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ABSTRACT:

Resonance-strategies with respect to vocal registers, i.e., frequency-ranges of uniform, demarcated voice quality, for the
highest part of the female voice are still not completely understood. The first and second vocal tract resonances usually
determine vowels. If the fundamental frequency exceeds the vowel-shaping resonance frequencies of speech, vocal tract
resonances are tuned to voice source partials. It has not yet been clarified if such tuning is applicable for the entire
voice-range, particularly for the top pitches. We investigated professional sopranos who regularly sing pitches above C6
(1047 Hz). Dynamic three-dimensional (3D) magnetic resonance imaging was used to calculate resonances for pitches
from C5 (523 Hz) to C7 (2093 Hz) with different vowel configurations ([a:], [i:], [u:]), and different contexts (scales or
octave jumps). A spectral analysis and an acoustic analysis of 3D-printed vocal tract models were conducted. The results
suggest that there is no exclusive register-defining resonance-strategy. The intersection of fundamental frequency and
first vocal tract resonance was not found to necessarily indicate a register shift. The articulators and the vocal tract reso-
nances were either kept without significant adjustments, or the fz;.f,-tuning, wherein the first vocal tract resonance
enhances the fundamental frequency, was applied until F6 (1396 Hz). An fz,.f,-tuning was not observed.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons
Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1121/10.0008903

(Received 29 July 2021; revised 12 October 2021; accepted 10 November 2021; published online 8 December 2021)
[Editor: Zhaoyan Zhang] Pages: 4191-4202

I. INTRODUCTION in a more recent study by Echternach et al. (2013) using an
endoscopic highspeed camera with a rate of 20000 frames
per second, it was observed that the vocal folds continued
oscillating up to the fundamental frequency of 1568 Hz
(pitch G6) with complete closure of the glottis. Concerning
the oscillation patterns of the vocal folds, Garnier et al.
(2012) observed a decrease in the electroglottographical
(EGG) amplitude during a possible transition to the highest
register, and a rising larynx, as well as a stretched glottis dur-
ing a glissando for the highest pitch range of one subject,
using an endoscopic high-speed camera at a rate of 2000 fps.
Additionally, the study observed changes in the open quotient
(0OQ) of the glottis around the possible register transition
points, which could be either decreased and then increased
around the transition, or the other way round. Pitch instability
was mostly detected in the pitch range D5-F#5. The values
of the sound pressure level decreased with increasing pitch
after having reached a maximum in the range of A5-C6.
Other studies observed changes in the acoustic spec-
trum, such as overtones of less intensity for high pitches,
resulting in a fluty sound (Garnier et al., 2012, 2010;

The underlying physiological principles of the produc-
tion of the highest part of the female voice range are still not
completely understood. For professional singing, several
hypotheses previously tried to explain the existence of a sep-
arate register, i.e., a pitch region of homogenous sound qual-
ity, for fundamental frequencies (f,) above 1000 Hz; this
register is inconsistently called whistle register, flageolet,
flute, Pfeifregister, M3, etc. (Herbst, 2021, 2020; Vormann-
Sauer, 2017) Some of the hypotheses concern voice source
modifications by laryngeal mechanisms, such as a “whistle
mechanism” (van den Berg, 1963), vocal tract/voice source
interactions (Herzel and Reuter, 1997), flageolet-like mech-
anisms where the oscillating parts of the vocal folds are
shortened (Martienssen-Lohmann, 1993) and the modifica-
tion of the airflow by oscillating vocal folds without com-
plete closure using video stroboscopy or video kymography
(Keilmann and Michek, 1993; Svec et al., 2008). However,

YElectronic mail: marie.christine.koeberlein@uniklinik-freiburg.de, X . K
ORCID: 0000-0001-5827-0781. Story, 2015) or changes in the formant tuning strategies
PORCID: 0000-0003-0095-5360. (Garnier et al., 2010), such as a shift from f%;. f, to fr2: fo
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tuning, wherein a vocal tract resonance f, enhances a par-
tial nf,. Also, the rising of f, above fz; was observed and
pointed out as a possible reason for a perceptual register
change (Echternach et al., 2015; Miller and Schutte, 1993).

Such acoustic phenomena are caused by the vocal tract
shape and the resulting resonances and formants (e.g.,
Bresch and Narayanan, 2010; Joliveau et al., 2004a;
Sundberg, 2009). Garnier et al. (2010) figured out different
tuning strategies for singing in the highest register and
located a passaggio, i.e., the transition between two vocal
registers, in the octave range between D#5 and D6.

The studies of Garnier et al. (2012) and Garnier et al.
(2010) investigated subjects of all levels of voice education,
including non-professional singers, via broadband excitation
of the vocal tract and resulted in very inconsistent observa-
tions. They stand in contrast to the single-subject studies by
Echternach er al. (2015) and Echternach er al. (2013), who
located the acoustically perceived passaggio between D6 and
E6, in accordance with the professional subject’s own state-
ment. The study by Echternach et al. (2015) combined
dynamic two-dimensional (2D) magnetic resonance imaging
(MRI) (24 fps) and static three-dimensional (3D) MRI with a
recording time of 13 s per pitch. The 3D-models of the vocal
tract were printed and their resonances were obtained via
broadband excitation. The results did not show major differ-
ences or adjustments between the pitches of C6 and G6, which
led to the hypotheses that no specific tuning strategy is applied
for the highest register and that the rising of f, above fg;
around E6 might result in a change of sound quality.

