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ABSTRACT

Purpose: Over a range roughly C5-C6, sopranos usually tune their first vocal tract resonance (R1) to
the fundamental frequency (f,) of the note sung: R1:f, tuning. Those who sing well above C6 usually
adjust their second vocal tract resonance (R2) and use R2:f, tuning. This study investigated these ques-
tions: Can singers quickly learn R2:f, tuning when given suitable feedback? Can they subsequently use
this tuning without feedback? And finally, if so, does this assist their singing in the high range?
Methods: New computer software for the technique of resonance estimation by broadband excitation
at the lips was used to provide real-time visual feedback on f, and vocal tract resonances. Eight sop-
ranos participated. In a one-hour session, they practised adjusting R2 whilst miming (i.e. without pho-
nating), and then during singing.

Results: Six sopranos learned to tune R2 over a range of several semi-tones, when feedback was pre-
sent. This achievement did not immediately extend their singing range. When the feedback was
removed, two sopranos spontaneously used R2:f, tuning at the top of their range above C6.
Conclusions: With only one hour of training, singers can learn to adjust their vocal tract shape for
R2:f, tuning when provided with visual feedback. One additional participant who spent considerable
time with the software, acquired greater skill at R2:f, tuning and was able to extend her singing range.
A simple version of the hardware used can be assembled using basic equipment and the software is
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Introduction

The trained soprano voice may have a large range of pitch
and an impressively powerful output. One technique
involved in both is the use of resonance tuning. The vocal
tract exhibits several acoustic resonances R1, R2, R3, etc. In
speech, the lowest frequency resonance, R1, usually occurs
between about 300 and 800Hz (about D4 to G5) and is
mainly varied by changing the jaw height and mouth open-
ing. The next resonance, R2, can be varied between about
800 and 2200 Hz (roughly G5 to C7), mainly by moving the
tongue constriction backwards or forwards [1].

Observations of sopranos singing [2,3] and direct meas-
urements of resonances [4] showed that sopranos modify
their articulation as they ascend over a range about C5 to
C6 so as to adjust R1 to match the sung pitch f,; a tech-
nique called RI:f, resonance tuning. Whether trained or
not, virtually all sopranos seem to use Rl:f, tuning in the
context of an ascending scale [5]. However, depending upon
the target vowel, most singers find it difficult to tune RI1
much above 1000 Hz (about C6) [5,6]. Relatively few sop-
ranos sing much above C6; is this simply because the vocal
folds are often unable to produce a sufficiently high f,? Or
is it a consequence of a suitable resonance not being avail-
able or some combination of these? (Figure 1).

The few who do sing above C6 often use R2 rather than
R1; ie. they switch to R2:f, tuning [8,9]. This allows them
to sing rather higher, sometimes up to or beyond C7: one
octave above “high C”. The sopranos who sing in this range
can also use the M3 or “whistle” laryngeal mechanism of
phonation [7,10]; although, the transition need not coincide
with a change in resonance tuning [9]. Sopranos presumably
have learnt R1:f, tuning using the sound of their own voice
as feedback and noticing that this tuning produces a louder
sound for less effort, and perhaps a more stable sound. To
increase lip opening and decrease jaw height as the pitch
rises would thus become a habitual gesture [11] (some sop-
ranos simultaneously tune R2 using R2:2f, tuning when
using R1:f, tuning [12], but this also involves opening the
lip aperture as the pitch rises).

To transfer from R1:f, to R2:f, tuning and to proceed
above their R1 limit involves a counter-intuitive step: singers
need to close their lips somewhat at the transition and to
begin using the tongue constriction for tuning control.
Perhaps as a consequence, few use R2:f, tuning. These
observations suggested the questions addressed by the pre-
sent study: if given suitable visual feedback, can singers
quickly learn R2:f, tuning? Can they then use this tuning
without the feedback? And finally, if so, does this assist their
singing in the high range?
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In order to use visual feedback to teach resonance tuning,
it is desirable to determine the resonance frequencies pre-
cisely and to show them in real time (meaning with no or
little noticeable delay) in a readily comprehensible visual
display. Most studies on speech or singing at low frequen-
cies use the spoken or sung sound to estimate the reson-
ance. For a sustained sung note at frequency f,, the output
sound from the larynx will also contain the harmonics 2f,,
3fo> 4fo, etc. These are filtered by the resonances of the tract
to produce broad peaks in the spectral envelope known as
formants F1, F2, F3, etc. [13,14]. In the low frequency
range, the strongest harmonic in F1 gives an approximate
estimate of R1, and similarly for Fi and Ri. Analysis of the
sound using techniques including linear predictive coding
can improve these estimates. However, these methods
become increasingly inaccurate as f, exceeds 350 Hz and vir-
tually impossible above 500 Hz [15]; for a sustained signal at
fo the resolution cannot be much better than f,/2. Similarly,
inverse filtering also becomes increasingly unreliable as f,
increases [16].

