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Abstract: Singing voice directivity for five sustained German vowels /a:/, /e:/, /i:/, /o:/, /u:/
over a wide pitch range was investigated using a multichannel microphone array with high spatial
resolution along the horizontal and vertical axes. A newly created dataset allows to examine voice
directivity in classical singing with high resolution in angle and frequency. Three voice production
modes (phonation modes) modal, breathy, and pressed that could affect the used mouth opening
and voice directivity were investigated. We present detailed results for singing voice directivity and
introduce metrics to discuss the differences of complex voice directivity patterns of the whole data in
a more compact form. Differences were found between vowels, pitch, and gender (voice types with
corresponding vocal range). Differences between the vowels /a:, e:, i:/ and /o:, u:/ and pitch can
be addressed by simplified metrics up to about d2/D5/587 Hz, but we found that voice directivity
generally depends strongly on pitch. Minor differences were found between voice production modes
and found to be more pronounced for female singers. Voice directivity differs at low pitch between
vowels with front vowels being most directional. We found that which of the front vowels is most
directional depends on the evaluated pitch. This seems to be related to the complex radiation pattern
of the human voice, which involves a large inter-subjective variability strongly influenced by the
shape of the torso, head, and mouth. All recorded classical sung vowels at high pitches exhibit similar
high directionality.

Keywords: singing voice directivity; classical singing; voice directivity metrics; directivity index;
musical acoustics

1. Introduction

Studies on voice directivity have been investigating several aspects and generally agree
about the factors that influence voice directivity the most. Voice directivity is determined
by the morphology of a person, posture, vocal tract shape and the effective mouth opening.
Investigations on voice directivity have been undertaken for verification, auralization, or
performance analysis of the human voice. Previous studies have included measurements
of sound radiation from artificial mouths, human talkers [1–7], and singers [8–15] with
various approaches in regard to spoken or sung content and microphone array setups.

Voice directivitiy is reported to be affected by different vowels which are exhibiting
unique radiation characteristics according to [5,7] and showed highest directionality for the
vowel /a/ in [11] or /A/ in [6], followed by /e/, /i/, /o/, and /u/, although for singers
in [8] the vowel /e/ is reported to be most directional. In general, the effective difference
is shown to be rather subtle for speech but expected to be larger in classical singing due
to larger mouth openings. However, in singing the inter-subjective variability is reported
to be substantially large [12] which could diminish a clear effect of differences in voice
directivity for vowels for a specific subject group.

Voice directivity characteristics can be calculated from measured sound pressure
levels at fixed distances from a defined center position along a circle or sphere around
a person. The levels can be acquired by time domain or frequency domain analysis.
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These characteristics inform about how sound is radiated from a singer or talker. The
most common metric, and usually used for loudspeaker or antenna characteristics, is the
directivity index [16,17]. Recently, we also introduced the beam width and direction of the
energy vector metric [15,18] and discussed its usefulness as a descriptor for voice directivity,
since the focus of this metric is not front-centered compared to the directivity index. This
is especially useful along the vertical axis. The metrics can be computed from long-term
averaged spectra (LTAS) or from levels computed from bandpassed signals for each spoken
or sung phoneme or phrase. It is also possible to calculate and discuss voice directivity
characteristics from impulse responses of sung glissandi (vocal sweeps) [7,15] or from the
LTAS of a sung glissandi directly [9]. This approach needs a reference microphone in front
of the mouth and a training phase for the subjects to keep their vocal tract configuration
constant during the recording of the glissandi.

An important factor for the analysis of voice directivity is the spectral distribution of a
single phoneme. Therefore, the mode of voice production in terms of level [5,11] and vocal
fold vibration (phonation mode at the vocal folds [19]) influence the energy in different
frequency bands and hereby the effective measurable radiated sound. The phonation mode
defines the degree of impulsiveness during vocal fold closure of the source signal at the
vocal folds and introduces a certain spectral tilt [20]. General differences in phonation
modes are described by the terms breathy, modal, and pressed phonation, although other
phonation modes especially in pathological voices exist, which are not addressed within
this study. The phonation mode implies an effect on the effective sound radiated from
the mouth due to spectral changes. However, for classical singing, there is a secondary
factor worthwhile investigating, namely the directivity of the voice. The phonation mode
may introduce a change in the mouth opening used by the singer which has not yet been
investigated in previous studies.

