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New objective timbre parameters
for classification of voice type
and fach in professional opera
singers

Matthias Miller!, Zehui Wang?, Felix Caffier’> & Philipp P. Caffier’**

Voice timbre is defined as sound color independent of pitch and volume, based on a broad frequency
band between 2 and 4 kHz. Since there are no specific timbre parameters, previous studies have come
to the very general conclusion that the center frequencies of the singer’s formants are somewhat
higher in the higher voice types than in the lower ones. For specification, a database was created
containing 1723 sound examples of various voice types. The energy distribution in the frequency
bands of the singer’s formants was extracted for quantitative analysis. When the energy distribution
function reached 50%, the corresponding absolute frequency in Hz was defined as Frequency of Half
Energy (FHE). This new parameter quantifies the timbre of a singing voice as a concrete measure,
independent of fundamental frequency, vowel color and volume. The database allows assigning

FHE means +SD as characteristic or comparative values for sopranos (3092 + 284 Hz), tenors

(2705 +221 Hz), baritones (2454 + 206 Hz) and basses (2384 + 164 Hz). In addition to vibrato, specific
timbre parameters provide another valuable feature in vocal pedagogy for classification of voice type
and fach according to the lyric or dramatic character of the voice.

In singing voice pedagogy, auditory perception indicates that dramatic voices sound darker than lyric ones.
However, since this is only an empirical experience, an objective parameter needs to be developed in order
to objectify and classify timbre. The timbre of a singing voice is traditionally defined as a characteristic sound
property’. This definition of timbre is usually summarized as a perceptual quantity independent of pitch and
loudness?. Individual timbre is particularly evident in the higher frequency components of the sound, the so-
called singer’s formants (SF)**. In both the literature on singing and the pedagogy of singing, the term timbre
is also frequently used as the individual color of a voice>®. The 3rd, 4th and 5th SF (i.e., F3, F4, F5) were found
to be important for the timbre and carrying power of the voice”®. It is described, how a voice synthesizer can
be used to simulate a higher voice type by raising these three frequencies by 200 Hz each®. This method can be
applied to train the ability of assigning the timbre to a certain voice type. According to Sundberg, the center
frequencies of the SF are somewhat higher in the higher voice types than in the lower ones’, with F3, F4 and F5
clustered in a wide band around 3 kHz. Following these observations, it becomes clear that the position of the
SE is important in assigning a sound to a voice type. If these frequency bands are higher, voices are perceived
as brighter and assigned to a higher voice type; if they are lower, they are perceived as darker and assigned to a
lower one. For the voice types tenor, baritone, and bass, the frequently used terms tenor timbre, baritone timbre,
and bass timbre represent bright, darker, and very dark sounding voices. The related frequency bands are based
on individual measurements or on model calculations®'.

In order to objectively discuss the issue of voice classification within singing voice pedagogy, various clas-
sification systems must be clearly distinguished!'. “Voice type” is merely a basic term describing the pitch range
in which different voices sing. Usually, the different voice types are summarized in two groups. In the higher
voices, the soprano, mezzo, and alto voice types are distinguished from the tenor, baritone, and bass voice types
in the lower voices, respectively from high to low. Traditionally, female parts of the various operas are cast with
voice types from the first group, and male parts with the voice types from the group with the lower voices. The
few exceptions, such as the breeches roles (or “Hosenrollen”), in which a male part is cast with a high voice, will
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not be considered in particular here. For stage practice in opera singing, voices are also classified according to
specific qualities and singing requirements. In these classifications, such as the traditional German “Fach” system,
voices can be categorized as either lyric or dramatic'>'?. Following Ling'?, we use the term “voice structure” for
this distinction. The differentiation of lyric vs. dramatic is often essential to professional opera singers because
of the different demands on vocal performance'*. Dramatic voices require great carrying power and projection,
because the orchestral accompaniment for dramatic roles is often characterized by high sound pressure levels. To
meet these demands, the singer must be able to sustain high volume levels for long periods of time. In contrast,
a lyric role often requires a high degree of vocal agility and a particular overall sound aesthetic. Misclassification
of voice type and voice structure can lead to overuse and result in both functional and organic dysphonia. This
usually requires intensive logopedic therapy and even invasive phonosurgical treatments in addition to vocal
pedagogical and phoniatric consultation!>™*8,