The resolution can be significantly improved if a broad-
band source is used to excite the vocal tract (in such a
source, the frequency components are much more closely
spaced than f,). One approach uses a non-harmonic voice
source, in this case vocal fry or ingressive speech [17].
Another possibility is to use the broadband noise produced
during whispering [18]. However, these methods cannot be
used in real time whilst actually singing. Another approach
involves vibrating the neck externally near the glottis using
a broadband mechanical source [2,19]. However, the mech-
anical shaking of the larynx can perturb the participants.

A different approach is to excite the vocal tract at a sin-
gle target frequency with a small loudspeaker placed just
outside the open lips [20,21]. The singer then closes the
glottis and changes their vocal tract configuration until the
loudest resonance is heard. They then sing whilst trying to
maintain the same tract configuration. This has the advan-
tage of not significantly perturbing the singer. However, if
the resonance changes when the glottis opens, this method
does not provide any biofeedback for correction; the singer
does not know if their resonance is above or below the tar-
get frequency and by how much.

One method of precisely determining the tract resonan-
ces during singing is to inject a broadband acoustic current
at the open lips and to measure the resultant response
[22,23] (the broadband sound has no pitch and has been
likened to that of the wind). This does not unduly disturb
the singer and can provide real time information on the res-
onance frequencies.

Normally, a singer has the sound of the voice as feed-
back, but this provides only indirect feedback on the reson-
ance R2. One aim of this study was to use the technique of
broadband excitation at the lips to provide visual feedback
by simultaneously displaying the frequencies of the tract res-
onances and the voice harmonics in real time, and to use
this feedback to teach R2:f, tuning to singers. Another aim
was to observe whether singers thus trained would utilise
this tuning when the visual feedback was absent.

Materials and methods
Overview

For most of this study, participants stood or sat with a small
measurement device placed at their lower lip. They looked
at a computer screen that displayed, in real time, the fre-
quencies of the resonances of the vocal tract and of the har-
monics of the voice. They were instructed how to use this
visual feedback to modify their articulation.

Participants

Sopranos from an established amateur choir and a major
national choir, having a self-assessed working range with an
upper limit between about A5 and D6, were invited to par-
ticipate in the study, whose design was approved by the
institution’s Human Ethics Committee. The invitation
briefly described the procedure and explained that participa-
tion was voluntary and that data would be anonymised.
They were not paid for their participation. Eight sopranos,
from 27 to 64 years old, accepted the invitation. Seven were
female and one a male (like the women, the male partici-
pant sang in mechanism M2, which he called falsetto, rather
than head voice). Four were experienced amateurs with an
intermediate level of singing (participants I1 to I4), three
were advanced (Al to A3) and one (P1) was professional
(see Table 1).

Estimating tract resonances

The resonances of the vocal tract can be estimated under
“ecological” phonation conditions, i.e. with the participant
phonating in a normal fashion, by exciting the vocal tract
with a broadband source at the lips [22]. This gesture is not
perturbing: indeed, many singers will indeed be familiar
with holding a microphone close to their lips. The technique
involves placing a small, flexible source of broadband acous-
tic current with an attached small microphone at the lips of
the participant, as shown in Figure 2. The flexible tube con-
nected to the loudspeaker allows the current source and
microphone to remain in the same position relative to the
participant’s lip. This allows participants to produce reason-
ably natural vocal gestures with little disturbance. The cur-
rent source and microphone comprise a simple impedance
head - a device used to measure the ratio of sound pressure
to acoustic flow and thus to characterise resonances. This
technique has the advantage that the tract resonances can be

R1:2f,

M1/M2

té’kb

— o O
== M2/M3

Figure 1. Possible approximate regions of overlap between laryngeal mecha-
nisms and the four different resonance tunings used by women singers [5]. The
M1/M2 transition corresponds to the primo passaggio and the M2/M3 transition
to secondo passaggio [7].



measured in most situations with greater precision than the
formants they usually produce, particularly at high pitch.