A study by Vos et al. (2018) tried to characterize the
voice technique considering the vowels [a:], [i:], and [u:] in
the high pitch range of a single subject, who was a mezzo-
soprano with a top pitch of C6. The 2D- and 3D-MRI and
acoustic excitation of the vocal tract were combined. The
study showed that the vocal tract shape was similar for the
vowels in the high range and that a fz;. f, was applied up
until C6. The study was not able to figure out linear relation-
ships between the MRI data and the resonance tuning
obtained from vocal tract excitation. In the mentioned study,
the MRI measurements and broadband excitation could not be
performed at the same time and were combined later. As
Bresch and Narayanan (2010) suggest, sopranos might not use
a generalizable technique; furthermore, it might be the case that
one subject applies different techniques depending on the situa-
tion. Hence, it can be doubted that the measurements in the
study of Vos et al. (2018) fit together reliably. Although the
subject was a professional singer, she was a mezzo-soprano
with an upper limit of C6 who might not be able to deliver data
comparable to coloratura sopranos who often sing above C6,
where the highest register is assumed to be located. The 3D-
MRI measurements in the study were static and the subject was
asked to sustain phonation for 16 s, which is unusually long.

Since it is quite hard even to characterize the sound of a
whistle register uniformly, because untrained singers typi-
cally struggle in this seldom-used area, the present study
concentrates on established, professional sopranos who have
mastered the upper end of their voice range and regularly
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perform these pitches on stage. It can be assumed that these
subjects have reliable voice control as well as conscious and
effective strategies to use this very high pitch area, as they
are used to sing on opera stages in many different kinds of
positions and movements (see also Table I in Sec. IT A).

Due to technical limitations, there has not yet been an
establishment of a gold standard for the detection of vocal
tract resonances: Purely acoustic analyses are not sufficient
for showing vocal tract adjustments which have only barely
detectable impact on the spectrum, in case no partial is near
to stimulate a vocal tract resonance. In case of in vivo exci-
tations with sine sweeps, where subjects must keep their
vocal tract setting constant without singing, while sine
waves are passing through the vocal tract, the immobility of
unconscious and reflex-controlled parts of the throat cannot
be monitored. In some broadband-excitation procedures
where the subjects are singing at the same time no data
about the vocal tract shape are gathered. In other broadband
excitation procedures, the acoustic signal is brought into the
vocal tract during vocal stops. For both cases, however, it
cannot be ensured that the vocal folds are totally closed. In
cases of a glottal opening, even the opening during the glot-
tal cycle, an opening to subglottal spaces could possibly
influence the resonance properties.

Two-dimensional MRI can only show a single sagittal
slice of a volume, and, consequently, neglects the lateral
expansion of the vocal tract. Static 3D-MRI is frequently used
to depict or print vocal tract models for acoustic excitation,
but requires sustained sounds and vocal tract configurations of
more than 10s (Birkholz et al., 2020), which is doubly chal-
lenging as it is difficult for the highest pitch area to be sung in
supine position. Burdumy (2016) and Burdumy et al. (2017)
developed a method that allows for 3D-MRI volume images
of the vocal tract at higher temporal resolutions. The presented
sequence continuously samples k-space using a ‘“‘stack-of-
stars” trajectory with golden angle rotation in the "stars" plains
and continuous incrementation in "stack" direction. Thereby,
the k-space data windows used for image reconstruction can
be arbitrarily chosen. Even though highly under-sampled,
image quality is retained by using an iterative offline recon-
struction method that employs compressed sensing theory.
With a software tool programmed by Peter Birkholz
(Echternach et al., 2015), the resonances of the virtual vocal
tract shapes obtained from the 3D-MRI-data can be calculated.
This innovative method permits the observation of vocal tract
adjustments and their acoustic impact in a realistic musical
context, and not only for isolated pitches.

With regard to the resonance strategies applied in the
whistle register, two hypotheses shall be investigated:

(1) The specific formant tuning ends with the crossing of fz,
and f, (abbreviated notation: fz,/f,) and a constant vocal
tract shape is maintained for higher pitches (Echternach
etal., 2015).

(2) The tuning strategy is intentionally changed, e.g., from
fri1- [, to fro. f, tuning through targeted changes in the
articulators (Garnier et al., 2010).

Koberlein et al.
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TABLE I. All subjects’ classification according to the taxonomy of Bunch and Chapman (2000) and the performed tasks.

Subject Taxonomy according to Bunch-Chapman Performed scales Performed octave jumps
1 3.1a Big City Opera Major Principal C5-C6 G5-G6: [a], [1]
F5-F6
2 4.1a/4.5 Touring Opera Major Principal / Concert, Oratorio, Recital C5-C6
3 3.1a Big City Opera Major Principal C5-C6
D#5-D#6
4 2.4 International Concert, Oratorio, Recital, Chorus C5-C6
D5-D6
5 3.1a Big City Opera Major Principal C5-C6
D5-D6
6 3.1a/3.15ab* Big City Opera Major Principal / *International acknowledged C5-C6 E5-Ee6: [a], [i], [u]
Radio Choir, Soloist and Chorister D#5-D#6 F5-F6: [a]
F#5-F#6: [a]
45/6.2 Touring Concert, Oratorio, Recital / Singing Teacher Freelancer C5-C6
7.2/4.1a Full-time Voice Student University / Touring Opera Major Principal C5-C6 G5-G6: [a], [i]
A5-A6: [a]
F5-F6 H5-H6: [a]
C6—C7: [a]
9 3.1a Big City Opera Major Principal C5-C6
D#5-D#6

Regarding the current level of knowledge, there is no
uniform picture and there are also discrepancies between the
results for the same subject for different types of measure-
ments and a combination of methods does not necessarily
deliver combinable data (Echternach et al., 2018; Vos et al.,
2018). In this sense, the present study aims to add further
elements to the overall picture.

