
10 voices x 14 CVC pseudowords x 6
FO = 840

No. of listeners|20 (11 women + 9 men)

15 (7 women + 8 men)

12 (6 women + 6 men)
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2.2. Results. Comparison with the results
of the previous experiment

The most interesting finding relates to the results
displayed in the graphs showing the identification
of vowel pairs that come separately from the male
and female voices between which changes in phonetic
categories were observed in 2001. Phonetic change
category was then defined as occurring when more
than 50% of listeners have assigned a given vowel to
another specific phonetic category. Phonetic categories
perceptual shifts due to FO changes, were observed
then for male speakers (to a small degree) and female

speakers. The charts in Fig. 5 show dependence of
the vowel pairs identification on the FO frequency
for female speakers. The shape and direction of FO
changes observed for the 2001 experiment responses
for this category of voices are consistent with the
current experiment response characteristics. The 2001
experiment results, represented by dotted and dashed
lines in the figure, are located close to the centre of
the identification range, indicating that both vowels
from a given pair were equally likely to be selected by
the listeners. However, what needs to be emphasized
is that the two experiments were based on different
ways of vowel modification. In the earlier experiment,

a) Identification of vowel /y/ in pair /y/—/e/
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5 2
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Fig. 5. Charts showing the rate of identification (in percentages) of the vowel pairs /y/—/e/, /e/—/y/, Jo/—/a/, /u/—/o/
(produced by female speakers), within which shifts have been observed due to FO changes. The dotted and dashed lines
indicate the results of the 2001 experiment.
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this was achieved by using one of the parameters of
formant, spectral-parametric synthesis, which ensured
the production of recurrent and unambiguous speech
elements. In the current experiment, the PSOLA algo-
rithm was used. The stimuli used in both listening ex-
periments also differed in quality: in 2001 the sampling
frequency was 10 kHz and the depth was 8 bits while in
the current test the sampling frequency was 44.1 kHz
and the depth was 16 bits, which is CD quality. The
results of both experiments are consistent only with re-
spect to the female vowels shown in Fig. 5. The courses
of vowels produced by the male voices show some simi-
larities to the data obtained earlier. However, the shifts
towards another vowel are hardly noticeable (percep-
tual shift /a/—/o/). The charts showing the percent-
age rates for the identification of vowels pronounced
by female speakers, that is /y/, /e/, /o/ and /u/ in
the pairs /y/—~/e/, /e/=/y/, [o/=/a/, /u/= /o], be-
tween which shifts due to FO changes have been ob-
served, are indicated by the continuous line. The data
for the 2001 experiments are indicated by the dotted
and dashed line. The right arrow between the analysed
vowel shifts shows a change in phonetic category due
to increased or decreased FO values. While the results
have consistent shapes and direction of FO changes,
the curves obtained in the current experiment do not
cross the 50% identification rate in the charts. There-
fore, there is no indication of a change in phonetic cat-
egory, as defined above. Only the pair /y/—/e/ (that
is a change in the identification of the female vowel
/y/ into the male /e/ due to decreasing FO by -1 oc-
tave) is close to meeting this requirement. The rate
of identification of /y/ as /e/ with FO decreased by
-1 octave is only 41.7%, failing thus to meet the 50%
requirement. For the same F0 value, the identifica-
tion rate for /y/ as /y/ is slightly lower, at 54.5%.
In the remaining cases, the listeners identified /y/ as
Ju/ (2.4%) and /o/ (1.4%). The sum of all percentages
is 100%, which is equivalent to 315 listener responses.
As for a specific pair, in this case /y/—/e/, the first
chart (Fig. 6a) shows the identification of the vowel
/y/ (the upper part of the chart) and the identifica-
tion of the vowel /y/ recognized as /e/ (the lower part
of the chart) and does not include the other phonemes
indicated by the listeners (i.e. /u/ and /o/), the up-
per and lower lines for a given pair are not symme-
trical.

Even though the courses in the charts of Fig. 5
that show the pairs /e/—/y/, /o/—/a/, /u/—/o/ are
similar in shape, it cannot be argued that due to FO
modifications performed by PSOLA, natural vowels
undergo a change in phonetic category. What actually
happens is a perceptual shift in vowel identification as
opposed to the vowel shift on the F1 x F2 plane men-
tioned in the introductory section of this paper. If the
FO range was continually increased, it would likely re-
sult in a change in phonetic category.