For these experiments, it is useful to make a calibration
measurement for each participant with the lips closed rather
than an absolute calibration. The software then displays
v(f), essentially the ratio of the sound spectrum measured
with vocal tract and voice present to that without. For this
calibration, the source and microphone are first placed at the
participant’s lower lip with the lips closed; the “impedance
head” is thus loaded with its radiation impedance Z,,; at that
position, baffled by the face, i.e. Zyyey = Zaq. The spectral
envelope of the source signal from the computer is then
adjusted, in an iterative process, so that the acoustic pressure
measured, posed> is approximately flat (i.e. independent of fre-
quency) with this particular load [25].

Next, using the same source signal from the computer,
the acoustic pressure po,., is measured with the lips open.
In this state, the acoustic load on the “impedance head” is
the parallel combination of the vocal tract impedance at the
lips, Zi;, and the radiation impedance, again baffled by the
face, i.e. Zopen= Zin||Zrad-

To determine resonant frequencies, the magnitude of the
ratio Y(f) = Popen/Peiosed is displayed. The source has a high
output impedance compared with the load (i.e. it approxi-
mates an ideal current source), so the output current U is
approximately the same with the lips open and closed
(Uspen = Utlosea). Making this approximation, it follows that

Y= Papen/Pclased = Uopenzapen/Uclosedzclosed = (ZinHZrad)/Zmd

Table 1. Details of the experimental participants and the limits of their singing.
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Y = Zin/(Zrad + Zin) (1)

At resonance, Z; = —Z,4, which corresponds approxi-
mately to maxima in y(f). In this fashion, it is possible to esti-
mate the resonance frequencies of the tract as measured at the
lips, and these are expected to be similar to the resonances if
measured near the vocal folds. A real time display of the mag-
nitude and phase of y(f) is provided as part of the visual feed-
back in this study. In earlier studies, R1 and R2 were
estimated and plotted on the vowel plane in “real time” [22]
and used for language training [23]. For some other studies
not involving training, a delayed display of y(f) was adequate.

Hardware

The “impedance head” used for this experiment was built
with a 1.0 m length flexible tube of 5mm internal diameter
placed next to a 1/4inch pressure microphone (Briiel and
Kjaer 4944-A). We used a conditioning amplifier (Briiel and
Kjaer Nexus 2690) whose signal was digitised at 44.1kHz
and 16-bit resolution by an audio interface (MOTU 828)
connected to a computer (iMac 2.7 GHz). The computer
output used the same interface and the analogue signal was
amplified by a 20 W audio amplifier (built in-house) which
drove a linch compression driver (BM-D450 MKII,
P.Audio, Nakhon, Thailand) connected to the tube via an
aluminium horn of length 40 mm. Details of simpler and
cheaper version of this apparatus that should be adequate
for resonance training are available in [26].

Participant

1 12 13 14 Al A2 A3 P1 MJ?
Gender F F F M F F F F F
Experience (years) 12 4 2 1 33 8 10 14 8
Experience [24] 8 8 7 8 5 5 7 4 8
Before training
Highest comfortable note A5 G5 B5 F5 c6 C6 A5 D6 A5
Upper singing limit c6 6 E6 6 E6 Eb6 c6 E6 6
During training with feedback
Glottal and velar control Y Y Y N N Y Y Y Y
Lowest R2 (miming) A5 D6 - G5 F#5 D5 D#5 E5 D#5
Lowest R2 (singing) A5 D#5 D#5 G5 - F5 E5 G5 E5
Highest R2 (singing) C#6 Cc6 - G5 - D6 Di#6 - F#6
After training
R2:f, tuning without feedback N N N N N Y Y N Y

Experience is specified using the taxonomy of Bunch and Chapman [24]: 4 =regional/touring, 5 =1local community (often semi-professional), 7 = full-time voice

u_n

student, and 8 =amateur. Y and N signify “yes” and “no”,
#Author MJ had a separate, long-term use of the software.