We previously demonstrated that mouth opening and body size have an effect on
the voice directivity characteristics of singers [15]. These findings imply that singers of
different voice types (e.g. soprano, tenor, etc.) and therefore with different vocal ranges
should exhibit different voice directivity characteristics for the same vowel identity. In
previous studies, gender differences have been addressed but the results for an effect of
gender on voice directivity disagree [5]. For singing, it would make more sense to discuss
this in terms of vocal range rather than gender, as we expect the effective mouth opening to
increase with pitch for each voice type. However, in this study, the vocal range criterion
again separates singers by gender as well.

In the current study we investigate the following:

• the effects of vocal range (voice type) on voice directivity characteristics,
• the effects of mouth opening in regard to pitch and vowel,
• vowel specific radiation characteristics for classical singers in the horizontal and

vertical plane,
• the influence of the phonation mode on voice directivity characteristics.

This contribution explains the employed measurement system, the newly generated
dataset, and the methods used to process the measurement data. We present results from
the acoustic data as polar patterns, and simple broadband or frequency-dependent metrics.
Furthermore, we present tracking and video data that allows us to investigate the influence
of the mouth opening more rigorously. The findings of the work are interesting for the fields
of performance analysis, musical applications, audio recording, virtual and augmented
reality systems.

2. Materials and Methods
2.1. Measurement System

A measurement system in an anechoic chamber for the determination of singing voice
directivity was set up using the double circle microphone array (DCMA) [21], ten optical
tracking sensors and a video camera in order to measure the mouth opening and center
position of the singer. The video camera allows to validate the measurement results from the
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tracking system, to show exemplary mouth openings, and opens the possibility to calculate
the mouth opening from video directly. The measurement software was implemented in
Pure Data (freely available under http://puredata.info/, accessed on 26 July 2022).

2.2. Room Conditions

Measurements were carried out in a sound treated measurement room with absorptive
material on the walls and floor at the Institute of Electronic Music and Acoustics. The mean
room reverberation between 400 Hz and 1 kHz is below 75 ms and above 1 kHz below
50 ms. The volume of the room is approximately 50 m3 with a floor area of 22.50 m2.

2.3. Double Circle Microphone Array

The used microphone array has a radius of 1 m and consists of two circular rings, one
placed in the horizontal plane and one in the vertical plane [21]. Each ring holds up to
32 microphones (Omnidirectional pattern, NTI M2230, Schaan, Liechtenstein) resulting
in an angular spacing of 11.25◦ and a total number of 62 microphones (see Figure 1). In
addition, a reference microphone (NTI M2230) is used, which is located at the exact center
of the microphone array, but not considered in the current calculations.

Figure 1. (Left): Top view on the microphone array (horizontal plane). (Right): Side view on the
microphone array (vertical plane). The singer is seated on a chair of adjustable height. Microphone
positions and angular spacing are indicated.

2.4. Mouth Tracking

The mouth opening and absolute position of the singer inside the microphone array is
captured by a tracking system (Optitrack (https://www.optitrack.com/)). The tracking
system uses ten cameras (Flex 13), six of them are positioned in the corners of the ceiling in
the anechoic chamber and four closer in front of the singer (in 1 m distance). The closer
cameras increase the localization accuracy for the mouth tracking. The absolute position
is used to prevent large positioning errors during measurements. The conductor of the
measurements and the participant have both a visual feedback of the current position,
which indicates larger deviations than 5 cm from the center with a warning. If such a
warning should occur, the measurement is repeated. The distance of 5 cm has been found
to be acceptable [15] and the largest expected error for the sound pressure level at a single
microphone position is 0.72 dB. The tracking data is then used to calculate the mouth
opening area. Therefore, the tracking data of the single facial markers around the mouth
are put in order by calculating the convex hull for each time frame. The resulting polygons
are used to calculate the average area that gives the effective mouth opening area. Note
that the positioning of the facial markers as close as possible to the lips leads to a minor
individual offset, which is expected to be constant for each singer during the measurements.
However, as we are interested in the relative change due to pitch and vowel, we do not
compensate for this constant offset in the further analysis.

http://puredata.info/
https://www.optitrack.com/
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2.5. Augmented Acoustics

For the acoustic analysis, dry signals are measured in an anechoic environment. How-
ever, in singing, room acoustics support the voice, which is a necessity in a longer recording
session. Therefore, we use an augmented acoustic system with zero latency [22,23] that
only gives the singer natural room acoustics via transparent headphones [24] while creating
no reverberation on the microphone signals. The augmented acoustic system is fed by the
microphone in front of the singer and employs a static, however frequency-dependent
directivity to excite the virtual room. The virtual room simulates a shoe-box-like concert
hall with a size of roughly 30 m × 24 m × 20 m and a reverberation time of 2.2 s. Typical
reverberation times of concert halls are in the range between 1.5 s and 3 s [25,26].