It is assumed that the closeness of the areas of iden-
tification has an impact on the incorrect assignment of
vowels to a specific phonetic category. Even though in
the 2001 experiment, there was a greater overlap in the
areas of the male vowels than in the case of the fe-
male voices, the shift effect occurred more frequently
in the female voices. The vowel misidentification rate
for the female voices is around seven times higher com-
pared to the male ones in both the 2001 experiment
and in Experiment 1. What is the reason for this? Real
and natural voices are almost entirely separated from
each other on the F1 x F2 plane, as is shown in Figs 3
and 4; yet there are identification shifts, especially in
the female voices. This special case of female voices
could be explained by the fact that by increasing the
frequency of the glottal tone we transfer them in a nat-
ural way to the area of child voices, and by decreas-
ing the frequency we bring them to the area of male
voices. Obviously, the sheer multiplying/dividing F0
values is not sufficient for creating natural sounding
child or male voices (OWSIANNY, 1994). “High funda-
mental frequency causes the harmonics of female voices
to appear further apart from each other. This, in turn,
facilitates the processes of auditory integration of har-
monics in the vicinity of F1 into one ‘centre of gravity’
(CHISTOVICH et al., 1979; SYRDAL, 1985), which can
lead to the auditory shift of the first formant and, in
result, to phonetic category shift.” (OWSIANNY, 2001,
p. 203). This conclusion can easily be proven consid-
ering the identification of the vowel /e/ as /y/ due to
increased FO values in the 2001 experiment (indicated
by the dotted and dashed lines in Fig. 5b). By dou-
bling the frequency of the glottal tone FO, an initially
high F1-F0 value for /e/ (about 4.5 barks) decreases to
the value far lower than 3 barks (units of a subjective
pitch sound scale), which enables a perceptual shift
F1 towards lower frequency values, and makes the new
pattern of formants similar to the vowel /y/. Doubling
the FO value for the current experiment proved insuf-
ficient: there was no change in phonetic category; yet
a certain perceptual shift has been observed. However,
by applying the same theory, it is difficult to describe
the perceptual shift of the vowel /y/ to /e/ with a de-
creased FO value by 1 octave (Fig. 5a), primarily due to
the high density of the harmonics. After all, the curves
for the 2001 case and the current one are surprisingly
consistent.

Worth noting is the lack of symmetry in the identi-
fication of the vowel /o/ (Fig. 5¢) as well as in the case
of other pairs, which results from the fact that the
listeners identified a specific vowel as different from
the other vowel in a given pair. Here are the data
for the shift of /o/ to /a/ due to the modified funda-
mental frequency AF = +1 octave: in 71.9% of the re-
sponses the vowel /o/ was identified as /o/, in 24.3% as
Ju/,in 2.6% as /a/,in 0.7% as /i/, and in 0.5% as /e/.
Hence, there is no symmetry between the identification
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Table 2. Mean opinion score and standard deviation as a function of frequency change F0 obtained as a result of testing
the quality /naturalness of vowels presented to listeners in experiment 1. The study was conducted using the subjective
MOS test method. A five-point scale was used: from 1 (poor quality) to 5 (perfect quality).

AF0 [octave] -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 +1.00
MOS score 2.92 3.44 3.86 4.03 4.39 4.12 3.80 3.57 3.37
SD 0.70 0.50 0.40 0.33 0.35 0.39 0.47 0.54 0.60

of /o/ and /a/. This case is also interesting due to dou-
ble, two-sided changes in identification: with AF = -1
octave /o/ is identified as /a/ in 21.9% of cases, with
AF = +1 octave /o/ is identified as /a/ only in 2.6% of
cases, but in 24.3% of cases as /u/.

An interesting dependence (which is intuitively
completely obvious) has been observed and confirmed.
For all dependences of identification on F0 (Fig. 5)
displayed in the charts, the curves of identification of
vowel pairs for natural vowels (continuous lines) for the
unchanged fundamental frequency AF0 = 0 are always
very high and equal to 100% or a little less for an inves-
tigated vowel, and close to 0 for a vowel towards which
identification is shifted due to FO. Interestingly, such
a phenomenon is not observed in the case of synthetic
voices in the 2001 experiment (dotted lines). It turns
out then that the fundamental frequency F0, which is
natural for a particular voice, receives special and ex-
ceptional treatment as it is always correctly recognized
by the listeners. It is proven by the fact that a specific
vowel represented by the two lowest formants needs to
be linked with adequate FO (IMIOLCZYK, 1991), which
listeners can correctly recognize. A natural pitch of
a vowel pronounced by the speaker is privileged by lis-
teners.