respectively.

microphone next to broadband current
source measures voice signal plus
vocal tract response

preamplifier |——

compression driver or

\ / loudspeaker in enclosure
f £l
flexible source

injects broadband acoustic current into vocal tract

AD

audio interface

indicates that the subject could not perform the exercise.

computer screen displays resonance
frequencies and fundamental
frequency in‘real time’

=
@)

/

computer

Figure 2. Schematic diagram of the apparatus (not to scale). The acoustic current source and the microphone are actually attached side by side, but are here

shown displaced for clarity.
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Figure 3. Examples of how different vocal tract configurations can be identified
from the measurements at the lips. At right are the measured ratios y(f)=popen/
Pelosed @S One of the authors produces seven different gestures. The schematics
on the left suggest the vocal configuration in terms of a 1D model of the tract;
they are highly simplified and not to scale.

Software

Panels like that shown in Figure 4 provided real-time visual
feedback. The open-source software used to display these
was written using MATLAB and is available for download
[27], with more details given in [28,29]. Several panels allow
the user to generate the broadband signal, to calibrate with
the lips closed, to record the audio response and to display
the impedance ratio y(f) and f, in real-time. Both the mag-
nitude and phase of y(f) are displayed; the phase can be use-
ful in detecting resonances in the presence of noise, but was
not necessary in these training exercises.
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Figure 4. This screen grab shows the magnitude of the impedance ratio vy(f)
when a soprano sings at A5. Superposed on the raw y(f) signal (thin, noisy
black line) is a smoothed version (thick black line) and the smoothed signal
with the voice harmonics removed (thick grey line). Above the graph, black
dots show the detected harmonics and the horizontal grey bars indicate the
range of the maxima in y(f) associated with the resonances (their sensitivity can
be adjusted by the user). The harmonics and resonances are shown as pitches
on the three musical staves (tilted sideways) and clefs at the top of the display
(the super-treble clef (%) is two octaves above the treble and its staff extends
from 1320 to 2800 Hz). In this example, the singer is tuning the first resonance
R1 to the fundamental frequency f, (R1:f, tuning).

Estimating vocal tract configuration

This technique not only allows estimates to be made of the
resonance frequencies of the supraglottal tract, it can also
reveal other useful information on the vocal tract configur-
ation (degree of glottal opening, raised/lowered velum, etc.).
Such information is useful as participants will sometimes
inadvertently produce undesirable configurations as they
learn to tune R2; it is important to recognise and to under-
stand these configurations. Figure 3 shows some examples
of how different vocal tract configurations will affect y(f);
they have been measured on one of the authors after cali-
brating peipsed-

Figure 3(a) shows the expected result for closed lips; any
slight deviations from a ratio of one being due to subse-
quent small changes in relative position between lips and
impedance head, or digitisation error. Large deviations indi-
cate that a new calibration would be advantageous.

Figure 3(b) shows the result for a closed glottis and
raised velum; three supraglottal resonances (R1, R2, and R3)
are clearly visible. This configuration is desired for the mim-
ing exercise described below.

Figure 3(c) shows what happens for normal phonation
with a raised velum; the glottis is still sufficiently small to
isolate the subglottal tract and harmonics of f, are now vis-
ible. This is the desired configuration for singing
with feedback.

Figure 3(d) shows the result for a breathy phonation; the
glottis is now sufficiently open for an additional resonance
to appear around 750 Hz as a result of interaction between
supra- and subglottal tracts [30]. A display like this can be
used as feedback to discourage the breathy voice.

Figure 3(e) shows the result when inhaling. The glottis is
now fully open and a new set of resonances appears: these
are associated with the combined length of the subglottal
and supraglottal tracts [30].

Figure 3(f,g) shows the consequence of a lowered velum;
in each case, a single strong resonance around 900Hz
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Figure 5. Participant A2 could produce the lowest R2 during miming. In this
example, she has reached D#5 (~620 Hz).

appears as a consequence of the velum tending to seal the
mouth cavity from the other tracts. A lowered velum pro-
hibits R2 : f, tuning.

For the resonance tuning training described in this paper,
v(f) should look qualitatively like Figure 3(c).