Il. MATERIAL AND METHODS

This study was approved by the local ethical committee
(Medical Ethics Committee of the University of Freiburg,
206/09). The nomenclature and acronyms for voice acous-
tics in this paper follow the general consensus summarized
by Titze (2016).

A. Subjects and tasks

Nine professional soprano subjects were asked to sing a
scale from C5 (ca. 528 Hz) to C6 (ca. 1047 Hz), which was
subsequently transposed, so that the highest pitch of the
scale would meet the highest pitch of their individual range
in the form of the day (Fig. 1). Each pitch had to last two
seconds, guided by an optical metronome, and each scale
was repeated with three different vowel configurations: [a:],
[i:], and [u:]. The sopranos were asked to sing at a comfort-
able level of loudness. Three of the subjects were addition-
ally asked to do several octave jumps to their highest
possible pitch, partly on different vowels. Table I gives an
overview of all subjects’ taxonomy according to Bunch and
Chapman (2000) and the performed tasks.

B. Dynamic 3D-MRI data acquisition

The magnetic resonance imaging data were collected
with a SIEMENS 3T MAGNETOM Trio scanner (Siemens

J. Acoust. Soc. Am. 150 (6), December 2021

Healthcare GmbH, Erlangen, Germany). The audio signal
was recorded simultaneously with the audio-feedback sys-
tem (MR confon GmbH, Magdeburg, Germany).

The MRI sequence parameters are: radio frequency-
spoiled gradient echo sequence Stack-of-Stars: repetition
time = 2.9 ms, echo time = 1.4 ms, flip angle =6°, Field of
view 200 x 200 x 62mm’, voxel size 1.6 x 1.6 x 1.3 mm’,
bandwidth 1500 Hz/pixel. The accelerated 3D recording
technique used with a selective “stack-of-stars” trajectory
requires a stable vocal tract configuration in time windows
of at least 1.8 s. In our case, the time windows were manu-
ally set to start after pitch changes. The suggested 1.8 ms

J=6O

i = £

o £
G B s ] R B — S E—— " S— —
N | Il i | i | | | Il |
A\IV4 | I | I | I 1 |
Q) I I
Pitch: C5 E5 G5 A5 B5 Cé6 C5 Ce
Hertz: 528 659 784 880 988 1047 528 1047
scale transposed to meet the highest
possible pitch (e.g. F6)
=60
-} e {2 =
0 ., e B F F £ _ F
o € —| — ] | - i |
H— I i H— H
D)
Pitch: F5 A5 C6 D6 E6 F6 F5 F6
Hertz: 699 880 1047 1175 1319 1397 699 1397

FIG. 1. The scale C5-C6 (top left) was sung by all subjects on the vowels
[a:], [i:], [u:] and repeated transposed (bottom left), so that the highest pitch
of the scale would coincide with the highest pitch of their individual voice
range. The octave jump on the right side was performed by three subjects
from different starting pitches in the 5th octave and on the vowels [a:] and
[i:]. Each tone lasted two seconds.
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coincide with the time the constant pitches were held in our
study (2s). More details on the MRI sequence and recon-
struction can be found in Burdumy et al. (2017). From the
reconstructed data the vocal tracts for the pitches C5, AS,
C6, and every pitch above C6 were segmented with a semi-
automatic toolchain programmed by the authors in
MeVisLab (Version 2.8.2, 26-10-2016). At first, a bounding
box around the vocal tract cavities is manually defined.
Next, gray values were defined, so that the program could
distinguish between tissue and air. Then, these air-tissue
boundaries were found by an automatic constrained region-
growing. Mistakes occurring for reasons of artefacts were
corrected manually. Questionable points were discussed in
the group. Screenshots of the segmentation process are
shown in Fig. 2. The segmented vocal tracts were exported
as 3D mesh tubes and opened at both ends using Meshmixer
(Autodesk Inc., Version 3.5.474).

C. Derivation of vocal tract transfer function
and resonances

The area functions and transfer functions of the mesh
tubes were calculated in the application vocal tract transfer
function (VTTF) by Peter Birkholz (described in Echternach
et al., 2015). A vocal tract centreline was automatically cal-
culated from the glottis to the corners of the mouth level.
Then the tube was sliced into 64 segments, whose cross-
sectional areas were measured to obtain the vocal tract area
function. The volume velocity transfer function between the
glottis and the lips was calculated based on this area func-
tion using the one-dimensional (1D) transmission-line
model described in Birkholz and Jackel (2004). The calcula-
tion took into account yielding walls (with the parameters
for the relaxed cheek provided by Ishizaka ef al. (1975), as
well as energy losses due to sound radiation from the mouth
opening, viscous friction, and heat conduction. The radiation
loss was an approximation of the case of a vibrating piston
in an infinite wall, and the glottis was assumed to be closed
(no glottal losses). The peaks of the magnitude of the trans-
fer function mark the vocal tract resonances f%, (Fig. 3). To
check the accuracy of the measured values, all instances of
C5 and random instances of higher pitches were reproduced
in the software Madde Synthesizer (Svante Grangvist,

Karolinska, Stockholm, Sweden) and perceived as represen-
tative when compared with the original audio recording by
two experts, i.e., (1) university professor in voice research
and singing, experience >45 years and (2) voice researcher
and professional singer, experience >10 years.

