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ABSTRACT

The question of vowel intelligibility as a function of
Fy is still a matter of debate. Above all concerning
vowel sounds produced at Fys exceeding vowel-
related statistical F; in citation-form words
(‘oversinging’” F;), it is unclear whether vowel
category perception inevitably shifts towards the
neighboring category with a higher F, or can be
maintained in such cases. In this study, we tested
listeners’ perception of the long German vowels
/i-y-e-@-g-a-0/ produced by a trained female speaker
in the context of minimal pair words (/I-V-gen/) at
nine Fg-levels between 220 and 880 Hz. Results
showed that vowel identification was maintained
>80% up to F¢=740 Hz for /e-@-¢/ and up to
F=880 Hz for /i-y-a-o/. Thus, vowel identification
could be maintained in cases of F, significantly
exceeding F,. The role of neighboring vowels, vowel
duration, and other productional and acoustical
aspects relevant for vowel perception at different Fys
is discussed.
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1. INTRODUCTION

Several studies indicate that vowel intelligibility is
compromised when the fundamental frequency (Fy)
significantly exceeds the first formant frequency (F,)
in terms of both speaker-specific and statistical F; in
citation-form words (the latter produced at Fy = 220
Hz). Early support for this view goes back to self-
experiments by Helmholtz [8] who observed that the
vowel /u/ shifts towards /o/ if the corresponding
sound is produced at Fyexceeding 175 Hz. In a more
detailed study, Howie and Delattre [11] investigated
the intelligibility of the five English and four French
vowels /i, e, a, o, u/ and /y, @, & 3/ sung by a
baritone and a soprano (legit style) in isolation
(hereafter V condition) at different levels of Fy
(ranges of Fy = 132-396 Hz for the baritone, 264—
1056 Hz for the soprano). They found that the iden-
tification performance of the listeners generally
decreased when F; exceeded F; of a vowel in
question. Hollien et al. [10] studied the perception of
the three corner vowels /a, i, u/ produced in V con-
dition by 18 professional male and female singers

(legit and musical-theatre styles as well as singing
teachers, ranges of Fo = 62—554 Hz for male singers,
165-1319 Hz for female singers). They found that
when F, of a sound exceeded F; of a back or front
vowel, its perception shifted to the back or front
vowel with the next higher F; and then to /a/, (i.e., /i/
shifted progressively to /1/, /e/ and then /a/, and /u/
shifted to /U/, /o/, /a/, and then /a/, respectively).
Deme [4] investigated the perception of these three
corner vowels produced by a single professional
soprano singer (legit style) in V condition as well as
in consonantal context, i.e., CVC condition. She
found further support for this view for both
production conditions. Identification rates dropped
below 50% at Fy > 260 Hz for /i/ and > 350 Hz for
/u/, while the identification rate of /a/ remained >
80% up to Fo = 988 Hz for unaltered V and CVC
conditions, and > 60% up to the same F, level for
isolated vowels with the onset of voicing removed.
In his attempt to define an upper limit for Fy of
identifiable vowels in singing (legit style), however,
Sundberg [22, 23] takes a more prudent stand.
Searching for the highest percentage of correct
identifications observed in various investigations of
sung vowels [1, 7, 14, 16, 19, 20], he concluded for
a possible identification > 80% of all vowels up to
Fy= 500 Hz although this frequency exceeds
substantially F; of vowels such as /i, y, u/. As an
explanation, he refers to pitch-dependent formant
frequencies in singing, above all used by female
singers, and states that, in such a singing technique,
the decrease of vowel intelligibility is limited while
loudness is gained [21, p. 129]. Moreover, referring
to Smith and Scott [17], he indicates possible vowel
identification for sounds at even higher levels of Fy,
above all when produced in CvC
condition [23, p.87], and referring to Gottfried and
Chew [6], he points out the impact of a raised larynx
for the production of intelligible vowel sounds.
Smith and Scott [17] indeed reported results of a
perceptual test of the front vowels /i, I, €, @/,
produced by a soprano in legit style as well as with
raised larynx, which showed an identification rate of
70% for all vowels up to Fo= 880 Hz in V condition
with raised larynx and of 70-76% for all vowels up
to Fo= 1108 Hz in CVC condition in legit style as
well as with raised larynx. In a recent study of vowel
perception in the singing and speaking in Cantonese