Before attending the experimental tuning session, partici-
pants were asked to practise two exercises. The first involved
learning how to open and close the glottis. The second
involved using nasalisation to learn how to raise and to lower
the velum. Details are given in the supplementary file.

Initial control experiment

Participants stood or sat, as they felt more comfortable, and
were asked to hold in their hand the small flexible tube with
a microphone attached. They were asked to adjust the pos-
ition of the microphone and the flexible tube so that it and
the microphone rested gently on their lower lip throughout
the experiment. One approach was to hold both tube and
microphone in a fist and touch the thumb to the chin as a
point of reference — see Figure 2. The tube was connected
to a loudspeaker that excited the vocal tract with a synthes-
ised broadband signal consisting of a sum of sine waves
from 300 to 3000 Hz at 11 Hz spacing.

An initial “calibration” procedure was then made with
the lips closed. A subsequent measurement taken with the
lips closed should then look like Figure 3(a).

In a first step, singers were asked to perform one or
more chromatic scales on the vowel in “hard” [a], each scale
ascending from a starting note of their choice, with the
appropriate pitch cued on a glockenspiel. This determined
the highest pitch that the singer could produce under these
normal conditions. Singers were then asked to sustain each
note of the same ascending scale for 3s, still on an [a]
vowel, with no change in pitch or loudness and with min-
imum vibrato. The broadband current source was active
during these measurements, so that the singer’s habitual res-
onance tuning strategy could be quantified. The scale could
be produced in one or more breaths as necessary until the
singer reached the upper limit of their range.

Training session

For this, participants looked at a computer screen that dis-
played the visual feedback described below and were
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Figure 6. A screen grab of participant A2 using R2:f, tuning singing at C6 with
feedback. The plot shows the magnitude of the impedance ratio y(f) as
described in Figure 4.

coached to produce the necessary control. The training ses-
sion lasted one hour and comprised the following
five exercises.

Open/closed glottis

In order to obtain strong vocal tract resonances in the
supraglottal tract, a closed or nearly closed glottis is
required. To verify whether participants could switch easily
between closed and opened glottis, they were asked to
repeat their practice exercise whilst miming (i.e. without
phonating) with the apparatus at their lips, whilst observing
y(f) and comparing it with those in Figure 3. If participants
were able to fully close their glottis, only two or three
strong, broad peaks (corresponding to R1, R2, and/or R3)
would appear on y(f) over the frequency range displayed (cf.
Figure 3(b)). An open glottis can be identified by the pres-
ence of an additional resonance as the subglottal tract
becomes involved - this can be seen in Figure 3(e) during
inhalation or Figure 3(d) for a wide glottis leading to a
breathy voice [30].

Once their glottis was closed, the experimenter checked
the ability of participants to control the position of the
peaks in y(f) by changing their mouth aperture, rounding
their lips or changing their tongue position whilst miming.

The introduction of the harmonic voice signal produced
by phonation can now be demonstrated for an open and a
closed glottis — Figure 3(d,c), respectively.

Raised/lowered velum position

Nasalisation was not studied in this project and participants
needed to avoid it in order to produce R2. In practice, this
meant avoiding a y(f) spectrum with a single peak around
900 Hz (cf. Figure 3(f,g)), indicating nasalisation and a low-
ered velum.

Lowering the second resonance R2 whilst miming

Participants were shown that the peak positions of R1 and
R2 change when singing a long steady note softly at a com-
fortable pitch using the vowels of the five words “who’d”,
“heard”, “hard”, “hoard”, and “heed”. They were then asked
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to try and keep R2 as low as possible whilst miming with a
closed glottis: this requires rounding the lips and keeping
the tongue down and towards the back of the mouth, whilst
ensuring that the tongue does not contact the velum. The
aim was to reduce R2 sufficiently so that it fell within their
singing range. Figure 3(b) shows an example of the desired
y(f) spectrum.

Learning R2:f, tuning whilst singing

An example of the display used as feedback in the tuning
training session is shown in Figure 4. Here, the display
shows the measured y(f) and a smoothed version with the
voice harmonics removed. The fundamental frequency of
the voice f, and its harmonics are shown by dots on musical
staves, and the approximate bandwidths of R1 and R2 are
indicated by horizontal bars. Participants are thus provided
with direct visual feedback to try and match R2 to f, (they
also, of course, had the sound of their own voices
as feedback).