The software developers meanwhile recommended
lengthening the vocal tract tube by half the depth of the cor-
ner of the mouth notch with the circumference of the corner
of the mouth plane (Birkholz and Venus, 2017). The attach-
ment of the tube was performed on all vocal tract models.
There were no significant deviations in the comparison of
the first two vocal tract resonances; the Pearson correlation
coefficient was r = 0.98 for fz; -, ¥ = 0.91 for fz; and r = 0.76
for fz4, where r = 1 means perfect agreement.

The first four peaks of the transfer functions, which
mark the vocal tract resonances (fp;_4), were extracted and
compared separately for each vowel, as well as their
medians. Since the Hertz-value of a pitch can vary between
different subjects, the pitches were normalized and set in
ratio to the spectrum partials using the formula
TQ = frn/f,» Where TQ stands for Tuning Quotient. The
resulting number in the place in front of the decimal point is
the partial and the decimal places the normalized distance to
the partial. It follows fo = 1.

D. Spectral analysis

In order to check the validity, a sample spectral analysis
was carried out for four pitches sung by subject 1, i.e., C5,
A5, C6, and F6 on vowel [a:]. Herein, the noise-reduced
audio file from the original MR measurement, as well as the
calculated transfer function and its acoustic reproduction,
were plotted against each other (for illustration, see Fig. 13
in the result Sec. III C). Noise Reduction was performed in
Audacity, version 2.3.0 (Noise reduction standard settings:
30dB, sensitivity: 12, frequency smoothing: 2). In this step,
the pure noise is captured in zones without voice and then
subtracted from the whole audio track with the expectation
of not influencing the recorded voice signal. Acoustic repro-
duction was executed using the peak-values of the transfer
function as formant settings in Madde Synthesizer (tilt:
—12dB), recorded with the microphone Realtek High
Definition SST combined with Audacity in a silent room.

LUT C/W:

FIG. 2. (Color online) Screenshots of the semi-automatic segmentation process of a 3D vocal tract tube, demonstrating the sagittal plane, from the left to the
right: The original MRI picture of the skull; followed by the circumscribing of the area where the vocal tract should be detected within the white line; the
third panel shows the definition of gray values for the tissues and the fourth panel shows the derived negative image of the vocal tract cavities; finally, a 3D

model of a segmented vocal tract tube after manual correction.
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The spectra were obtained in Audacity (version 2.3.0, win-
dow type: Hanning, window size: 1024).

E. Acoustic analysis of two 3D-printed models

To further validate the results, two vocal tract models,
i.e., C5 and F6 on vowel [a:] of subject 1, were printed out
of polylactic acid (wall thickness 4 mm) and excited in a
sound-proofed chamber with logarithmic sine sweeps
(100-10000 Hz) as described by Birkholz et al. (2020) and
Fleischer et al. (2018) to obtain their volume velocity trans-
fer functions (VVTF). The measurement procedure is illus-
trated in the video Birkholz et al. (2021). Teeth were not
added, since the virtual vocal tracts that were used for reso-
nance calculation in the application VITF did not have teeth
either. The omission of teeth is due to a study by Traser
et al. (2017), which found the acoustic relevance of teeth in
vocal tract models to be insignificant for higher pitches.

lll. RESULTS
A. Scales
1. Area functions

The area functions show that the vocal tracts were gen-
erally shortened successively with increasing f,, even
though the highest pitch does not necessarily have the short-
est length, see for example S8 [a:] and [i:] in Fig. 4.

Further, the cross-sectional areas of the oral cavity
increased with increasing pitches. While there were vowel-
related differences for the lower pitches C5 and AS, the
vocal tract shapes became similar for the higher pitches of

J. Acoust. Soc. Am. 150 (6), December 2021

all vowels, even though for S1 [i:] the mouth shape was kept
in order to form the vowel.

2. First vocal tract resonance fr,

The medians of the f; of the different vowels, depicted
in Fig. 5, converged between AS and C6 and met the funda-
mental frequency f, at F6 (1397 Hz), due to the lower slope
value compared to f,. For the resonance—partial relations
shown in Fig. 6, a similar picture emerged, which shows
large differences for CS5 and an overall approximation
towards f,, for higher frequencies.

3. Second vocal tract resonance fr,

The medians of the fx, of the different vowels, depicted
in Fig. 7, approached 2f, between A5 and C6. The develop-
ment was slightly different for each vowel: For [a:], the
median fell and stayed under 2f, from between A5 and C6;
for [i:], fz> approached 2f, but stayed parallel above until it
fell below after D6; for [u:] fr> was below 2f, from AS on.
A break of the fz, frequencies was observed for the fz, of
[a:] and [i:] on pitch D#6. Also, a large individual spread of
the resonance frequencies can be seen in Fig. 7. The fx, fre-
quencies approached each other at 1397 Hz. In the normal-
ized relations of fx, to the partials in Fig. 8, a clear vowel
difference can be seen for C5 and a fall below the second
partial from D6-D#6 for [a:], D#6 for [i:], and D6 for [u:].
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FIG. 4. (Color online) Shorter vocal tracts, larger mouth opening, and vowel assimilation for increasing pitches shown by the area functions of all pitch-
related vocal tract configurations from the scales of subjects 1 and 8 for the vowels [a:], [i:], and [u:].