Opera style, Maurer et al. [12] reported
identification rates > 80% up to Fy~=~ 820-860 Hz for
the front and back vowels /i, a, o, u/ produced as
syllables (C)V or (C)V:S. In line with this, yet
concerning the perception of vowels at high Fs
produced by untrained speakers, Maurer and Lan-
dis [13] reported high identification rates > 90% for
all of the five long German vowels /i, e, a, o, u/ pro-
duced by children in V condition up to Fo =~ 660 Hz,
and for the corner vowels /i, a, u/ up to Fo = 840 Hz.

Thus, the results in the literature are inconsistent and
we are left with the question whether or not vowel
intelligibility is substantially compromised at Fs
significantly exceeding typical F; wvalues and,
therefore, an increase of F, is accompanied by
perceptual shifts from vowels with low F, towards
vowels with medium and high F;. The present study
addresses this question by means of an investigation
of the identifiability of the long German vowels
,v,¢,0,¢ a0 produced by a female speaker
(professional musical-theatre singer) in the context
of minimal pair words (/1-V-gen/) at nine levels of Fy
in the range of 220-880 Hz and perceptually tested
in a listening test involving 28 subjects. Hereafter,
the vowels are separated into three subgroups, the
front vowels /i, y, ¢, 9, €/, the vowel /a/, which was
produced by the speaker within the range of /a-a/
(no front-back classification applicable), and the
back vowel /o/. The vowel /u/ has not been included
because the word /ugen is not a commonly known
and used lexical unit in the German language.

2. METHODS
2.1. Subjects

A group of 28 Swiss German native listeners (all
students at the University of Zurich; 15 female, 13
male; mean age = 23.1, sd = 1.5) participated in the
experiment. None of them reported any kind of
hearing impairments.

2.2. Stimuli and apparatus

A female speaker (age = 33; Swiss German native
speaker, professional musical-theatre singer)
produced the German vowels /i, y, e, @, €, a, o/ in
/1-V-gen/ context at Fy of 220, 440, 587, 659, 699,
740, 784, 831 and 880 Hz. Digital recordings
(44.1 kHz sampling rate, 24-bit resolution) were
made in a noise-controlled room at the University of
Zurich using a cardioid condenser microphone
(Sennheiser MKH 40 P48 with pop shield) and an
audio interface (Fireface UCX) connected to a PC.
The speaker-microphone distance was 30 cm.

For each of the Fos investigated, the speaker was
instructed to produce the vowels in word pairs as

minimal pairs within two sets of vowel contrasts,
front vowels and /a/, and the back vowel /o/ and /a/,
in AB and BA order. Thus, all vowels were
contrasted with each other within the sets of
i,v,e,9,a and /o, a/ in the two possible orders of
the words in a pair, e.g., liegen vs liigen, liigen vs
liegen, liegen vs legen, legen vs liegen etc.

Piano notes were presented as reference sounds to
the speaker via loudspeaker immediately preceding
the production.

Listening to the utterances (first and second author),
for each vowel and each level of F,, the word token
that appeared to  manifest the  optimal
correspondence between the intended and the
perceived vowel category was chosen for further
investigation. Thus, for each level of Fy, each of the
seven vowels was represented by one /1-V-gen/
token (N = 63; 7 words * 9 Fs).

Mean F, was calculated for 250 ms in the middle of
a vowel sound in Praat [3] using the algorithm
described in [2]. A maximum deviation from the
intended F, of 1.9% was found.

2.3. Procedure (listening test)

Single stimuli /I-V-gen/ were randomly presented to
the participants of the listening test via closed
dynamic headphones (Beyerdynamic DT 770 Pro) in
a small and noise-controlled room. On a computer
screen, buttons labeled with the seven investigated
words were randomly arranged in a circle to account
for a potential directional bias of the listeners.
Above the response buttons, the sentence Welches
Wort horst Du? (Which word do you hear?) could be
read. When listening to a word, subjects were asked
to assign one of the words presented on the screen
(seven-alternative forced choice word identification
task). After a response, the next stimulus was
presented with a delay of 1 sec.