Once participants had shown that they could control the
position of R2 whilst miming, the next step was to try tun-
ing R2 approximately to f,. Thus, participants would select a
pitch for f, (often F5 or G5 was a starting point) and, whilst
miming with a closed glottis, then adjust R2 so that it
matched the intended f,. Participants would then try and
hold the same mouth, tongue, and lip positions, think about
the pitch they were going to sing, and open their glottis. If
R2 remained in approximately the desired position the par-
ticipant could then sing and see if they were matching R2.
Participants then repeated this procedure and tried singing
at different values of f, covering the range G5 to D#6.

For these exercises, tuning means the systematic chang-
ing of R2 to follow approximately the singing frequency f,;
participants were not immediately expected to match R2
exactly with f,. Tuning f, within the bandwidth of R2, to
within about 100Hz [31,32], should offer benefits such as
increased sound output, and perhaps stability. Exact tuning
presumably takes extensive practice for a singer when only
the produced sound is available to provide feedback.
Furthermore, estimation of R2 from maxima in y(f) also
introduces some uncertainty, particularly with the simplified
approach used here.

Learning R2:f, tuning at very high pitch

Preliminary experiments on author M] showed that at very
high pitch (starting around B5) sometimes R2 would
increase on opening the glottis. For this reason, participants
were asked to tune R2 about a semitone below the target f,
whilst miming with closed glottis before trying to sing.

Results and discussion
Initial measurements before training

All of the eight participants used RI:f, tuning for much of
their range. Although some simultaneously used R2:2fo

tuning over part of their range, no participant used R2:f,
tuning at any pitch.

Control of glottis and velum position

Six of the eight singers were able to control both glottis
aperture and velum position efficiently after two or three
attempts. The two other singers, 14 and Al, had difficulty in
closing the glottis. Once the glottis was closed, they had dif-
ficulty keeping the velum raised and as a result nasalised
most of the time, especially below G5. These two partici-
pants were sometimes asked to revise their velum control by
pinching their nose at times during the R2:f, train-
ing session.

Lowering R2 whilst miming

Seven of the eight singers were able to lower their second
resonance R2 whilst miming. Only I3 could not, as this par-
ticipant found it difficult to close the glottis without lower-
ing the velum. The lowest R2 reached during miming was
D5; Figure 5 shows an example with R2 lowered to
D#5 (~620 Hz).

R2:f, tuning with feedback

Once participants could lower R2 sufficiently whilst miming,
they could try tuning R2 approximately to f, whilst singing.
Six of the eight participants were able to lower R2 below A5
(~880 Hz). For the five participants who could control glot-
tis opening easily, R2 when miming was equal or below that
when singing, except for I2 who could not lower it below
D6 when miming. These results are summarised in Table 1.

Figure 6 shows an example of successful R2:f, tuning
whilst singing at C6.

Six of the eight participants were able to position R2 at
the intended f, before phonation. Their comments on the
procedure were:

e I1 found “good to see the R2 position on the screen”
and added that “seeing is clearer than feeling”;

o 12 felt that “the experiments need[ed] more practising”
as “the hardest thing for [her] is to keep/control the pos-
ition of tongue and mouth”;

e A2 who did the exercise particularly easily (see Figure 6)
commented that it was “not painful” (this comment sur-
prised us, but it appears this participant had feared that
using a different tuning might be uncomfortable
or worse).

Some participants found it difficult to follow the proced-
ure. Their comments are summarised as follows:

e Al could not do the exercise at all because she found it
difficult to lower R2 without nasalising and also difficult
to move the velum up and down to isolate the
nasal passage;



Table 2. The average resonance frequencies before and after the transition
period from miming (frim and from) to singing (frys and fro) when feedback
was present.