In our research project, a database was needed to classify professional opera voices into a lyric or dramatic
category within their voice types. The overall goal is to find suitable objective characteristics for voice classi-
fication. Recently, vibrato was found to be a very good feature for classifying voices as lyric or dramatic'®. The
purpose of this study is to investigate whether timbre parameters can also play a role in this classification. These
parameters should be able to describe the color of a voice as a numerical quantity, independent of pitch, loud-
ness, and vowel color. Independence from the latter is particularly important, since professional opera singers
can use vowel color to deliberately shape any sound given by the phonetics of the language, either bright or dark.
Spectral analysis shows that this is achieved by either raising or lowering the 2nd vowel formant (F2) through
vocal tract adjustments®®*'. Auditory differentiation of vowel color from the overall voice timbre is essential in
singing voice pedagogy and requires professional experience. The new timbre parameters should not only allow
an objective comparison of sound color between different voice types, but also between the lyric and dramatic
voice structure within each voice type.

Materials and methods
At the Institute for System Theory and Signal Processing at the University of Stuttgart, a system was developed
for classifying professional soprano, tenor, baritone and bass opera voices. To realize this system, various fea-
tures were developed in a Matlab environment in order to analyze sound samples from lyric and dramatic opera
singers within each voice type.

Database. A comprehensive database with a total of 1723 sound examples, all of which can be clearly
assigned to a lyric or dramatic category, was compiled and implemented in a Matlab environment. For each
sound sample, an analysis interval was defined, containing a single tone with a particular, consistent vowel color.
To preserve the original musical context of the investigated tone, every sound sample in the database had a
duration of up to 12 s. Furthermore, the samples were labeled with codes containing the following information:
voice type, voice structure (lyric or dramatic), performer name, pitch, vowel, and title of the musical work. From
the 1723 sound samples, 774 were sopranos (352 lyric, 422 dramatic), 389 tenors (199 lyric, 190 dramatic), 343
baritones (157 lyric, 186 dramatic), and 217 basses (60 lyric, 157 dramatic). A more detailed description of this
extensive database can be found in a previous study"’.

Development and calculation of objective timbre parameters. The parameters for objectifying
and specifying the timbre should be able to describe characteristic properties of the spectrum, independent of
vowel color. Consequently, a spectral centroid above the vowel formats had to be found. Based on the knowledge
of singing voice acoustics, especially the position of vowel formants, as well as the analysis of the extensive sound
samples of our database, the following frequency bands [B;, B,] were determined:

soprano 2300-4500 Hz
tenor 2000-3600 Hz
baritone 2000-3600 Hz
bass2000-3600 Hz

For all frequency bands, the center of the sound energy was calculated. To ensure comparability between
both voice types and voice structure, the cutoff frequencies were defined to be the same within each gender.

Since different voice types and voice categories produce different sound spectra, this can be used to develop
a possible classification. In this study, specific features based on distribution of energy in the SF frequency bands
were extracted for quantitative analysis. The energy distribution function P(f) is defined as
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P(f) = (1)

where [B1, B]is the frequency interval corresponding to each voice type.

When the energy distribution function P(f) reaches 50% of the whole, the corresponding absolute frequency
is defined as Frequency of Half Energy (FHE in Hz), i.e. P(prE) = 0.5. The relative position in the frequency
interval is defined as Position of Half Energy (PHE in %), which is calculated as
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However, PHE or FHE can only represent the midpoint position of the energy distribution and cannot
extract further information from the entire SF frequency range. Therefore, this paper defines the energy density
function as

__ S0
= S, 50 ®)

Since the moments of a function are quantitative measures related to the shape of the function’s graph, the
first-order moments of the energy density function are defined as the Spectral Centroid (SC), which is calculated
as

B,
Centroid(f) = Zf * p(f) (4)
f=Bi

Centroid(f) represents the estimator of the energy function in the frequency interval, i.e. the energetic center
of the specified SF frequency range. For the listener, this criterion is essential for the "brightness" of the sound.
Similarly, the 2nd, 3rd and 4th order moments are defined as spectral variance, skewness and kurtosis respec-
tively, which also describe SF features.