2.6. Dataset

For the purpose of this study we created a newly dataset of 5 sustained German
vowels /a:/, /e:/, /i:/, /o:/, /u:/ sung by 4 male singers (3 tenors, 1 baritone) over the
pitch range on a whole-tone scale from H/B2/123 Hz to a1/A4/440 Hz, except for the
baritone only up to e1/E4/330 Hz, and from six female singers (3 soprano and 3 mezzo-
soprano) from a/A3/220 Hz to a2/A5/880 Hz. All singers were trained classical singers
except for the baritone (jazz), who said to have the ability to mimic the classical singing
technique due to his teaching experience at the music conservatory. The average age was
29.6 years; the youngest 24 years old, the oldest 34. The classical trained singers were
4 graduate (at the end of their current master studies), 5 post-graduate students (with one
master’s degree ore more), and 1 undergraduate (bachelor’s degree). Six of them were
also teaching. The singers were asked to sing the vowels, starting on the consonant /m/
and sustaining the vowel for 2 seconds. The vowels were repeated three times each with
different provoked voice phonation modes (modal, breathy, and pressed), which gives
a total number of 2145 audio samples. The singers were asked to sing at a comfortable
loudness level (mezzo-forte). All participants were well trained for the task due to their
extensive practice during their classical vocal studies. The dataset is publicly available
under https://phaidra.kug.ac.at/o:127031 (accessed on 26 September 2022).

2.7. Calculation of Directivity Characteristics

For the current study, a large dataset with multiple variables was created, which
means that simplified metrics may be beneficial for discussing potential differences in
directivity between vowels, gender, pitch, and phonation modes. For our simplified metrics
for the whole data, we opted for a broadband approach. Directivity characteristics can
be computed in the frequency domain or time domain. The general difference between
these two calculation methods lies in the different consideration of frequency components.
As mentioned above, the spectral components differ depending on the vowel identity
and phonation mode and therefore influence the effectively radiated sound. In our in-
vestigation, we want to focus on the maximum separability of the data. Therefore, we
compute directivity characteristics for a sung vowel at a single pitch (i) from frequency
data calculated using Welch’s method (averaged periodogram method) [27] to discuss
general differences between the female and male singers (see Section 3.1), and (ii) from
levels from frequency domain data extracted only at the harmonics (see Section 3.3). Aver-
aging of metrics calculated from frequency domain data means a stronger weighting of
spectral components at higher frequencies that usually exhibit lower sound pressure levels,
whereas these components would have only a smaller influence on metrics calculated
broadband in the time domain. Nevertheless, including the frequency components equally
will allow a better discrimination between vowels, for example. The audio signals for
the frequency analysis are segmented with a frame length of 93 ms and 50% overlap at a
sampling frequency of 44.1 kHz. Then, the spectrum of each segment is calculated with
a frequency resolution of approx. 10.7 Hz. The estimated averaged frequency responses
are then third-octave smoothed. The segments extracted from the recordings for further
analysis exclude the consonant at the beginning of each vowel. The resulting data allows to

https://phaidra.kug.ac.at/o:127031


Acoustics 2022, 4 853

investigate differences of voice directivity between sung vowels, which exhibit complex
radiation patterns if analyzed in detail, with simplified metrics.

2.8. Directivity Patterns

Instead of neglecting a signal analysis focusing only on components of high sound
pressure level, we present compact results from high-passed signals (1 kHz, 4th-order
Butterworth) as polar patterns evaluated in both planes for female and male singers. The
cutoff frequency of the high-pass filter is chosen according to the findings in Section 3.1.
A quasi-continuous representation of arbitrary radiation directions for the azimuth angle
φ can be rendered from given discrete measurement positions by applying the circular
harmonic transform [28]. The polar patterns are displayed logarithmically and show a
dynamic range of 25 dB in each plane.

2.9. Directivity Index

The directivity factor γp(ω) =
Pon−axis

Pmean
, the most common metric in directivity analy-

sis [16], in each plane is defined by the ratio of the on-axis power Pon−axis to the average
power Pmean of all sampling positions on the respective plane. The horizontal and ver-
tical directivity index (HDI, VDI), evaluated at an angular frequency ω is defined in dB
as follows:

DI(ω) = 10 log10(γp(ω)). (1)

However, due to its definition the directivity index is front centric and has been shown
to decrease strongly at frequencies around 550 to 1000 Hz for the human voice [7,15]. This
decrease is dependent on the shape and size of the torso, head size, and vowel. The effect
of reduced frontal radiated energy also occurs at odd multiples of the first strong valley in
the directivity index when investigated over frequency [15]. However, in order to perform
a comparative analysis with previous studies, we include the directivity index results in
the current study.