Miming (before) Singing (after)

Singer  faim/fo fram/To fris/fo fras/fo fris/frim fras/fram
1 0.70+0.04 1.12+0.03 0.70+0.10 1.27+£0.13 0.99+£0.12 1.13+£0.09
12 0.59+0.11 0.96+0.19 0.60+0.05 1.20+£0.09 1.03+0.12 1.28+0.28
14 0.55 0.99 0.68 1.03 1.24 1.04

A2 0.82+0.07 1.02+0.10 0.75+0.05 1.11+0.02 0.91+£0.04 1.10+£0.11
A3 0.55+0.05 0.95+0.06 0.72+0.06 1.12+0.03 1.30+-0.13 1.19+0.07
P1 0.69+0.03 1.06+0.07 1.11+£0.02 1.55+0.09 1.63+0.10 1.46+0.10

The standard deviations for each singer were calculated from their measure-
ments at different pitches f,, where f, is the measured frequency during sing-
ing. Values in bold indicate when R1 or R2 were within 12% of f,. Singer 14
could only sing through the transition at one pitch.

e I3 could barely do the exercises because she found it dif-
ficult to close the glottis without simultaneously lowering
the velum. She had to do the nose-pinching exercise
often during training (however, like all sopranos studied
in this lab, she always tuned RI1:f,);

o 14 often lowered the velum as he switched from glottis
closed to open, thus nasalising somewhat when starting
to sing;

e PI could position R2 at the desired frequency before
phonation, but always shifted to R1:f, tuning when open-
ing the glottis to sing.

The transition from miming to singing

Table 2 summarises the results during the transition from
miming with a closed glottis (subscript m) to singing (sub-
script s) for the six participants who were able to control
both glottis and velum. The ratio from/f, during miming in
Table 2 was generally close to one, indicating that all six
participants were then tuning R2 close to f,, where f, was
the actual value measured during singing. The ratio frim/fo
was in the range 0.55-0.82 indicating the absence of
RI1:f, tuning.

Table 2 shows different behaviours during the transition
from miming to singing at time = 0; defined as the instant
when voice sound from the participant was first detected in
the audio response. Some participants (I1, 14, A2) seemed to
maintain their phonatory and articulatory shape during the
transition, as indicated by only a small increase in the ratio
fros/from> €8 see Figure 7(c). Other participants (12, A3)
increased R2 around the moment of transition, e.g. see
Figure 7(b). Changes in R1 and R2 are reflected in the ratios
les/lem and fRZs/fRZm in Table 2.

One participant (P1) anticipated the transition and
increased R1 and R2 by an average of 63% and 46%,
respectively. She thus effectively switched from R2:f, to R1:f,
tuning at the moment singing commenced (see Figure 7(a)).

Interestingly, the ratio fros/from Was greater than one for
all six participants, ie. fg, increased during the transition,
perhaps as a consequence of the glottal opening and changes
in its geometry. There is also the possibility that the value
of R2 experienced by the vocal folds might be higher than
that displayed on the screen, and participants might then
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Figure 7. The ratios R1/f, (black lines) and R2/f, (grey lines) during the transi-
tion from miming with a closed glottis (negative times) to singing (positive
times). Time = 0 indicates when each singing measurement started, i.e. at the
beginning of the first cycle of broadband signal following the instant when the
microphone detected the start of the output voice sound. A new cycle of
broadband signal started every 186ms. (a) Participant P1 successfully tunes
R2:f, whilst miming, but switches to R1:f, tuning when preparing to sing. (b)
A3 successfully tunes R2:f, whilst miming, but raises R2 when singing to about
12% above f,. (c) A2 similarly increases R2 by 10% during the transition from
miming to singing. See Table 2 for statistics.

use acoustic feedback. However, changes in R1 were not as
consistent: the ratio fr;s/frim increased for three participants
and decreased for the other three.
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Nevertheless, inexact tuning is probably useful, provided
that f, lies within a bandwidth of Ri. Participants can then
use acoustic feedback to refine their tuning.

Participants Al and P1, who had the highest comfortable
range before training, were unable to perform R2:f, tuning
during singing when feedback was present. Their comments
below suggest that it was difficult to override their already
successful singing strategies in such a short training session.

o Al felt “that too many years singing, training to open
the mouth the higher you sing, made it difficult to do
the opposite” and “voice box seemed to grip as [she]
tried to imagine [herself] singing higher”;

e P1 found it “very difficult to ‘train’ [her] mouth (when
opening the glottis) not to change shape into a more
comfortable singing position” and “felt constricted the
higher the sound got”. Again, when trying to open the
glottis and produce sound, she felt “constricted around
the throat.”

The effects of this short training session using R2:f, tun-
ing with feedback were varied. Two participants (I1 and A3)
increased their range above C6; however, the range of one
participant (I2) remained the same, and the range of two
participants (I4 and A2) actually decreased.