2.4. Data analysis

To approximate the speaker-specific F; at a level of
Fy, comparable to statistical F; in citation-form
words, mean F; values were calculated for the
steady-state mid 250 ms of the vowels produced at
Fy = 220 Hz, using Praat (Burg algorithm for LPC,
default settings for female speakers). Calculated
formant frequency values were double-checked on
the basis of the respective spectrograms.

Total duration of all vowel sounds from onset to
offset was measured in Praat with the help of
wideband spectrograms. Durations were averaged
for each vowel category to investigate the influence
of durational information on vowel identification at
higher Fos.



Identification rates (hereafter ID rate) in terms of the
correspondences between the intended and the
perceived vowels were determined for each F,.
Referring to Sundberg [23, p. 87], an ID rate > 80%
was considered as accurate vowel intelligibility, and
only the cases with a lower rate were investigated in
more detail.

3. RESULTS

Table 1 shows a comparison of the statistical mean
F, in citation-form words (Fjjswg) obtained by
Pédtzold and Simpson [15] and the mean F,
estimations for each vowel produced by the
investigated speaker in /lI-V-gen/ context at
Fo=220 Hz (Fispeaker). The values for /i, e, o, o, a/
are in good accordance. However, Fippeaker) 18
substantially lower than Fs.q for /y/. Since Pitzold
and Simpson do not report values for the long vowel
/¢/, and because no reliable estimation of Fijspeaker N
terms of a correspondence of LPC-values and
spectrogram for /e¢/ was possible, no corresponding
F were considered for this vowel.

Vowel Fl[stat] (HZ) Fl[gpcaker] (HZ)

i 329 367
y: 342 240
e: 431 442
a: 434 421
o: 438 416
€l -- --

a: 779 865

Table 1: Mean statistical F; values (F[gaq) for
Standard German vowels and mean F, estimations
(mid 250 ms) for the vowels produced by the
female speaker at Fy = 220 Hz (F[speaker)-

The listeners’ identification performance is shown in
the confusion matrices in Figure 1 (one matrix for
each F, level). With the exception of /o/ at
Fo =587 Hz, all ID rates proved to be > 23/28, i.e.,
> 80% up to Fy of 740 Hz. For the vowels /i, y, o, a/
this even holds true up to F, of 880 Hz.

Fo =220 Hz Fo = 440 Hz
iy et & o & a Py et e o & a
i 28 0 0 0 0 28 it 27 0 1 0 0 28
y: 0 228 0 0 0 0 0 28 y: 0 228 0 0 0 0 0 28
e 0 0 25 0 0 3 0 28 e 0 0 26 1 0 1 0 28
e 0 0 0 28 0 0 0 28 ez 0 0 0 28 0 0 0 28
oo 1 1 0 0 26 0 0 28 oo 0 0 0 0 27 0 1 28
e 0 0 0 0 0 27 1 28 e 0 0 0O O 0 28 0 28
a0 1 0 0 0O 0 27 28 a 0 0 0 0 O 28 28
29 30 25 28 26 30 28 196 27 28 27 29 27 29 29 196
Fo = 587 Hz Fo = 659 Hz
iy et &0 o e a iy et e o & a
it 28 0 0 0 0 28 i 28 0 0 0 0 28
y: 0 27 0 0 1 0 0 28 y: 0 228 0 0 0 0 0 28
e 0 0 26 0 0 2 0 28 e 0 0 24 1 0 2 1 28
e 0 1 1 10 0 15 1 28 0 0 3 1 24 0 0 0 28
o0 0 1 0 27 0 0 28 oo 1 0 0 0 27 0 0 28
e 0 0 0 0O 0 28 0 28 e 0 0 0 0 0 27 1 28
a0 0 0 0 3 0 25 28 aa 0 0 0 0 4 0 24 28
28 28 28 10 31 45 26 196 29 31 25 25 31 29 26 196