2.10. Beam Width of the Energy Vector

The energy vector is commonly used in the context of 3D loudspeaker playback, but
is as well useful in the description of the characteristics of any arbitrary sound source
radiation [18] and avoids the directivity index problem of frontal fixation on a single
measurement point. This is especially useful for the vertical plane, because previous
studies report a more downward radiating voice at higher frequencies [8,15]. The energy
vector rE in Equation (2) can be utilized to describe the main radiating direction and its
corresponding width of an acoustic source.

rE(ω) =

L
∑

i=1
|H(ω, φi)|2mi

L
∑

i=1
|H(ω, φi)|2

. (2)

The frequency-dependent magnitudes H(ω, φi) at the measurement angles φi are mul-
tiplied by the vectors mi = [cos(φi), sin(φi)]

T of each measurement position i, i = 1, 2, ..., L
in each respective plane, and normalized by the sum of the energy, yielding a normalization
of the vector between the limits 0 (omni-directional) to 1 (maximum focus to one direction).
As a non-front-centered metric in comparison to the directivity index we use the main
beam width in each plane in Equation (3):

θw = 2 arccos ‖rE‖. (3)

The beam width θw will measure the broadness of the beam towards the direction of
highest intensity (see Figure 2). In the case of two side-lobes with similar strength and a
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decrease towards the front, the energy vector rE will be still centered towards the front
but exhibit a broader beam width. In the case of a single side-lobe being stronger than the
other, the direction of rE will change more towards the direction of the competing side-lobe
dependent on its level.

Figure 2. Schematic of the energy vector and its corresponding source angle θs and source width θw.

3. Results and Discussion

3.1. Effects of Vocal Range

The first analysis aims on the relationship of vocal range on voice directivity. Therefore,
we present the results for HDIs and VDIs averaged over the pitches a/A3/220 Hz to
g1/G4/392 Hz for the female and male singers separately. The singers have an overlapping
pitch range from a/A3/220 Hz to a1/A4/440 Hz. We present the mean values and standard
deviations of the HDIs averaged over the overlapping pitch range in Figure 3A,B for each
vowel. The results agree well with the voice directivity study of 13 talkers in [7], but most
strikingly the classical singers show an overall higher directivity above 2.5 kHz compared
to the talkers. Furthermore, in the figures is shown that the first prominent decrease in
HDIs starts around 650 Hz for female and male singers, but only the female singers exhibit
a distinct decrease around 1 kHz. This could be linked to the influence of the torso size [15]
in combination with the effective mouth opening used by the singers. The effective mouth
opening differs for the same vocal range between the singer groups, which is also shown
by the results presented in the next section. The larger used mouth openings of the male
singers (cf. Section 3.2) explain the smaller differences between HDIs and VDIs for the
front vowels /a:, e:, i:/, and back vowels /o:, u:/, compared to the female results. Another
interesting aspect is that in the vertical plane, the vowels /e:, i:/ are more directional on
average above 1.3 kHz. This could be due to stronger reflections of the upper body in
regard to the used mouth opening for these vowels.

In addition and as alternative to the directivity index, we present the beam width
metric, which does not exhibit extreme decreases due to its mathematical definition, but
shows similar pronounced differences to discuss effects on voice directivity and can be
found in Table A1. In Figure 4 we plot the directivity patterns at low (a/A3/220 Hz) and
high (a1/A4/440 Hz)) pitch computed from high-pass signals at 1 kHz with a 4th-order
Butterworth filter to exclude torso influences and include only frequency components
with high sound pressure levels and to see if this already reduces the differences between
the genders (voice range). Most striking in the figures is that the gender or voice range
difference is still quite visible for the horizontal plane with more pronounced backward
radiation for the female singers at both pitches. It is also shown that the male singers exhibit
less variability between vowels, which was already seen by the metrics presented in Figure 3.
The male singers exhibit broader patterns in the horizonal plane for /e:, i:/ compared to the
female singers. In general we see large variability in the data and a dependence on pitch.
Again, the differences in the data between female and male singers seems to be related to
the mouth opening, which is discussed in the next section in more detail.
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(A) Female singers (HDI). (B) Male singers (HDI).