Subsequent tuning in the absence of feedback

After the training session, participants were asked to sing an
ascending chromatic scale whilst y(f) was measured as
described previously for the initial control experiment. For
this exercise, visual feedback of y(f) was not provided to
the participants and they were not specifically asked to use
R2:f, tuning. Four of the six participants who demonstrated
R2:f, tuning when feedback was present during singing did
not use it when feedback was absent. However, two partici-
pants (A2, A3) did spontaneously switch from RI:f, to R2:f,
tuning at the very top of their range; at Eb6 and D6,
respectively — see Figure 8. The pitch at which this transi-
tion occurred was similar to that observed in earlier stud-
ies [8,9].

Although a single one-hour training session was suffi-
cient for six participants to learn R2:f, tuning when visual
feedback was present, only two participants subsequently
used R2:f, tuning when feedback was absent, and then only
at the very top of their range. It thus seems possible that
longer periods of training could help sopranos employ R2:f,
tuning to extend their range, providing that they can also
learn an appropriate laryngeal mechanism to increase f,.

Results of long-term use of visual feedback

The eight participants in the main part of this study only
had a single, one-hour, training session with the software.
However, the first author of this paper (M] in Table 1) used
the software almost daily for an estimated 30 min (non-con-
secutive) over four months. She reported that the main chal-
lenge lies with proprioceptive sensitivity and ability. The
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Figure 8. Examples where two participants spontaneously switched from R1:f,
to R2:f, tuning at the very top of their range above C6 after training when
feedback was absent. In each case R2 (open grey circle) has dropped in fre-
quency to replace R1 (full circle) close to the R1=fo tuning line (dashed diag-
onal line).

visual feedback allows detection of the phonatory and
articulatory shape that may be optimal for a specific pitch,
but kinaesthetic learning is necessary to analyse, keep and
later reproduce this optimal position, and to avoid physio-
logical or habitual reflexes. This step will presumably consti-
tute the longest part of learning to use R2:f, tuning.

As an amateur (see Table 1), she had no previous special-
ist knowledge of the vocal system. Although she had sung
for eight years, she had had no formal singing training.
However, this perhaps also made her flexible since she was
not influenced by any specific vocal technique or school.
Prior to the study, her comfortable and limiting upper
pitches were A5 and C6, respectively. It took her about
4 weeks of practice to have competent and independent
management of glottis opening, velum position, and vocal
tract gesture.

Using the visual feedback as described above over four
months, she was able to use either R1:f, or R2:f, tuning
over the one octave range from E5 to E6. Without feedback
she extended her comfortable range by a fifth (A5 to E6),
and her new upper limit is F#6. Her upper limit using RI:f,



is C#6, so part of this new range may have been enabled by
learning R2:f, tuning. She noticed a different sound quality,
with timbre changes and increased SPL when using R2:f,.
However, an electroglottograph (model EG-2, Glottal
Enterprises, Syracuse, NY) showed none of the large
changes in EGG signal that have previously been observed
for transitions to the M3 laryngeal register [9].

Possible extensions of visual feedback

An earlier study showed that the provision of visual feed-
back of R1 and R2 could help teach vowel pronunciation in
a foreign language [23]. The approach described herein -
using visual feedback of R1 and/or R2 - could be used to
teach unfamiliar tunings to singers. It could include the
R1:2fo tuning used by female singers in musical theatre [33]
and Bulgarian singing [34]. It might also be used to teach
the R1:2fo and R1:3fo tuning used by some male voi-
ces [5,35].

Conclusions

In a one-hour session, six of eight participants learned how
to open and close the velum and glottis independently
whilst provided with visual feedback. Having done so, these
six also learned how to shape the vocal tract for R2:f, tun-
ing, whilst provided with visual feedback. Without visual
feedback, none of the six used R2:f, tuning systematically at
high pitch: one hour of training was insufficient. However,
two of the participants (A2 and A3) spontaneously switched
from R1:f, to R2:f, tuning at the very top of their range; at
Eb6 and D6, respectively — see Figure 8. After four months
using the feedback for about half an hour per day, the first
author learned to perform R2:f, tuning without feedback
and also extended her comfortable and possible singing
range by a fifth or more.
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