4. Third and fourth vocal tract resonances frz and fry

The medians of the fz; of all measured vowels con-
verged on pitch D6, approaching 3f, from above. On D#6
frs of [i:] and [u:] were slightly below 3f,, climbing above
the partial again for E6.The medians of the fz, of all mea-
sured vowels converged on the pitch AS, where they were
above 5f,. On C6 the medians of fr, were right in between
4f, and 5f,, but below 4f, on D#6, rising again closer to 4f,
or even exceeding this partial for vowel [i:] on E6 (Fig. 9).
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FIG. 5. (Color online) Medians of first vocal tract resonances are converg-
ing with increasing pitch: The fg; of all subjects (empty symbols) and vow-
els and their medians (filled symbols) in comparison to f, (dotted line) and
2f, (dashed line). Vowel symbols: Triangle, [a:]; circle, [i:]; square, [u:].
Connecting lines between the pitches mark the vowels’ medians.
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B. Octave jumps

For the octave jumps of S8 on the vowel [a:] (Fig. 10)
there was no distinct adjustment up until C7, the resonance
frequencies stayed within a range of 379Hz (fz;:
1157-1536 Hz) and 391Hz (fz,: 2145-2536 Hz), respec-
tively. The measured resonances from the same subject’s
scales were also located in this range.

As shown in Fig. 11, the octave jumps of subject 8 on
G5-G6 and A5-A6 on the vowels [a:] and [i:] also stayed in
the above-mentioned range and showed no distinct adjust-
ment, neither vowel-specific, nor octave-specific. The
absence of adjustment was also observed for subject 1’s
octave jumps on G5-G6 on the vowels [a:] and [i:], though
the resonances were placed differently (fz;: 982—-1359 Hz
and fr>: 1833-2082Hz). The octave jumps of subject 6
started on E5, where there was a clear vowel distinction
between [a:], [i:], and [u:], and each setting was kept for the
higher octave. For a row of jumps on [a:] (E5-E6, F5-F6,
F#5-F#6), the resonances stayed in the same range (fz;-
1143-1298 Hz and fx,: 1718—-1960 Hz, see Fig. 13).

C. Spectral analysis

As shown in Fig. 12, the spectral peaks of the original
audio signal and the reproduction using the transfer func-
tion showed good agreement, positioned at the partials.
The transfer function itself matched the spectra or the har-
monics only partially. The spectrum of the original F6
showed peaks in the middle between the partials, which
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were found neither in the transfer function nor in its
reproduction.

D. Acoustic analysis of two 3D-printed models

The vocal tract resonances determined by the broad-
band excitation using sine-sweeps showed a deviation of
12.9% (concerning the position of the peaks in Hz) on aver-
age compared to the calculated transfer function (Fig. 13).
The curves above C5 showed a similar structure, where fz;
differed by 133.14 Hz and fz> by 189.77 Hz. The curves for
F6 were only similar in the fact that, above the respective
fr: (difference of 290.1 Hz), all frequencies were reinforced,
while, otherwise, peaks and valleys even tended to be oppo-
site. The calculated transfer function met the second and
third partial of C5 (fy ~ 523 Hz), whereas the excited VVTF
met the first partial of F6.

IV. DISCUSSION
A. Scales
1. Vowel shaping

The evaluation of the pitch C5 (523 Hz) was chosen
because many vowel differences can still be shaped at this
pitch, therefore it could represent a comparative value for
higher pitches. Clear vowel differences on C5 were con-
firmed in the area functions and, consequently, the vocal

tract resonances fr; . However, the results do not
A=[a]
3000 O=1i]
O=[u] .2,
2500 SPiae
e & a . -
-~ o A ®
2000 | g s @ g o
‘ L
N -
T 1500 _-7 H - f
- oo o
E,," O _,..o-""'"
1000 T e .
...... -
500 POrTTing
o LGS A5 C6 D6 D#6 E6 F6
Pitch

FIG. 7. (Color online) Medians of the second vocal tract resonances cross-
ing the second partial: The fz, of all subjects (empty symbols) and vowels
and their medians (filled symbols) in comparison to f,, (dotted line) and 2f,
(dashed line). Triangle, [a:]; circle, [i:]; square, [u:].
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FIG. 6. The Tuning Quotients (for the
definition of TQ see Sec. IIC) of the
first vocal tract resonances of the vow-
els [a:], [i:], and [u:] for all subjects
(different shades of gray) tend towards
the first partial with increasing pitch.

A5 C6 D6 E6F6
Pitch

necessarily correspond to the vowel formant expectations
from speech: While the first vowel formant for [a:] = 750 Hz
could still be set at a fundamental frequency of C5 (523 Hz),
albeit without an obvious partial, the first resonance in the
present results is already at a median of 1021 Hz, which sug-
gests a fr;. 2f, tuning. The vowel formants in speech of
[i:]~330Hz and [u:]~350Hz (Patzold and Simpson,
1997) are already exceeded at C5 and are set significantly
higher by the subjects: the medians are [i:]: 752 Hz and [u:]:
903 Hz. Since these resonance frequencies are distant from
the partials, it can be assumed that the first resonance neither
tunes a partial nor shapes a distinct vowel to a great amount,
except in the sense of an approximation towards [a:].

For the second resonances of C5, the placements of [a:]
and [i:] correspond more to the expectations from speech,
i.e., [a:] =~ 1460 Hz and [i:] &~ 2300 Hz. The medians in the
present study were [a:]: 1640Hz and [i:]: 2239 Hz. For the
vowel [u:] in speech, the expectation would be 1050 Hz, but
the median of the sung vowels was at 1591 Hz. Accordingly,
an acoustic approximation of the vowels [a:] and [u:] towards
[0], in the sense of vowel equalization (Vos et al., 2018), was
confirmed. The phenomenon that all vowels become more
and more similar for increasing pitches was confirmed by
the area functions and consequently, the calculated vocal
tract resonances for all measured vowels, as well as the
application of a fg;. f, tuning (Joliveau et al., 2004b;
Sundberg, 1977; Vos et al., 2018), reached through a short-
ening of the vocal tract and a wider mouth cavity.