Fo =699 Hz Fo=740 Hz

Py e e o & a ii yr et o o & a
28 0 0 0 0 0 0 28 26 0 0 0 0 2 0 28
yy 0 227 0 0 0 1 0 28 y 0 28 0 0 0 0 0 28
e 1 0 23 0 0 4 0 28 e 0 2 23 1 0 2 0 28
e 0 0 0 28 0 0 0 28 2 0 2 0 22 3 1 0 28
oo 0 0 1 0 27 0 0 28 o0 0 0 0 0 28 0 0 28
e 0 0 0 0O 0 28 0 28 e 0 0 1 1 0 23 3 28
aa 0 0 0 0O 3 0 25 28 a 0 0 1 0 1 0 26 28

29 27 24 28 30 33 25 196 26 32 25 24 32 28 29 196

Fo =784 Hz Fo=831Hz

i yr e @ 0 & a ii yr et ot o & a
28 0 0 0 0 0 0 28 28 0 0 0 0 0 0 28
y: 1. 26 1 0 0 0 0 28 y: 0 28 0 0 0 0 0 28
ee 4 0 15 4 0 5 0 28 e 0 0 17 0 0 11 0 28
¢ 0 1 1 26 0 0 0 28 2 0 0 9 6 0 12 1 28
o0 0 0 0 0 28 0 0 28 oo 0 1 0 0 27 0 0 28
e 0 0 0O 0O 0 16 12 28 e 0 0 0 0O 1 16 11 28
a 0 0 0 0 1 1 26 28 a 0 0 0 0 1 0 27 28

33 27 17 30 29 22 38 196 28 29 26 6 29 39 39 196

Fo =880 Hz

iy e e o & a
28 0 0 0 0 0 0 28
y: 0 28 0 0 0 0 0 28
ee 0 0 14 2 1 11 0 28
¢ 0 2 1 18 6 1 0 28
oo 0 0 0 0 28 0 0 28
e 0 0 0 0 0 24 4 28
a 0 0 0 0 0 1 27 28

28 30 15 20 35 37 31 196

Figure 1: Confusion matrices showing intended
vowels (column 1) versus perceived vowels (column
2-8) for all Fys investigated. Number of
listeners = 28. In a single matrix, the bottom row
shows the total number of vowel category responses.

In addition to the case of /o/ at Fy, = 587 Hgz,
substantial confusions (ID rates < 80%) and
corresponding perceptual shifts towards other vowel
categories occur for the utterances of the vowels
/e, @, ¢/ in the Fy-range of 740-880 Hz (see Table 2).

Vie| Fo |11 y: e @ o & czﬁg:;[?odn
@. |587(0 1 1 10 0 15 1 a.-€:
@. |740(0 2 0 22 3 1 O

e 78414 0 15 4 0 5 O

€ |78410 0 0 0O O 16 12 €:-a:
e |831(0 0 17 0 0 11 O e:-€:
o 8310 0 9 6 0 12 1 g-c,0-€:
e |831(0 0 0 O 1 16 11 g-a:
e |[880(0 0 14 2 1 11 O e.-€:
o. |880|0 2 1 18 6 1 O

Table 2: Intended vowels at the levels of F, for
which ID rates dropped below 80% (< 23/28
correct responses). Strong oriented confusions
(perceptual vowel category shifts > 50% of the
number of correct responses) are displayed on the
right.

For /e/, ID rate was < 80% for Fy of 784, 831 and
880 Hz. However, a strong and oriented perceptual
shift was only found for F, of 831 and 880 Hz in
terms of a shift towards /e/. This vowel can be
considered as related to the vowel with the next
higher F, (see, e.g, [9]).



For /e/, ID rate was < 80% for F, of 587, 740, 831
and 880 Hz. Strong and oriented shifts were only
found for F, of 587 and 831 Hz towards /¢/ and /e/,
respectively. /¢/ can again be considered as related to
the vowel with the next higher F;. However, this is
not the case for /e/, for which the vowel-related
differences in the formant patterns at F, in citation-
form words concern F; and F; (see [15]).