Statistical analysis. Basic timbre data analysis was performed using descriptive statistics by calculating
means and standard deviations (SD) separately for all singers, each voice type (soprano, tenor, baritone, bass)
and voice structure (lyric vs. dramatic). To compare the mean values of FHE, PHE and SC depending on voice
structure, a two-tailed t-test for independent samples was applied after checking that skewness of the distribu-
tion ranged between -1 and 1 in all subgroups. Additionally, we computed reference ranges of FHE, PHE and SC
(Mean *1.96 x SD) including voice structure-specific differences in all voice types.

Furthermore, machine learning methods were applied for voice structure classification. Random forest, an
excellent method in ensemble learning, was used to significantly improve the accuracy of classification problems.
This is achieved by growing an ensemble of base learners and letting them vote for the most popular class?.
Base learners in random forest, i.e. decision trees, randomly select features to increase robustness with respect
to noise. To enhance the accuracy of this model, additional dimensions had to be considered. Besides timbre
parameters, the following critical features were extracted for the classification procedure: vibrato parameters (rate
of vibrato, VR; extent of vibrato, VE), formant characteristics (strength of formant; start and stop of formant),
and perturbation measures (jitter; shimmer). The ability of the random forest model to analyze the impact of
each input feature on the classification was based on information gain during the classification process.

We chose line graphs, correlation heat maps and bar charts as graphical techniques to represent the data.
Moreover, the SHapley Additive exPlanations (SHAP), a tool for visualizing machine learning models, was used
to explain the output of the training model. All statistical tests were done using SPSS version 26.0.0.1 (IBM,
Armonk, NY). The level of significance was set at a=0.05. The graphics were created using MATLAB R2017b
(The MathWorks, Inc., Natick, MA) and Python version 3.8 (Python Software Foundation, Wilmington, DE).
All classification procedures were implemented by Scikit-learn version 1.0.1, the open-source machine learning
package in Python.

Results
The mean values, SD and 95% reference rages (RR) for the newly introduced timbre parameters FHE, PHE and
SC are shown in Table 1. Data are presented for all voice types and each voice structure (lyric vs. dramatic).

As expected, the FHE values were larger for the higher voice types than for the lower ones. The means revealed
a difference of 251 Hz between the tenor (2705 Hz) and the baritone timbre (2454 Hz). The mean difference
between baritone and bass voices (2384 Hz) was much smaller, i.e. 70 Hz. Moreover, within each voice type, a
difference between the two voice categories was evident. In general, for the sopranos, tenors, and baritones, lyric
voices had a significantly higher FHE mean than the dramatic voices (p <0.001). For the baritones, this difference
was the largest (225 Hz), only slightly smaller than the difference between a tenor and a baritone timbre. For
the bass voices, no significant mean difference (p =0.749) with respect to voice structure could be determined
(8 Hz). Also, the smallest SD of the FHE values was found for the basses compared to other voice types. Regard-
ing voice categories, the SD of the FHE means within the sopranos and baritones were considerably larger in the
lyric than the dramatic voices, while it was the opposite for the tenors. These FHE findings were also reflected
by the results of the parameters PHE and SC.

As an example for individual data, Table 2 presents the means and SD of the sound samples taken from the
lyric baritone (B2) Mario Cassi, the dramatic tenor (T1) Pldcido Domingo, the dramatic sopranos (S1) Birgit
Nilsson and Nina Stemme, and the lyric soprano (S2) Daniela Mazzucato.