2. First and second vocal tract resonances

In the scales, the same pattern of approximation of f;
towards the rising f, occurred for all measured vowels,
which can be interpreted as fz;. f, tuning and which was
partly maintained until F6. This corresponds to one of the
observations made by Garnier ef al. (2010). It does, how-
ever, not correspond to the hypothesis that the crossing of
these two frequencies or the end of formant tuning marks a
register transition into a whistle register (Echternach et al.,
2015). An assessment of whether an fg,. f, tuning actually
takes place is made more difficult because, based on the
results of the additional tests and the existing limitations of
the method, it is to be expected that the position of the cal-
culated resonance frequencies might be imprecise to a small
degree (see Sec. IVE). According to Hanna et al. (2016),
formant bandwidths in women’s speech have a range of
70-90 Hz for resonances up to 4kHz, derived from vowel
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[3:] and recommended especially for closed vowels as [i:]
and [u:]. In a study by Hawks and Miller (1995) investigat-
ing formants in speech for different vowels, the first three
formants” bandwidths range from approximately 40to
130Hz for the vowels [a:], [i:], and [u:]. Titze (2004)
described an interaction between resonances and partials
which were 100Hz apart in a study with a vocal tract
model of male dimensions. However, these studies investi-
gated only very low fundamental frequencies and speech
circumstances. To our knowledge, values for formant
bandwidths for the high fundamental frequency range in
female singing voices have not yet been investigated, and
might differ due to different pressure ratios and vowel
unspecificity.

The calculated resonances of fr, show, especially for
the setting of the vowel [i:], indications of an fx,. 2f, tuning
up to D6, as also described by Garnier (2010). In contrast,
for [a:] and [u:] fx, falls below 2f,. However, the large
spread of individual data does not allow a clear localization.
It can be said that from D#6 on all fz, are below 2f,.
Echternach et al. (2015) observed that no partial was
enhanced by fz, anymore between C6 and G6. The percep-
tual and proprioceptive register transition in the same study
was located between D6 and E6, which is why a new
assumption arises from the data of the present work that the
perceived passaggio to the whistle register could be related
to an fg,/2f, crossing. It should be noted, however, that D#6
was the top pitch for some subjects and that at this level in
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FIG. 9. (Color online) Third and fourth vocal tract resonances crossing sev-
eral partials: The medians of fg; (filled symbols) and fz, (empty symbols)
of all vowels in comparison to 3f, (dashed-dotted line), 4f, (dotted), and 5f,
(dashed). Vowel symbols: Triangle, [a:]; circle, [i:]; square, [u:].

4198  J. Acoust. Soc. Am. 150 (6), December 2021

FIG. 8. Tuning quotients (for the defi-
nition of TQ see Sec. IIC) of the sec-
ond vocal tract resonances of the
vowels [a:], [i:], and [u:] for all sub-
jects (different shades of gray) show a
crossing of the second partial around
C6-Do.

A5 C6 D6 E6 F6
Pitch

an upward sung line, fatigue could already have an impact.
A transition of the formant tuning strategy to an fz,. f, tun-
ing, as described by Garnier er al. (2010), could not be
observed in the presented ascending scales.

3. Third and fourth vocal tract resonances

No f,, related changes of fz; and fz, were observed. Thus,
with rising f,, and its harmonics, collocations that can be inter-
preted as frs. 4f, and fry. 5f, tunings automatically became
Jr3: 3f, and fr4. 4f, tunings, respectively, from above C6.
Further, no vowel-specific differences could be observed.

B. Octave jumps

In the octave jumps the case of fz; being exceeded by f,
occurred regularly, as well as fz, being exceeded by 2f,.
The octave jumps suggest that there is no specific adjust-
ment of the vocal tract shape for the highest part of the
range, and that the setting is taken over from what had been
in place before. This is in agreement with Echternach et al.
(2015), and further, it matches the comments of all the sub-
jects concerning their adjustments for singing above C6, stat-
ing that there was no specific change in their vocal tracts.

Story (2015) explains the flute-like sound of falsetto
with the fact that the acoustic energy is concentrated on the
first few partials. Considering the great distance of the parti-
als from C6 upwards and the particularly sensitive acoustic
perception of extremely high frequencies from 1000 Hz

2fo
3500 ~
’/
3000 ,/"
’)
2500 A - A
&z = & A A O
, 2000 8 & o L
T /' ...... "
1500 2 A . e *
/, A a A ‘..;"“ A A A A
-, e
1000 |¥ i
...... >
500 [&
o lcs G5 ASB5C6 D6 E6F6 G6 A6 B6 C7
Pitch

FIG. 10. (Color online) Rather constant configuration despite rising pitches:
Vocal tract resonances fg; (black filled triangles) and fz, (black empty trian-
gles) for the octave jumps of subject 8 on the vowel [a:] in comparison to f,
(dotted line) and 2f, (dashed line). The gray triangles are vocal tract reso-
nances from the same subject’s scales.
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FIG. 11. (Color online) Rather constant configuration despite rising pitches: First and second vocal tract resonances (fz;, filled symbols; fx,, empty symbols)
of the octave jumps of subjects 1, 6, and 8 on the vowels [a:] (triangles), [i:] (circles), and [u:] (squares). Rhombi mark f,, (dotted line) and 2f,, (dashed line).

upwards, as well as the observation that the vocal tract is not
changed intentionally, it can be imagined that there is no tar-
geted tuning in the whistle register and also the whistling
sound in female voices is the result of the pure partial tones.
This is in contrast to the statement by Garnier et al. (2010)
that changes in the settings of the articulators would have to
take place, which would lead to adjustments in the tuning
and, thus, to a flute-like sound.

