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Introduction

Intelligible pronunciation is a key aspect in classical
singing and a necessity for correct text delivery. In con-
trast, the modification of vowels in classical singing is
used to achieve better resonance and ease at high pitches.
This usually results in a diminished vowel intelligibility, as
has been reported in literature especially for sopranos and
tenors [1, 2]. One of the greatest questions is up to which
pitch vowel intelligibility in classical singing is most likely
feasible and there exist contradictory results. It seems not
possible to clearly identify this limit and therefore it is no
easy undertaking to investigate algorithms to fulfill the
purpose of vowel identification if no proper ground truth
exists. Common approaches for vowel identification use
linear prediction coefficients [3] or mel-frequency cepstral
coefficients as features to set up a classification problem.
For both, the accuracy is reported to be pitch-dependent
and decreasing with increasing pitch [4, 5, 6].

Voice directivity has an influence on the perceived sound
for both the singer and the audience [9, 10, 11]. The
most important aspect is the spectral composition of
sound received at the listener’s position which is highly
influenced by the direct-to-reverberant energy ratio (D/R
ratio). Therefore, it is dependent on the distance from
the singer to the listener, the room acoustics, and the
voice directivity. The more focused the voice directivity
is, the higher is the D/R ratio [12, 13]. Higher D/R ra-
tios mean more emphasis on the direct sound and less
sound coloration due to room influences. However, the
aspect of perceived directivity seems to be less promising
than evaluating characteristics from voice directivity to
identify different vowels. Since our interest lies in the
performance analysis of professional voices, features of
voice directivity could be useful for computer training
systems for singing students when no singing teacher is
present during practice.

We present a novel approach using voice directivity char-
acteristics as features for vowel identification. It has been
shown that voice directivity is strongly affected by the
size of the mouth opening, but of course also body shape
and posture have a strong impact [7, 8]. The mouth open-
ing and tongue position are changed for different vowels
and therefore provoking different voice directivity char-
acteristics. For the investigation on vowel identification
with voice directivity characteristics we use an acoustic
measurement system with 62+1 microphones enhanced
by a facial tracking system to measure voice directivity.
Furthermore, to support natural usage of the voice while
actually being in an anechoic measurement room, the
system provides augmented acoustics to simulate a more
comfortable acoustical environment [14].

This contribution explains the used measurement sys-
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tem, the created dataset, and the methods to process
the measurement data. Finally, we present results for
two voice directivity metrics and discuss their ability to
distinguish between front vowels and back vowels and the
intuitiveness for interpretation. Current results indicate
that a distinction between back vowels and front vowels
is feasible solely based on features of voice directivity up
to €2 /E5, which is around double the frequency limit for
linear prediction discussed in [4].

Measurement system

A measurement system for the determination of sound
radiation characteristics of the singing voice was set up by
using the double circle microphone array (DCMA) [15, 16],
optical tracking sensors in order to measure the oral pos-
ture and center position of the singer, and a video camera.
The video camera allows to validate the measurement
results from the tracking system and opens the possibility
to calculate the mouth opening from video directly. The
measurement software was implemented in Pure Data !.

Double circle microphone array

The used microphone array has a radius of 1 m and con-
sists of two circular rings, one placed in the horizontal
plane and one in the vertical plane [15]. Each ring can
hold up to 32 microphones resulting in an angular spac-
ing of 11.25° and a total number of 62 microphones. In
addition, a reference microphone is used, which is located
at the exact center of the microphone array.

Tracking

The mouth opening and absolute position of the
singer /speaker inside the measurement array is captured
by am infrared tracking system. The tracking system
uses ten cameras, six of them are positioned on the ceil-
ing of the measurement room and four closer in front
of the singer/speaker. The closer cameras increase the
localization accuracy for the mouth tracking.