In contrast to the group investigation, this comparison revealed a clearly lower FHE, PHE and SC value for
the tenor than for the baritone. As expected, the selected sopranos showed a significantly lower FHE, PHE and
SC value in the dramatic voices compared to the lyric voice. Additionally, the individual vibrato parameters
VR and VE were considered for a more detailed analysis. Referring to recent investigations'?, the following can
be stated for the vibrato values: With Nilsson (S1), VE was clearly below the expected average and VR slightly
below the 95% RR for dramatic sopranos. With Stemme (S1), VE was clearly above average and VR typical for
dramatic sopranos. With Mazzucato (S2), VE was typical and VR slightly below the 95% RR for lyric sopranos.
With Domingo (T1), VE was below and VR above the respective 95% RR for dramatic tenors. With Cassi (B2),
VE was above and VR clearly below the respective 95% RR for lyric baritones. The parameters FHE, VR, and
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Vocal characteristics of
investigated opera singers Frequency of half energy (FHE in Hz) Position of half energy (PHE in %) Spectral centroid (SC in Hz)
Voice structure (n
Voice type sound samples) Mean (SD) | 95% RR p-value (t-test) | Mean (SD) 95% RR p-value (t-test) | Mean (SD) | 95% RR p-value (t-test)
All (n=774) 3092 (284) 30725 3112 35.98 (12.92) | 35.07; 36.89 3207 (154) 3196; 3218
Soprano Lyric (n=352) 3169 (307) 3136; 3201 39.46 (13.94) | 38.00; 40.92 3271 (159) 3255; 3288
<0.001 <0.001 <0.001
Dramatic (n=422) 3028 (247) 3004; 3052 33.08 (11.23) | 32.00; 34.15 3153 (128) 3141; 3166
all (n=389) 2705 (221) | 2683;2727 44.05 (13.82) | 42.67;45.43 2740 (143) 2725; 2754
Tenor lyric (n=199) 2760 (205) | 2732;2789 47.49 (12.77) | 45.70; 49.28 2789 (129) 2771; 2807
<0.001 <0.001 <0.001
dramatic (n=190) | 2648 (224) | 2616; 2680 40.45 (13.99) | 38.45; 42.45 2688 (139) | 2668; 2708
all (n=343) 2454 (206) | 2432;2476 28.34 (12.86) |26.98;29.71 2532 (144) 2516; 2547
Baritone lyric (n=157) 2576 (206) | 2543; 2608 35.94 (12.86) | 33.91;37.97 2625 (135) 2604; 2646
<0.001 <0.001 <0.001
dramatic (n=186) 2351 (140) 233152371 21.93 (8.72) 20.67; 23.20 2453 (97) 2439; 2467
all (n=217) 2384 (164) | 2363;2406 24.01 (10.24) | 22.64;25.38 2480 (92) 2468; 2493
Bass lyric (n=60) 2379 (200) | 2327;2430 23.65 (12.46) | 20.43;26.87 2491 (98) 2466; 2516
0.749 0.747 0.284
dramatic (n=157) 2387 (149) 2363; 2410 24.15 (9.30) 22.68; 25.61 2476 (89) 2462; 2490

Table 1. Timbre parameters frequency of half energy (FHE), position of half energy (PHE) and spectral
centroid (SC) depending on voice structure (lyric vs. dramatic) in all voice types. n number, RR reference
ranges (lower bound; upper bound), SD standard deviation.

Parameter Domingo (T1) | Cassi (B2) Nilsson (S1) | Stemme (S1) Mazzucato (S2)
Sample size (Timbre/Vibrato) 49/49 21/21 95/93 25/25 31/27

FHE (in Hz)

Mean +SD 2581+162 2886158 2942 +227 2931+142 3468 +300
95% RR 2616; 2680 2543; 2608 3004; 3052 3004; 3052 3136; 3201
PHE (in %)

Mean+SD 36.28+10.09 55.33+9.88 29.16+10.37 28.65+6.46 53.05+13.63
95% RR 38.45; 42.45 33.91;37.97 32.00; 34.15 32.00; 34.15 38.00; 40.92
SC (in Hz)

Mean+SD 2626+ 82 2814+83 3112+109 3049+81 3459 + 146
95% RR 2668; 2708 2604; 2646 3141; 3166 3141; 3166 3255; 3288
VR (in Hz)