Using the analysis of variance ANOVA, the impact
of FO on listener reaction times (the time lapse between
stimulus generation and indication of the correct an-
swer) has been investigated. At the significance level
p = 0.05, there are no grounds for rejecting the zero
hypothesis that listener reaction times are indepen-
dent of different values of FO, which is an independent
variable. FO change has no impact on listener reaction
times during the identification of specific vowels.

Tests of quality, naturalness were performed using
MOS (mean opinion score) for signals from experi-
ment 1. A five-point scale was used: from 1 (poor qual-
ity) to 5 (perfect quality). Prior to the experiments,
the listeners were adequately instructed and prepared
(natural vowels with different pitches produced by fe-
male speakers were presented). However, out of the 7
listeners taking part in the experiment, the results of
only five were further analysed. The results of the lis-
teners who misidentified the real vocalizations for the
un-deviated FO were omitted.

A rather uncommon vowel “roughness” was ob-
served with the fundamental frequency FO decreased
by —1 octave. This feature was confirmed by the results

of a test of stimulus quality (below). The phonemes
with FO decreased by —1 octave received by far the
most negative ratings (over 58% of all answers in this
category, which is only 0.8% of total answers). For
F0 = -0.75 octaves, the 1 point rating was given in 22%
of answers while in the case of the high FO = +1 octave,
in 3.7% of responses. It should be added that, despite
some unnaturalness, the phonemes with extreme FO
deviations were still easily identifiable in terms of pho-
netic category evaluation.

2.3. F0O range extensions. Experiment 2

The data for the identification of vowel pairs pro-
duced by the female speakers in experiment 1 (they
confirm a perceptual vowel shift due to FO changes
in the +1 octave range but do not indicate a change
in phonetic category) have been subjected to a twice-
larger FO change to test the claim about a change in
phonetic category in female voices due to FO modi-
fications. Such an FO change is common in sponta-
neous speech, especially in the production of highly
emotionally-loaded speech. The glottal tone frequency
was changed in the +2 octave range with a 1/ octave
step. Models of six Polish vowels produced by 21 female
speakers from the previous experiment were used. The
stimuli were obtained by changing vowel sequences us-
ing the PSOLA algorithm. The vowels sequences were
then normalized in terms of sound intensity level to the
value of —18 dB RMS and split into single phonemes.
The entire set of the stimuli totalled 882 items (21
voices x 6 vowels x 7 F0 values) was evaluated by 15 lis-
teners (7 females and 8 males). They, like in the previ-
ous experiment, identified individual vowels presented
in random order. The mean number of incorrect an-
swers for each listener was 162, which accounted for
18% of all responses. The incorrect answers for spe-
cific vowels were as follows: /i/ (3%), /a/ (6.4%), /u/
(8.9%), /e/ (22%), /y/ (26.8%), /o/ (33%). The charts
in Fig. 6 presenting the rate of identification of the
vowels /y/, /e/, /o/, and /u/ as a function of FO show
the distribution of incorrect answers. Even though the
phonetic category did not change in every vowel pairs
under investigation, only in the case of the vowel /e/
for AF0 = +2 octaves, the change in phonetic cate-
gory, /e/ into /y/, is prominent (Fig. 6b). For the
same F0 value change, the rate of identification for
/v/ markedly decreases to 54% (Fig. 6a) while for the
vowel /o/ even to 17.5% (Fig. 6¢). In this last case,
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Fig. 6. Charts showing the rate of identification (in percentages) of the vowel pairs /y/—/e/, /e/—~/y/, /o/—/a/, and
/u/—/o/ (produced by female speakers), within which shifts have been observed due to FO changes in the range of +2
octaves.

the identification of /o/ spreads over other phonemes
and is identified by the listeners as /i/: (1.6%), /y/
(2.2%), /e/ (8.9%), /a/ (4.8%), Jo/ (17.5%), and /u/
(65.1%). These results, especially the last one, explain
the low identification rate for the vowel /o/ with FO
twice increased compared to the natural value. The
vowel /o/ produced by 21 female voices was in such cir-
cumstances identified as /u/ by 65.1% of the listeners.
Accordingly, the phonetic category has changed, from
/o/ to /u/, as is shown in Figure 6¢c. Hence, an addi-
tional curve has been added to show the identification