Augmented acoustics

While acoustic analysis benefits from dry signals mea-
sured under anechoic conditions, room acoustics support
the voice in speaking/singing, which is especially impor-
tant in a longer recording session. Therefore, we use
an augmented acoustic system [14] that gives the singer
natural room acoustics via transparent headphones [17]
without creating reverberation on the microphone sig-
nals. The system is fed by the microphone in front of the
singer and employs a time-invariant, however frequency-
dependent directivity [18] to excite the virtual room sim-
ulating a shoe-box-like concert hall with a size of roughly
30mx24mx20m and reverberation time of 2.2s.

Lfreely available under http://puredata.info/



Dataset

For the purpose of this study, we created a dataset of 5
sustained German vowels (/a:/,/e:/,/i:/,/0:/,/u:/) sung
from six women (3 soprano and 3 mezzo-soprano) on a
whole-tone scale from a/A3 to a?/A5. 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
qualities (modal, breathy, and pressed), which gives a
total number of 2145 audio samples. The singers were
asked to sing at a comfortable loudness level.

Methods

This section presents methods to analyse voice directivity
and metrics to discuss directivity characteristics.

Tracking data

The tracking data is used to calculate the mouth opening
area. Therefore, the tracking data of each time frame of
the single facial markers around the mouth are put in
order by calculating the convex hull. From the resulting
polygon, the area is calculated, which gives the effective
mouth opening area over time. This area comes with a
bias of around 5 to 7 cm? due to the positioning of the
markers around the lips, which needs to be considered for
further analysis. Furthermore, the height and width of the
mouth can be calculated and give valuable information
about effects occurring in each single plane (horizontal
or vertical). The tracking data during each segment (e.g.
sustained vowel) can be used to analyse whether there is
an increase or decrease of the mouth area for each vowel
at each pitch and each voice quality.

Calculation of directivity characteristics
Directivity characteristics are computed from frequency
data of a sung phoneme at a single pitch calculated by
Welch’s method (averaged periodogram)[19]. The micro-
phone signals at the measurement positions are segmented
and transformed into the frequency domain via the Fourier
Transform. The estimated frequency responses are aver-
aged over time and smoothed afterwards in third-octave
bands. The metrics are calculated broadband for the fre-
quency range of 500 Hz to 10 kHz. The advantage of the
method is that it can be utilized to calculate directivity
patterns from shorter speech or sung segments.

Directivity index for a single plane

Pon—azxis

The directivity factor y,(w) = =5="=* in each plane is
defined by the ratio of the on-axis power P,, _4.is to the
average power Ppeqn of all sampling positions on the
respective plane. The horizontal and vertical directivity
index (HDI, VDI), evaluated at an angular frequency w
are defined in dB as follows:

DI(w) = 101ogyo(vp(w)).

Energy vector

The energy vector rg in Eq. (2) can be utilized to describe
the direction and the width of the main lobe of an acoustic
source. This measure is commonly used in the context
of 3D loudspeaker setups, but is as well useful in the
description of the characteristics of any arbitrary sound
source radiation [20]
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The frequency-dependent magnitudes H (w, ¢;) are mul-
tiplied by the vectors m; = [cos(¢;), sin(¢;)]T of each
measurement position ¢ = 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). The
following metric is used here: the main beam width in
each plane 6, = 2arccos ||rg|| in each plane.

Results

In this section we present results from six classical singers
for the methods described in the section above.

Beamwidth and directivity index over pitch

In Figure 1 we show the voice directivity evaluated by the
beamwidth of the energy vector in the horizontal plane.
This metric allows to include the focus towards the main
beam direction of the voice directivity, where most energy
is radiated too. The bootstrapped confidence intervals
(95%) are shown for the vowel sequence /a:/, /e:/, /i:/,
/o:/, and /u:/ over all pitches sung by the female singers
(a/A3 to a?/A5). As each vowel is sung in three voice
qualities, we get a total number of 18 measurements per
pitch and vowel (6 singers, 3 voice qualities).