Mean +SD 6.26+0.45 5.84+0.39 6.06+0.51 6.20+0.26 6.21+0.50
95% RR 5.93; 6.08 6.01;6.21 6.10; 6.23 6.10; 6.23 6.29; 6.47
VE (in Cent)

Mean +SD 74.05+16.04 130.10+25.73 | 74.58+20.80 |122.76+29.77 |77.77+25.11
95% RR 80.17; 86.29 102.38; 112.31 95.76; 102.38 | 95.76; 102.38 73.28;79.32

Table 2. Individual results of the investigated timbre and vibrato parameters for the elite vocal performers
Plicido Domingo, Mario Cassi, Birgit Nilsson, Nina Stemme and Daniela Mazzucato. For easier comparison,
the 95% reference ranges represent the data of all investigated singers of the corresponding voice type and
voice structure (lyric vs. dramatic), taken from Table 1 (FHE, PHE, SC) and Miiller et al.'” (VR, VE). B2 lyric
baritone, FHE Frequency of Half Energy, PHE Position of Half Energy, RR reference ranges (lower bound;
upper bound), SI dramatic soprano, S2 lyric soprano, Sample size number of investigated sound samples, SC
spectral centroid, SD standard deviation, T1 dramatic tenor, VE vibrato extent, VR vibrato rate.

VE were highlighted in the table [bold], since they are easy to understand from a pedagogical point of view
and therefore particularly well suited for communication and teaching in voice consultations. The great visual
expressiveness of FHE becomes evident in Fig. 1, where Domingo and Cassi were compared. It demonstrates the
individual progression of sound energy within the specified frequency band from 2000 to 3600 Hz. The black
bar indicates where 50% of the energy was reached, representing the individual FHE value. The analyzed sound
samples were taken from the role of Rodolfo from the opera Luisa Miller by Verdi (Domingo) and the role of
Malatesta from the opera Don Pasquale by Donizetti (Cassi).

Figure 2 shows the correlation heat map between all investigated vocal parameters, which revealed high cor-
relations between FHE, PHE, and SC. In ensemble learning, similar features used as input for the base learner
can impair the robustness of the model®. Since the characteristics defined by FHE and PHE are practically the
same (i.e. frequency or position of half energy), only one of both parameters needed to be retained. From Eq. (2)
(cf. Materials and Methods) it can be deduced that the ratio of the SD to the mean of PHE is always greater than
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Figure 1. Comparative presentation of two FHE values for the dramatic tenor (T1) Placido Domingo

(2632 Hz) and the lyric baritone (B2) Mario Cassi (3013 Hz) at comparable pitch f4 (362 vs. 361 Hz). The yellow
highlighted area marks the frequency band defined for the calculation of all timbre parameters. The vibrato is
calculated at the harmonic marked in red (VR, VE). The lower half of both examples shows the progression of
sound energy within the investigated frequency band. The black bar indicates the frequency at which 50% of the
energy is reached (FHE).

that of FHE. This greater ratio is a more beneficial property for classifiers to determine the hyperplane in the
feature space. Compared to FHE, PHE also had a lower correlation with SC. Therefore, only PHE and SC were
chosen to represent the energy distribution information of the samples throughout the machine learning process.

Taking various vocal parameters into account proved to be crucial for the most efficient automated voice
structure classification. The importance of PHE and SC for the overall classification of the soprano, tenor and
baritone voices is presented in Fig. 3. The bar chart visualizes the influence of all features used in the voice
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Figure 2. Correlation heat map showing the relationships between candidates for the input features in a
random forest model. FHE frequency of half energy, Jitt Jitter, PHE position of half energy, Shim Shimmer, StaFo
Start of formant, StoFo Stop of formant, StreFo Strength of formant, SC spectral centroid, SK spectral kurtosis, SS
spectral skewness, SV spectral variance, VE vibrato extent, VR vibrato rate.
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Figure 3. Importance of different features for voice structure classification of the investigated sopranos, tenors,
and baritones (balanced error rates: 18.0%, 19.6%, and 17.5% respectively), based on information gain.

structure classification. For all examined voice types it was shown that the parameters presented here play an
essential role in the objective description of the timbre. In addition to the vibrato parameters VE and VR, the
timbre features PHE and SC also made an effective contribution to the classification, with SC having the greatest
influence in all voice types.