rate for the vowel /u/. The notation /o/—/u/ indicates
that with FO values equal to 1.5 and 2 octaves, in more
than 50% of cases, the listeners identified the vowel
/o/ with high F0 as /u/. The shape of the curves from
Fig. 6 is in fact consistent with the dependencies of
identification as a function of FO observed with smaller
FO0 value changes from the first experiment. Increasing
the range of FO changes did not, however, cause ex-
pected changes in phonetic category of /y/ to /e/ with
decreased FO values (Fig. 6a), of /o/ to /a/ (Fig. 6¢)
or of /u/ to /o/ (Fig. 6d) with decreased F0. In all
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likelihood, with such large FO changes, the quality of
transformations of vowels generated by the PSOLA al-
gorithm proved to be insufficient. In view of the result
of the 2001 experiment, an expected change in pho-
netic category due to increased FO values occurred in
the perceptual shift of /e/ to /y/ (Fig. 6b). An unex-
pected result was a significant decrease in the identifi-
cation rate for the vowel /o/ in favour of /u/ with FO
values increased up to 1.5 and 2 octaves (Fig. 6¢).

2.4. Investigating CVC structures. Experiment 3

The empirical material in this experiment consisted
of 840 CVC structures (produced by female speakers)
with a fricative consonant in the onset and the nasal
consonant /m/ in the rime with different FO values.
The vowel phonemes were represented by /e/ and /y/,
between which shifts due to FO changes were observed.
All of the utterances were pseudowords composed in
accordance with Polish phonotactics and did not con-
stitute lexical units. Fricative consonants were thus se-
lected to follow the above rules. For this reason, /s’/
and /z’/ were omitted as these two fricatives cannot
be followed by the VC combination that includes the
nasal /m/ in the rime. As a result, a total of the follow-
ing 14 utterances were created: /hem/, /hym/, /sem/,
Jsym/, fem/, [fym/, /Sem/, [Sym/, [zem/, [zym/,
/vem/, /vym/, /Zem/, /Zym/. The list of utterances,
written in standard orthography, was read aloud by 10
female speakers and then recorded and saved in the
.wav format in CD quality. Prior to the experiment,
it was assumed that FO values would be changed by
+2 octaves with a 15 octave step. In actuality, how-

ever, it proved impossible to create a set of stimuli
with AF0 = -2 octaves out of the available inventory
of patterns (using the PSOLA algorithm). As was the
case with the previous experiments, the pseudowords
were normalized in terms of sound intensity level to
the value of —18 dB RMS and split into single utter-
ances. The complete set of stimuli totalled 840 test
signals (10 female voices x 14 CVC pseudowords x 6
FO0 values) which were to be identified in the listening
experiment.

Twelve people took part in the experiment: 6 fe-
males and 6 males. The number of incorrect answers,
i.e. responses with the misidentified middle vowel,
ranged across the participants from 87 to 155, giving
an average of 116, which was 14% of all responses. The
standard deviation was 23. The analysis of the results
excluded errors caused by the misidentification of the
fricative in the onset. The syllable-final /m/ remained
unchanged in all of the utterances under investigation.
If the listener misidentified a consonant but correctly
identified the vowel, such cases were not regarded as
identification errors.

The results are displayed in Fig. 7, in the charts
that show the identification rates for the pairs of CVC
pseudowords (including /y/ and /e/, with varying FO
values) produced by female speakers. The identifica-
tion of /y/ does not show strong dependence on the F0
frequency (Fig. 7a) or similarity to course of the identi-
fication of an isolated vowel from Fig. 6a. What we do
observe, however, is that the course of the identifica-
tion of the vowel /e/ in a CVC structure as a function
of FO (Fig. 7b) is similar to the course of the iden-
tification of an isolated vowel from (Fig. 6b). Moreover,
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_ 100 ° ° o
X
~ 75
o
= 50 —g
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Fig. 7. Charts showing the rate of identification (in percentages) of the pairs of CVC pseudowords including the vowels
/y/—/e/and /e/—/y/ (produced by female speakers), within which shifts have been observed due to FO changes in the
range of +2/ — 1.5 octaves.
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there is a change in phonetic category: /e/ changes into
/y/ with AF0 equal to ca. +1.5 octaves. A very sim-
ilar threshold limit has been recorded for the isolated
vowel /e/. Deviation from the glottal tone frequency
by a small positive value in relation to the investigated
models results in a perceptual shift towards the vowel
/y/ whereas as a result of the deviation by +1.5 oc-
taves, over 50% of the listeners misidentify the vowel
/e/ in a CVC structure.