C. Spectral analysis

The diagrams in Fig. 12 show that the spectral peaks of
the original audio signal and the reproduction are matching
well in the sense that spectral peaks occur at the partial
tones. The cause for the spectral peaks roughly in the middle
between the partial tones of F6 in the original signal remains
unexplained. Echternach et al. (2015) and Titze (1994)
describe a noise between the partial tones which was so
strong that formants could be recognized in it. The peak just
above 2000 Hz could therefore be explained by the fact that
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the setting of fz, was maintained from C6, but there is no
explanation for the peak at approximately 3500 Hz. It is con-
ceivable that there is another acoustic phenomenon, which
has not yet been adequately addressed. Noise could be
explained by the register theories of air turbulence and
incomplete vocal closure, which is, however, contradicted
by the finding of complete vocal fold closure up until G6 by
Echternach et al. (2013). In addition, there was no obvious
broad band noise in the spectrum. It could also be speculated
that the phenomenon is due to period doubling at the source.

Another aspect worth considering for the deviations
between the spectra and the transfer function could be non-
linear interactions, which are not included in the transfer
function and the reproduction in the Madde software, but
which could influence the sound source. In the present
study, acoustic resonances of the subglottic system could
not be taken into account. According to Titze (1994), how-
ever, there is a hypothesis with regard to the falsetto of male
voices that these subglottic resonances are involved in the
occurrence of register breaks. In a study on various

P1: A5 [a]

FIG. 12. (Color online) Diagrams of
the spectral analyses of the pitches C5,
AS, C6, and F6 on [a:] of subject 1. The
dots on the X axis and the vertical
dashed lines mark the positions of the
partials, the solid curve above the X
axis shows the transfer function calcu-
lated in VITF. The dotted line repre-
sents the spectrum of the original
recording during magnetic resonance
measurement, and the gray solid line
below shows the acoustic reproduction
of the transfer function values in Madde
Synthesizer, recorded with the com-
puter microphone (Realtek High
Definition Smart Sound Technology
(SST)) and Audacity in a silent room.
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FIG. 13. (Color online) Comparison of the transfer functions of the pitches
C5 (above) and F6 (below) obtained by excitation by sine-sweeps (dotted
line) and calculation (solid line). Dots mark the position of the partials.

analytical approaches to determine resonance, it was
observed that the coupling of a trachea and lung model had
effects on the transfer function (Echternach et al., 2018).

D. Volume velocity transfer function of the printed
models

The deviation of the peaks in the transfer functions by
means of excited vocal tract models or numerical calcula-
tion of an average of 12.91% is considerable, but does not
allow a determination of a “more correct” method, since
there is no gold standard. Although there has been a compar-
atively extensive test of vocal tract model excitation, the
question arises whether the hard polylactic acid (PLA) mate-
rial of the 3D-printed models represents the impedance
properties of the real vocal tract walls precisely enough. A
recent study by Birkholz et al. (2022) indicates that softer
walls shift fg, to slightly higher values, compared to harder
materials, which could partly explain the different transfer
functions. Additionally, the calculated frequencies might
appear slightly higher because the transfer functions calcu-
lated with the software VITF were based on area functions
that assume the end of the vocal tract at the corners of the
lips. This somewhat underestimates the length of the vocal
tract. According to Birkholz and Venus (2017), a better
approximation of the position of the “termination plane” of
the vocal tract is at a position halfway between the corners
of the lips and the most anterior points of the lips, i.e., in the
middle of the notch formed by the lips. A longer tube lowers
all resonance frequencies, and an enlarged radiation surface
in the area of the lip notch increases losses that lead to
increased formant bandwidths. Moreover, the transfer func-
tions of the 3D-printed models were measured without baf-
fling (to consider the acoustic effect of the face), while the
simulated transfer functions assumed a radiation impedance
of a piston in an infinite baffle. For the big mouth openings of
the considered vocal tract shapes, this factor may also con-
tribute to the observed differences (Dalmont et al., 2001).
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Further tests with and without teeth, with different wall
materials, and with a baffling of the 3D-printed models
would be required in order to determine what causes the
deviations and how they are to be classified.

Regarding a specific partial tone enhancement by vocal
tract resonances, the calculated transfer function seems to fit
the lower sample tone CS5, while the excited transfer func-
tion fits better for the extremely high tone F6.

Nevertheless, the data of the print model also indicate
that, at least in this subject, fz; is increased together with f,
and no crossing has taken place until F6. Furthermore, it can
be interpreted that in the extremely high ambit, no specific
spectrum partial is enhanced apart from the fundamental fre-
quency, or that at the same time all overtones are enhanced
and no frequency range is attenuated anymore.

E. Limitations

The data set contains only a limited number of subjects,
0 no statistical analysis was meaningful. The spread of the reso-
nances was relatively large, e.g., above the tone C6 on the vowel
[a:] the particular resonances of fz, extend over a range of
692 Hz. Previous studies already mentioned the possibility that
sopranos did not use a generalizable tuning strategy for singing
extremely high (e.g., Bresch and Narayanan, 2010; Garnier e al.,
2010). A larger data set is needed to identify patterns.