We first performed pairwise Wilcoxon signed-rank tests
with a Bonferoni-Holm correction. We can find no differ-
ence at a significance level of p<0.05 between the front
vowels /a:/, /e:/, /i:/ and the back vowels /o:/, and /u:/
above pitch e?/E5 for the horizontal beamwidth. We
underpin our findings by the use of the biserial corre-
lation coefficient [21] (an effect size pendant) presented
in Table 1. The biserial correlation coefficient decreases
with increasing pitch for the found statistical significant
results, which indicates a limited feasibility to distinguish
a pitch higher than e?/E5 with the current data.
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Figure 1: Medians and 95% confidence intervals of the hori-
zontal beamwidth in degree over pitch for the female singers
for the five vowels and all repetitions.

In Figure 2 we show the voice directivity analysed by the
horizontal directivity index. We can find no difference at
a significance level of p<0.05 between the front vowels
Ja:/, Je:/, /i:/ and the back vowels /o:/, and /u:/ above
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Table 1: Biserial correlation coefficient for the differences in the horizontal beamwidth for the five vowel groups (/a:/, /e:/, /i:/,
/o:/, and /u:/) at each pitch for the female singers (samples n=18). High values indicate a high effect and a high probability of
the difference between vowel groups and underpin the statistical significance.

vl v2 a h cl dl el f1 gl al hl c2 d2 e2 2 g2 a2
a e 099 041 053 05 04 0.05 057 0.14 048 0.77 088 0.18 0.65 0.05 0.9
a i 0.48 0.16 0.51 0.27 0.22 0.01 081 0.32 097 093 062 0.56 051 0.17 0.95
a o 1 1 1 1 1 1 1 1 1 1 1 1 1 0.98 0.99
a u 1 1 1 1 1 1 1 1 1 1 1 1 1 099 1
e i 094 032 0.75 03 021 002 045 035 094 0.59 0.19 043 088 0.35 0.59
e o) 1 1 1 1 1 1 1 1 1 1 1 1 099 1 0.97
e u 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
i o 1 1 1 1 1 1 1 1 1 1 1 1 1 0.99 0.89
i u 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
o u 1 1 1 1 1 1 1 1 0.86 086 0.71 089 0.84 0.64 0.56

pitch ¢2/C5 (see Table 2).

The results shows that the rg-beamwidth outperforms %

the directivity index even though similar capabilities of &

distinguishing between front and back vowels in the hor- %

izontal plane were expected. The presented data shows g

a more intuitive description of voice directivity with an g

increasing beamwidth as the pitch increases.
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Figure 2: Medians and 95% confidence intervals of the hori-
zontal directivity index in dB over pitch for the female singers
for the five vowels and all repetitions.

Tracking data

For a change of vowel or mouth opening, we expected a
change in voice directivity, or in other words, some effect
on the voice directivity characteristics, i.e. directivity
index and beamwidth. In Figure 3 we show the actual
increase of the mouth opening over pitch, as captured
by the tracking system. It can be shown that the vowel
modification towards higher pitches provokes an alignment
of the mouth opening size for all the different vowels.

Conclusion

We presented the investigation on voice directivity char-
acteristics on a new dataset and discussed results for the
horizontal beamwidth and directivity index for five vow-
els and three voice qualities over 15 pitches. The results
show that differences between vowels and between differ-
ent mouth openings can be seen in the directivity metrics.
It is also shown that a differentiation between back and

812

Y
. . pitch .
Figure 3: Mouth area increase over pitch for one female

subject for the five different vowels /a:/, /e:/, /i:/, [o:/, /u:/.

front vowels seems feasible until €?/E5 for the horizontal
beamwidth and until ¢?/C5 for the directivity index. The
presented voice directivity data is supported by the track-
ing data to verify the effective mouth opening area. An
increase of the mouth opening also yields an increase of
the beamwidth, again indicating vowel migration towards
higher pitch. This vowel migration is in accordance to
literature [2].

The current results also indicate that the evaluation of
voice directivity by the engergy vector is superior in com-
parison to the directivity index. The beamwidth of the
energy vector is more intuitive and corresponds better to
the results of the increasing mouth area data coming from
the tracking data than numerical results stemming from
the directivity index. At last, the beamwidth calculation
is more robust to head movements as it does not use the
on-axis direction as a reference.
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