(C) Female singers (VDI). (D) Male singers (VDI).

Figure 3. Mean and standard deviation for the horizontal and vertical directivity index in dB averaged
over pitch (a/A3/220 Hz to g1/G4/392 Hz) for the female singers (A,C) and male singers (B,D) for
all five vowels and all phonation modes.

3.2. Effects of Pitch on Mouth Opening

The measurement setup allows to track the effective mouth opening by using facial
markers and a motion tracking system (The tracking of single markers proved to be prob-
lematic for some of the male singers, so the tracking data is omitted for the male singers
and video extracts are presented instead.). The effective mouth opening is computed by
calculating the convex hull [29] of the positions of the facial markers in a Cartesian coordi-
nate system. Figure 5 shows that the average mouth opening areas for the vowels of the six
female singers differ. The average difference between all vowels up to d2/D5/587 Hz lies at
0.98 cm2 with average differences between each vowel pairs: ∆ae = 0.95 cm2, ∆ei = 1.59 cm2,
∆io = 0.21 cm2, and ∆ou = 1.58 cm2. Above d2/D5/587 Hz, a general increase in mouth open-
ing is observed, rising to a maximum of about 15 cm2. At the highest pitch a2/A5/880 Hz
the mouth opening area decreases slightly for the front vowels /e/ and /i/. Figure 6 shows
how differently the mouth opening is shaped for all vowels at low (c/C3/196 Hz) and high
pitch (a1/A4/440 Hz) for one male singer and in Figure 7 for one female singer. Here, the
expected difference due to the classical singing style between mouth openings for female
and male singers (singers of different vocal range) is already apparent. The male singers
already reach their highest pitch at a1/A4/440 Hz and use larger mouth openings for all
vowels, while the female singers still use moderate mouth openings at the same pitch with
visible differences shown in Figure 7.
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Figure 4. Directivity patterns for female and male singers in the horizontal and vertical plane at low
(a/A3/220 Hz) and high (a1/A4/440 Hz) pitch for all five vowels of high-passed signals (1 kHz).
The multiple lines of the same color represent the results for each singer for a specific vowel. The
vowel data is averaged over all phonation modes. (A) Female singers (horizontal, a/A3/220 Hz),
(B) Male singers (horizontal, a/A3/220 Hz), (C) Female singers (vertical, a/A3/220 Hz), (D) Male
singers (vertical, a/A3/220 Hz), (E) Female singers (horizontal, a1/A4/440 Hz), (F) Male singers
(horizontal, a1/A4/440 Hz), (G) Female singers (vertical, a1/A4/440 Hz), (H) Male singers (vertical,
pitch a1/A4/440 Hz).

Figure 5. Mean effective mouth opening calculated from tracking data for the five vowels from six
female singers.
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Figure 6. Exemplary mouth openings extracted from video for one male singer for the vowels
/a:/, /e:/, /i:/, /o:/, /u:/ (left to right) at c/C3/131 Hz in the top row and a2/A4/440 Hz in the
bottom row.

Figure 7. Exemplary mouth openings extracted from video for one female singer for the vowels
/a:/, /e:/, /i:/, /o:/, /u:/ (left to right) at a1/A4/440 Hz in the top row and a2/A5/880 Hz in the
bottom row.

3.3. Beam Width and Directivity Index for Female Singers

In this and the next section, we present detailed results for our simplified metrics
calculated from levels extracted from frequency domain data only at the harmonics. A
short discussion on the trade-off between calculation methods of simplified metrics can
be found in Section 2.7. Figure 8 shows the means, medians, and IQRs (inter-quartile
ranges) of the beam width in the horizontal and vertical plane. The data presents the
vowel sequence /a:/, /e:/, /i:/, /o:/, and /u:/ over all pitches sung by the female singers
(a/A3/220 Hz to a2/A5/880 Hz). As each vowel is sung in three voice phonation modes,
we get a total number of 18 measurements per pitch for the female singers (6 singers,
5 vowels, 3 voice phonation modes). As the data is paired (the singers sung multiple
vowels at different phonation modes) and the distributions are not normally distributed
(Lilliefors test, p > 0.05), we test the differences by using the Wilcoxon signed rank test [30]
and use a Bonferroni-Holm correction [31] to account for the five groups. We underpin
our findings by using the biserial correlation coefficient [32,33] (effect size) to measure the
practical significance, whereas detailed results are provided in Table A1 for the horizontal
and vertical beam width (As a general rule of thumb effect sizes are considered for an
r = 0.10 as small, r = 0.30 as medium and r > 0.50 as large effect sizes [34].).