The impact of the fricatives used in the experiment
on the identification of the vowels /y/ and /e/ in the
CVC structure was examined. A statistical evaluation
of the results has been conducted, using the one-way
ANOVA. It was found that the influence of individ-
ual fricatives (independent variable) was statistically
insignificant in relation to the mean identification (de-
pendent variable) at the significance level p = 0.05 for
both vowels /y/ and /e/.

3. Discussion

The experiments on the identification of Polish nat-
ural oral vowels (occurring in isolation and in CVC
structures) produced by various speakers and mod-
ified by FO frequency changes show the significance
of this parameter in the case of female voices. These
voices were thus used in the majority of the experi-
ments. The obtained results were then compared with
the results of the experiments on synthetic voices. The
courses of the curves for the identification of natural
and synthetic vowels as a function of the fundamen-
tal frequency FO for female voices show consistency
in shape and direction of FO changes. However, not
always did this result in a change in phonetic cate-
gory, i.e. the case when more than 50% of the listen-
ers identified a vowel as a different phoneme (Fig. 5).
Such a change occurred only when F0 values were more
deviated from the +1 octave range (Figs 6b, 6¢, 7b).
Sometimes, as was the case with the change of the fe-
male vowel /y/ to /e/, greater deviation of the FO pa-
rameter towards lower frequencies from experiment 2
(Fig. 6a) although they confirm the results of experi-
ment 1 (Fig. 5a) (considering the lack of common data
for AF = -2, -1.5, +0.25, +0.5, +0.75 octave), it did
not lead to a change in the phonetic category, which
may indicate insufficient quality of the assessed stimuli
or different and listener-specific reactions to the same
set of stimuli. Another factor at play may be the im-
pact of the experience from the previous listening ex-
periments. However, it needs to be emphasized that
the direction of the perceptual shift has remained un-
changed (for AF0 = -1 from Fig. 5a a change in pho-
netic category almost occurred whereas for the same
value of deviated F0O shown in Fig. 6a, it did not occur).
Sometimes, it was enough to increase the glottal tone
frequency by 0.5 octaves to cause an expected percep-
tual change of /e/ to /y/ (based on the course of the

identification curves for synthetic voices) for natural
voices at AF0 = +1.5 octaves (Fig. 6b). And it even
happened that a similar increase in FO values in the
case of the perceptual identification of the vowel /o/
caused an unexpected but very spectacular change in
phonetic category of /o/ to /u/ (Fig. 6¢). As regards
the vowels /e/ and /y/ in CVC structures, the results
did not confirm a change of /y/ to /e/ due to decreased
FO (Fig. 7a), which did occur in experiment 2 in the
case of isolated vowels (Fig. 6a). However, the reverse
change of /e/ to /y/ with increased FO values to +1.5
octaves is undeniable (Fig. 7b) and consistent with the
analogous change for isolated vowels (Fig. 6b).

The courses of the identification curves as a func-
tion of FO for synthetic and natural voices were sim-
ilar even though the percentage of misidentified vow-
els was markedly different, i.e. four times higher than
in the case of synthetic voices. However, it should be
noted that the arbitrarily selected area of occurrence of
a synthetic vowel in the F1 x F2 plane was significantly
larger; moreover, there was a partial overlap between
these areas.

In both current experiments a relatively huge dis-
crepancy was reported between the number of misiden-
tified vowels perceived by the experiment participants
and the high standard deviation (SD) values. In the
first experiment, the SD was 49 while in the second
one — 44 (these figures were independent of the listen-
ers’ gender and age). The key factor was experience in
listening to and identifying sounds. The best results,
in terms of the smallest number of errors, were found
among the young listeners, and the participants who
had some professional background in the assessment
and annotation of recordings.

The quality of the vowels transformed by the
PSOLA algorithm, especially for low and very high FO
values, showed many imperfections and serious errors.
Some of them could not be removed, which is why it
was decided not to transform CVC pseudowords with
AF0 = -2 octaves.

Changes in phonetic category were also studied by
HIRAHARA and KATO (1992) in their paper titled The
effect of FO on vowel identification. In their research,
they analysed male voices, which were evaluated by
separate groups of male and female listeners. In the ex-
periments, FO was not decreased below its base value
for vowels. What is important, however, is that the re-
searchers increased the values of four formants along
with the fundamental frequency. They very consis-
tently applied the subjective scale of sound pitch (mea-~
sured in barks) to describe frequencies. They presented
a schematic diagram of the course of vowel identifica-
tion that included theories of hearing and the tonotopic
organization of the cochlea. The proved the existence
of the following changes in phonetic category for male
voices due to increased F0: /e/ to /i/ or /u/, /a/ to
/o/, and /o/ to /u/. As the authors argue, “the FO af-
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fects the vowel quality in some stimuli even when the
formant set remains unchanged” (HIRAHARA, KATO,
1992, p. 108). But, interestingly, simultaneous changes
in FO values and specific formants along the bark scale
did not result in vowel quality changes.