It must be remembered that singing extremely high,
ascending tones at the slow pace of two seconds per pitch
while motionless and supine is an enormous challenge even
for trained singers. It cannot be ruled out that this might be a
reason why some subjects have not been able to achieve the
top notes that they could sing under normal circumstances.
Furthermore, it cannot be ruled out that the loud noise of the
MRI evokes a Lombard effect, namely, that the phonation
technique changes if one can hear oneself less and receives
little acoustic feedback (Lombard, 1911). However, the use
of the headset attenuates the MRI noise and it can be
assumed that the professional activity of the singers guaran-
tees a stable singing technique regardless of the background
noise, and that there is even a certain habit of standing next
to an orchestra or in a choir, resulting in only reduced self-
perception, mainly weighted to the inner sound conduction.

The effect of the supine position on phonation has
already been the subject of various MRI studies. Perry et al.
(2014) describe an insignificant gravity effect on the velum,
especially for [i]. The slightest modification of the vocal
tract can, however, have a major effect on resonances, and
the velum, in particular, has a decisive influence on the iner-
tia of the entire vocal tract in its sluice function between the
throat and nasal spaces (Sundberg et al., 2015). In vocal
education and practice, the velum is particularly important
for high notes, as it determines the nasalance components
and helps stabilize phonation in frequency regions in which
instabilities frequently occur (Echternach et al., 2021b;
Havel et al., 2021; Havel et al., 2016; Havel et al., 2014).
The supine position may also have affected the height of the
larynx and the protrusion of the jaw. However, the larynx
rises for singing in the highest registers and in a comparative
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study with professional tenors regarding supine or upright
position, the supine position was without any significant
relation to register or pitch (Traser et al., 2013). Another
consideration on this topic is that the entire vocal apparatus
is under greater tension for higher fundamental frequencies
and therefore the gravitational effects of the lying position
have less of an effect than would be the case with lower fun-
damental frequencies. Even with consideration of these
problems, we cannot ultimately determine the reasons why
some subjects were not able to reach their usual top pitches,
much less as they might differ from person to person.
However, in order to ensure the meaningfulness of the mea-
surements, we only took into account the pitches that were
sung in a reliable quality depending on the form of the day
of each participant.

The low time resolution of 1.8s for a 3D vocal tract
resulted in image noise, which is why in some of the cases
the boundaries between tissue and cavity were depicted
imprecisely but still detectably during the manual segmenta-
tion process. The method is a trade-off, especially with
regard to the imaging of the glottic surface, as it opens and
closes approximately 2100 times in two seconds at pitch C6.
For this reason, no statement can be made concerning the
configuration of the glottis, which was, however, also not in
the focus of this study.

There are several possibilities for imprecisions in the
calculated resonances and their bandwidths with the soft-
ware VITF:

No teeth were implemented in the models. However,
Traser et al. (2017) found only a slight influence of the teeth
on the sound properties for higher pitches and wide-open
mouth, as well as the consequent absence of lateral cavities.

The VTTF program does not consider the influence of
subglottic structures and possible side branches such as the
piriform sinus, nor the nasal coupling nor the specific 3D
radiating surface at the mouth opening. The latter has
already been addressed in Sec. IV D, where the preliminary
experiment with extended mouth tubes showed no signifi-
cant differences.

Even though Honda et al. (2010) showed effects of the
piriform sinus and the vallecula on acoustic spectra above
2 kHz, these side cavities collapsed in the upper pitch area
of all subjects of this study, and thus it could be assumed
that they can be neglected in the resonance calculations.

As mentioned earlier, nasalance has an influence on the
inertia of the vocal tract and is used specifically in register tran-
sitions (Echternach et al., 2021b; Havel et al., 2021; Sundberg
et al., 2007). 1t is a deficiency that in this calculation model
there is no possibility of coupling/uncoupling the nasal cavities
or calculating the opening width to the nasopharynx.

The 3D magnetic resonance imaging has the great
advantage that vocal tract configurations can be represented
in their vocal context, which contributes to a differentiated
assessment of the results. This becomes clear in the differ-
ences between the results of the scales and the octave leaps.
However, rapid adjustment processes between the static
tones are not visible. Especially with regard to the topic of
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non-linear source-filter interactions to stabilize the voice
production in register transitions (Echternach et al., 2017;
Echternach et al., 2021a; Titze et al., 2008; Titze, 2008), the
knowledge of what happens between two pitches, where
intersections of partials and vocal tract resonances might
occur or a transition might be audible, would be another
important component.

Despite some attempts to validate the method, there are
still discrepancies between the numerically determined reso-
nance frequencies and the spectral analysis methods or
acoustic measurement methods. The relationships and rea-
sons for the deviations should also be further researched in
terms of the critical review of the procedures that have
already been established.

V. CONCLUSION

The present study applied the method of 3D-MRI to
expand the knowledge regarding resonance strategies in the
area of the so-called whistle register. Although the results
were found to be consistent within the method, there are still
discrepancies compared to other methods, which must be
explored further. With regard to the resonance strategies, the
subjects did not behave uniformly. Despite the limitations, it
can be stated that, contrary to the hypothesis of Garnier
et al. (2010), in the area of the whistle register, there was no
clear register-related vocal tract adjustment and correlated
change in the tuning strategy. Constant settings without
adjustments could lead to intersections of resonances and
partials and thus to an end of any tuning, which is in accor-
dance with the hypothesis of Echternach et al. (2015). The
fr1: f, tuning turned out to be, in agreement with Garnier
et al. (2010) applicable up to F6 (1397 Hz).
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