We find differences at a significance level of p < 0.05 for the front vowels /a:/, /e:/,
/i:/ and the back vowels /o:/, and /u:/ until pitch d2/D5 for the beam width, except
for the pair /i:/ and /o:/ (biserial correlation coefficient of 0.6 in both planes). In the
horizontal and vertical plane, the beam width decreases over pitch (cf. Figure 8A,B). This
can be explained by the fact, that with increasing pitch the overall human voice directivity
is sampled differently by the harmonics (cf. Figure 3). Interestingly, the decrease ends
at about d2/D5 and indicates a migration of all vowels towards a similar directivity at
high pitch. Most striking in the figures is the decrease of the horizontal beam widths at
higher pitch. These results are likely to be related to two factors, namely (i) a reduction of
the mouth width and more focus on lowering of the jaw of the singers at high pitch and
(ii) a more downward focused voice at higher pitch, which has already been discussed
in [15]. In contrast, the vertical beam width increases steadily with increasing pitch. Closer
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inspection of the figures shows that, depending on the pitch, different front vowels are
most directional. This result supports the various findings from previous studies about
which vowel is most directional.

(A) Horizontal beam width. (B) Vertical beam width.

Figure 8. Means (diamonds), medians (dots), IQRs (whiskers) of the horizontal and vertical beam
width in degree over pitch for the female singers for the five vowels and all phonation modes.

Figure 9 shows the voice directivity analyzed by the directivity index metric in the
horizontal and vertical plane. We find differences (p < 0.05) for the front vowels and the
back vowels below pitch c2/C5/523 Hz (see detailed results in Table A2). In general, the
directivity index of the different vowels becomes similar towards higher pitch and tends
to decrease for pitches higher than d2/D5/587 Hz with a stronger decrease in the vertical
plane above f2/F5/698 Hz (cf. Figure 9A,B). The general trend of the directivity index
in both planes is very similar to the beam width, increasing towards higher pitch, and
then decreasing slightly above d2/D5/587 Hz. The data for the directivity index show
less statistical and practical significance at higher pitches between vowels (cf. Table A2)
compared to the beam width metric.

(A) Horizontal directivity index. (B) Vertical directivity index.

Figure 9. Means (diamonds), medians (dots), IQRs (whiskers) of the horizontal and vertical directivity
index in dB over pitch for the female singers for the five vowels and all phonation modes.

3.4. Beam Width and Directivity Index for Male Singers

Figure 10 shows the means, medians, and IQRs of the beam width in the horizontal
and vertical plane for the male singers. The presented data include all four male singers
for the pitch range H/B2/123 Hz to e1/E4/330 Hz and include the three tenors up to
a1/A4/440 Hz. Again, each vowel is sung in three voice phonation modes, giving us a total
number of 12 measurements per pitch up to e1/E4/330 Hz and 9 measurements per pitch
above. Again, the distributions for the male singers are not normally distributed (Lilliefors
test, p > 0.05) and the data is paired. Therefore, we test the differences with the Wilcoxon
signed rank test and use a Bonferroni-Holm correction. The biserial correlation coefficient
in detail is shown in Table A3.
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We find differences at a significance level of (p < 0.05) for the beam width of the
front vowels /a:/, /e:/, /i:/ and the back vowels /o:/, and /u:/ for the horizontal and
vertical beam width above pitch d1/D4/294 Hz (cf. Table A3). Similar as for the female
singers, a steady decrease for all the vowels is shown with increasing pitch (cf. Figure 10A).
This decrease ends in the horizontal plane around d1/D4/294 Hz and remains around
the same level for higher pitches in contrast to the slight decrease for the female singers
(cf. Figure A1). In the horizontal plane, the beam width of the front vowels at a1/A4/220 Hz
(lowest pitch of the female singers) are about 100◦ to 120◦ and therefore a magnitude of
20◦ lower than for the female singers. This may be related to the larger mouth openings
used by the male singers, which has been discussed in Section 3.2. In the vertical plane, the
beam width of the front vowels decrease more steadily with increasing pitch compared to
the results shown in the horizontal plane (cf. Figure 10B). This indicates a more prominent
vertical mouth opening for the male singers with increasing pitch. Nevertheless, the results
in Figure 3 in Section 3.1 show a difference between gender below 1 kHz, suggesting that
this also has an effect on the metric and is a cause of the more even decrease in beam width
for the male singers.