It can thus be concluded that the FO frequency
serves an important normalizing function in the per-
ception of speech sounds. Whether we hear a male,
female or child voice, we select an appropriate scale
and find a suitable pattern of reinforcements of spe-
cific formants frequencies, which identify a particular
vowel (JOHNSON, 1988a; 1988b). Of special significance
is also the centre of gravity (COG) hypothesis put
forward by CHISTOVICH et al. (1979), TRAUNMULLER
(1981) and SYRDAL (1985), which binds all formants
with a ‘comb’ of harmonics that extend due to in-
creased FO. This effect of the auditory integration of
FO0 and harmonics is largely responsible for the per-
ceptual change in phonetic category for mid high FO
values and occurs across a sequence of neighbouring
sounds, from close to open. A suitable FO frequency
for a particular voice defines it and imposes limitations
on the range of possible changes for each individual
speaker. An F0 value which is unadjusted to a partic-
ular voice has a bad impact on vowel identification as
it can change the perceptual phonetic category of par-
ticular phonemes, against the speaker’s intention. As
already mentioned, the obtained results show that for
the unchanged FO values (AF0 = 0), the identification
rate for all of the vowels used in the listening experi-
ments was close to 100%. Deviation from the FO value
resulted in decreased identification rates (sometimes
by over 50%), and led to a perceptual shift or a change
in phonetic category. It seems impossible that there is
no defensive mechanism, based on auditory feedback,
that would prevent the misidentification process. Per-
haps increased formant values along with increased FO
for a specific voice (HIRAHARA, KATO, 1992; CHLAD-
KOVA et al., 2009; MAURER et al., 2015) play such
a role and eliminate at least some errors caused by
changes in the FO frequency. Expanding the F1 x F2
vowel space in the case of female voices, observed by
DIEHL et al. (1996) and raised by the spectral under-
sampling hypothesis, provides additional evidence for
this finding. Similar proposals are put forward by As-
SAMANN and NEAREY (2008), who argue that vowel
identification is more precise when FO and the spec-
tral envelope scale factor increase or decrease together,
compared to the situation when only one of these fac-
tors is subject to change. However, there is an impor-
tant limitation: the physical dimensions of the vocal
tract and the range of articulator movements (espe-
cially the tongue movements). Hence, for very large FO
changes during singing, for example, vocalists need to
search for another solution and resort to various tricks
to attain the intended effect of maintaining vowel iden-
tification and their volume level (SUNDBERG, 1977).

Such an approach explains why female voices are more
easily affected by FO changes and why the perceptual
vowel shifts and changes in phonetic category are more
frequent in female voices. Their vowel space is larger
by nature and it cannot grow any further as FO values
increase, which leads to distorted identification. An ex-
periment on the identification of child voices as a func-
tion of the FO fundamental frequency should provide
insights into the dependence between the FO frequency
and the spectral envelope (formant frequencies). Of
special interest are limitations of vowel space in child
voices. Thus, there are plans to conduct further per-
ceptual studies of natural child voices with FO values
changed by the digital signal processing technique. An-
other idea is to use the results of the 2001 experiment
in an attempt (through statistical methods) to inves-
tigate the under-researched problem of a temporary
vowel shift, i.e. naturally increased F1 and F2 formant
frequency values due to an increased voice pitch for
a speaker’s gender (Fig. 1). As a result, this research
can contribute to providing additional arguments for
the compensatory impact of formant frequencies on the
improvement of the perceptual identification of vowels
changed by the glottal tone frequency.

4. Conclusion

The paper showed the impact of voice pitch on the
perceptual identification of Polish oral vowels, includ-
ing isolated synthetic phonemes and natural phonemes
which have been modified by FO changes based on the
PSOLA algorithm. The study also investigated vowel
identification in CVC structures. All of these measure-
ments were made with unchanged frequencies of for-
mants in relation to FO changes. The paper presented
quantitative findings for the Polish language regarding
all possible kinds of perceptual shifts from one pho-
netic category to another as a function of voice pitch.
It is female voices that are most susceptible to such
changes. The most likely shifts for female voices due
to increased FO values are /e/ to /y/ and /o/ to /u/

or /o/ to /a/.
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