For /¢/, ID rate was < 80% for F, of 784 and 831 Hz.
Strong and oriented shifts were found for both levels
of F, towards /a/, i.e., to the vowel with the highest
Fi.

Mean duration of the vowel sounds was 622 ms
(sd=99 ms; range = 430-868 ms). One-way
ANOVA revealed significant difference
(F(6,56) =2.34, p<.05) in sound duration of the
seven vowels investigated. Tukey’s HSD tests only
revealed a significant difference in sound duration
for /y/ and /a/ (p = .04), and /y/ and /o/ (p = .03). No
significant difference could be found in sound
duration for all vowel pairs of /i, o, e, @, €, a/
(p > .88). Figure 2 shows the distribution of the
sound duration for the vowels investigated.

0.9

0.8

0.7

TP

Duration (s)

& o: EN it o y:

e:
Vowel sound

Figure 2: Boxplots representing the distribution of
the duration of the vowel sounds.

4. DISCUSSION

The vowels /i, y, o, a/ were consistently identified
with ID rates > 80% up to F, of 880 Hz. Since F; of
the speaker at Fy of 220 Hz corresponds well with
statistical F; in citation-form words, since /i/ and /y/
are related to the lowest levels of corresponding F,
and since Fy of 880 Hz corresponds to the highest F,
values for all vowels investigated (see Table 1), the
results indicate that ‘oversinging’ statistical F; does
neither inevitably compromise vowel perception, nor
does the perceived vowel category inevitably shift to
the category with the next higher F,. Contrarily, a
consistent vowel perception can be maintained
independent of statistical F;. With the exception of
the case of /o/ at Fy = 587 Hz (possibly due to
production inconsistency), the finding that all
vowels were identified with a rate > 80% up to F, of
740 Hz strongly supports such a conclusion.

Concerning the decrease of the identification rates
for /e, @, €/ above all for Fy > 740 Hz, a tendency of
a shift in the perceived vowel category to the one
with the next higher F, is indicated by the results.
However, the tendency is inconsistent, i.e., it was
not found for all combinations of vowels and
Fo-level > 740 Hz. Moreover, an alternative
interpretation also has to be considered. Discussing
possible confusions in terms of shifts towards non-
intended vowel categories may have to account for
the entire formant patterns of the vowels under
investigation and the respective ‘density’ of
neighboring vowel categories according to their
placement in the vowel quadrilateral. This would
explain why, in the present study, (i) corner vowels
were identified more correctly than non-corner
vowels, (ii) no strong confusion was found for /o/
(the only back vowel) but some pronounced
confusions were found for /e, @, & (three of five
front vowels; note also that F, is comparable for /o/
and /e, o/), (ii1) identification of /i, y/ (closed front
vowels) proved to be more consistent than of /e, o/
(closed-mid front vowels) and of /e/ (open-mid front
vowel); (iv) perceptual shifts were not limited
towards the vowel category with a higher F; (see
Table 2, vowels and F, without clear shift
tendencies, and the shift /@/-/e/ at Fy of 831 Hz).
Statistical analysis does not indicate a clear relation
between sound duration and identification perfor-
mance of the vowels. In line with earlier studies of
possible vowel identification at high pitches, the
present investigation again shows that vowel percep-
tion at very different levels of Fy cannot be directly
related to vowel-specific formant patterns as given
for citation-form words. Although a high vocal abili-
ty of the speaker and a modified vowel production
(e.g., raised larynx, adaption of articulation) may
play a crucial role for the present findings, and in
addition, dynamic spectral characteristics because of
the consonantal context (see e.g., [17, 18]; however,
for controversial position, see [5]), and meaning of
the /I-V-gen/ tokens may also have a substantial
impact on vowel perception, these factors do not
allow for a satisfactory explanation concerning the
acoustic cues listeners referred to when perceiving
the vowels at the very different levels of Fy. Thus,
the acoustic cues of vowel perception including all
Fo of vowel identifiability are still a matter of
investigation for future research.
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