Furthermore, we find differences at a significance level of (p < 0.05) for the front
vowels /a:, e:, i:/ and the back vowels /o:, u:/ up to pitch c1/C4/262 Hz for the horizontal
and vertical directivity index (cf. Figure 11 and Table A4). Again, the statistical results attest
the directivity index almost the same quality to distinguish between front and back vowels
as the beam width metric.

(A) Horizontal beam width. (B) Vertical beam width.

Figure 10. Means (diamonds), medians (dots), IQRs (whiskers) of the horizontal and vertical beam
width in degree over pitch for the male singers for the five vowels and all phonation modes.

3.5. Voice Directivity Characteristics and Phonation Mode

To investigate whether voice directivity characteristics are affected by phonation
modes, we present results for the beam width for the female and male singers analyzed by
their medians and IQRs over all pitches for each vowel and phonation mode (see Figure 12).
The means of the medians of the female group for the horizontal plane in Figure 12A lie
at 107◦ for the front vowels and at 118◦ for the back vowels. In the vertical plane, the
beam width is slightly lower (101◦ for front vowels, 110◦ for back vowels) for all vowels
(Figure 12C) with a trend to decrease from breathy to pressed phonation mode. This effect
is larger when evaluated only at higher pitches, which can be also seen in the tracking
data. Higher variance is shown for the back vowels /o:, u:/ and slightly higher for breathy
compared to the other phonation modes. This can be explained by a tendency of the singers
to prefer larger mouth openings for the back vowels over intelligible articulation. The
medians for the male group are smaller for the vowels /e:, i:/ and higher for the vowels
/a:, o:, u:/ compared to the female singers as shown in Figure 12B. Phonation modes for
the male singers reveal no clear difference or trend for the beam width in the vertical plane
(cf. Figure 12D), but overall show higher variances compared to the female singers.



Acoustics 2022, 4 860

(A) Horizontal directivity index. (B) Vertical directivity index.

Figure 11. Means (diamonds), medians (dots), IQRs (whiskers) of the horizontal and vertical directiv-
ity index in dB over pitch for the male singers for the five vowels and all phonation modes.

The averaged metrics over pitch indicate a slightly trend of increased mouth openings
from breathy to pressed. This is also linked to an increased effort at the vocal folds (breathy,
modal, pressed) which could be noticed in the audio and during the recording session.
Furthermore, the general difference between front /a:, e:, i:/ and back vowels /o:, u:/ can
be made visible by the metrics. Most striking is the result for the male group of lower beam
widths in the horizontal plane for the vowel /e:, i:/ indicating broader mouth openings for
the male singers than the female singers. However, the generalisability of this result seems
to be rather limited due to the small sample size.

(A) Female singers (horizontal). (B) Male singers (horizontal).

(C) Female singers (vertical). (D) Male singers (vertical).

Figure 12. Medians and inter-quartile ranges for the beam width over all pitches in the horizontal
(A,B) and vertical (C,D) plane for each vowel and phonation mode for the female and male singers.

4. Conclusions

The present study investigates voice directivity in classical singing and its dependence
on vowel, pitch, and gender (vocal range). In general, we exhibit higher directivity for
classical singers when compared to voice directivity in speech. The current data show
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that mouth opening increases for classical singers of different vocal ranges (gender) and
that this is also linked to pitch. We found subtle differences between the female and male
singers (vocal ranges) at lower frequencies from 650 Hz to 1 kHz and minor differences at
higher frequencies. The differences at higher frequencies can be explained by the different
used mouth openings within the respective vocal range (larger for male singers), whereas
at lower frequencies the differences are most likely linked to the size of the torso. The
simplified metrics calculated from frequency data showed the capability of separating
the front vowels /a:, e:, i:/ and the back vowels /o:, u:/, which was underpinned with a
statistical analysis. Nevertheless, the discrimination between vowels is limited due to pitch
dependence and at higher pitch due to a vowel migration of classical singing, which has
been discussed in literature on vowel intelligibility [35,36]. This and the high variability in
the data limits the applicability of simplified metrics for vowel identification in performance
analysis, however the results give valuable insight on singing voice directivity. The voice
directivity characteristics indicate a minor trend of increased voice directivity for the singers
from breathy to pressed phonation mode. The current results show that the singing voice
directivity is strongly influenced by the following components: mouth opening, singers
morphology, pitch (spectral composition) and its interpretation also depends on the chosen
method of analysis.
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Appendix A

In addition to the results for the directivity metrics in Section 3.1, we present the
corresponding results for the introduced beam width metric in Figure A1. Furthermore, we
present the biserial correlation coefficients (effect size) for the vowel pairs for each plane
for the beam width and directivity index for each pitch in Tables A1–A4.

https://phaidra.kug.ac.at/o:127031
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Table A1. Biserial correlation coefficients for the horizontal and vertical beamwidths at each pitch for
the female singers (samples n = 18). Horizontal and vertical biserial correlation coefficients are listed
at the top and bottom in each cell. Bold letters indicate that there is a significant difference (p > 0.05)
between the vowel groups listed in the first and second column.

v1 v2 a h c1 d1 e1 f1 g1 a1 h1 c2 d2 e2 f2 g2 a2

a e 0.9
0.9

0.9
0.8

0.7
0.5

0.6
0.4

0.5
0.4

0.4
0.1

0
0.5

0.1
1

0.8
0.5

0.9
0.2

0.8
0.6

0.2
0.1

0.3
0

0.1
0.2

0.4
0.5

a i 0.4
0.1

0.6
0.2

0.5
0

0.3
0.1

0.9
0.1

0.3
0.6

0.7
0.5

0.7
0

0.7
0.4

0.6
0.5

0.3
0.1

0.1
0.3

0.1
0.1

0.4
0.4

0.3
0.8

a o 1
1

1
1

0.9
1

0.9
1

0.9
1

0.9
1

0.9
1

0.8
0.8

0.4
0.9

0.6
0.9

0.7
0.9

0.4
0.8

0.1
0.3

0.5
0.5

0.3
0.7

a u 1
1

1
1

1
1

1
1

1
1

1
1

1
1

1
1

0.9
1

0.8
1

0.9
1

0.7
1

0.2
0.5

0.4
0.5

0.2
0.8

e i 0.9
1

0.4
0.9

0.3
0.9

0.2
0.3

0.5
0.1

0.1
0.8

0.6
0.9

0.6
0.6

0.2
0.7

0
0.5

0.4
0.6

0.3
0.5

0.1
0.1

0.4
0.2

0.1
0.3

e o 1
1

1
1

1
1

1
1

0.9
1

0.9
1

0.7
1

0.8
1

0.8
0.9

1
1

0.9
1

0.6
0.9

0.3
0.4

0.3
0.4

0.3
0.2

e u 1
1

1
1

1
1

1
1

1
1

1
1

1
1

1
1

1
1

1
1

1
1

0.6
0.9

0.1
0.5

0.4
0.4

0.3
0.3

i o 1
1

1
1

1
1

1
1

1
1

1
1

1
0.9

1
1

0.7
0.7

0.9
0.6

0.6
0.6

0.4
0.7

0.2
0.3

0.5
0.3

0.2
0

i u 1
1

1
1

1
1

1
1

1
1

1
1

1
1

1
1

1
1

1
1

0.8
1

0.4
0.8

0
0.6

0.5
0.3

0
0.2

o u 1
1

1
0.9

0.9
0.9

0.9
1

0.9
0.9

0.9
0.9

0.8
1

0.8
0.9

0.6
1

0.4
0.9

0.6
0.9

0.1
0.1

0.1
0.6

0.1
0.2

0.1
0.4

(A) Female singers (a to g1). (B) Male singers (a to g1).

Figure A1. Cont.
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(C) Female singers (a to g1). (D) Male singers (a to g1).

Figure A1. Mean and standard deviation for the horizontal and vertical beam width in degree aver-
aged over pitch for the female singers and male singers for all five vowels and all phonation modes.

Table A2. Biserial correlation coefficients for the horizontal and vertical directivity indexes at each
pitch for the female singers (samples n = 18). Horizontal and vertical biserial correlation coefficients
are listed at the top and bottom in each cell. Bold letters indicate that there is a significant difference
(p > 0.05) between the vowel groups listed in the first and second column.
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Table A3. Biserial correlation coefficients for the horizontal and vertical beamwidths at each pitch for
the male singers (samples nH–e1 = 12, samples nf1–a1 = 9). Horizontal and vertical biserial correlation
coefficients are listed at the top and bottom in each cell. Bold letters indicate that there is a significant
difference (p > 0.05) between the vowel groups listed in the first and second column.
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Table A4. Biserial correlation coefficients for the horizontal and vertical directivity indexes at each
pitch for the male singers (samples nH–e1 = 12, samples nf1–a1 = 9). Horizontal and vertical biserial
correlation coefficients are listed at the top and bottom in each cell. Bold letters indicate that there is a
significant difference (p > 0.05) between the vowel groups listed in the first and second column.
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Table A4. Cont.
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