Figure 4 gives a graphical interpretation of the classification model for sopranos, tenors, and baritones. On the
left, the SHAP summary plots reveal that the SC had the greatest impact on the model output. As SC decreased,
the likelihood that the model would classify a voice as dramatic increased, and vice versa. How the output of
the model was impacted by the interaction of SC and PHE is shown on the right. A significant negative correla-
tion was observed between the two features representing the energy information of formants and the predicted
dramatic results. As with all binary classification problems, the SHAP summary plots were always symmetric
for both classes, so only the impact of features on dramatic voices are presented.

Discussion

The construction and first practical application of the new objective timbre parameters FHE, PHE, and SC were
successful. Especially FHE, the calculated frequency at which 50% of the sound energy is reached within the
specified frequency band, is very easy to understand and visualize. In order to describe the timbre even more
precisely, SC was introduced as an additional feature, since it can be used very well to represent the energetic
center of sound within the specified limits. However, since the mathematical description of this feature is much
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Figure 4. Left side: SHAP summary plots of input features for sopranos (upper row), as well as tenors and
baritones (lower row). Features are sorted in descending order of the impact on the model output. Right side:
SHAP dependence plots showing the impact of the interaction between SC and PHE. In all plots, only the results
for the dramatic voice structure are shown.

more complex compared to FHE, and thus the demands on voice teachers as "translators" between voice science
and the "singer’s world" increase significantly', this study focuses on the FHE as a more comprehensible commu-
nication tool, because it is easier to explain and understand in pedagogical practice. The methodology presented
in this paper can be used both to objectively verify the previous assumptions about timbre described in the
introduction, as well as classify any sound samples in terms of voice type or voice structure (lyric vs. dramatic).

FHE means of the voice types in Table 1 confirm the distinction between a baritone- and tenor-like timbre®.
Nevertheless, the generally assumed relative timbre difference of 200 Hz between 2 adjacent registers as pre-
sented in the literature turned out to be imprecise. According to our calculations, this difference is either notably
below (251 Hz between tenor and baritone) or above (70 Hz between baritone and bass) the exact mean value.
These findings represent a specification in the objective description of the absolute timbre characteristics in
the investigated voice types. However, within the baritone voices, mean FHE difference between the lyric and
dramatic voice structure was larger than 200 Hz, which suggests that lyric baritones could be assigned, at least
in part, to the tenors. The timbre difference between both voice categories was also clearly recognizable in tenors
(112 Hz) and sopranos (141 Hz). Apparently, previous reports about the SF center frequencies®** lack precision
and completeness, since they focus on the assignment of voice types. In contrast, the newly introduced timbre
parameters FHE, PHE and SC also reliably detect voice structure differences. Their use and implementation in
voice diagnostics therefore expand the possibilities of a more specific evaluation of professional opera voices.

Contrary to all other voice types, the mean FHE difference within the basses is so small (8 Hz) that it can be
considered meaningless. This supports previous findings of vibrato investigations in which basses formed an
exception regarding voice structure classification. The low frequencies needed for the dark timbre expected
from basses on the opera stage prevent a clear differentiation between lyric and dramatic voices using the tim-
bre parameters presented here. Interestingly, Kloiber also avoids the terms lyric and dramatic for basses despite
employing them for all other voice types'?. Only Ling®®, in his attempt to reform the German “Fach” system,
uses both terms also for the basses.

The interactions of voice types and voice structure (lyric or dramatic) can be easily understood by the pre-
sented comparison of the lyric baritone Cassi with the dramatic tenor Domingo. It also demonstrates the effec-
tiveness of a combined analysis of timbre and vibrato parameters. Based on an approximately 300 Hz higher mean
FHE value, it could be concluded that Cassi belongs to a higher voice type than Domingo. With his very bright
timbre, Cassi could be assigned to the tenor voices. Domingo, on the other hand, showed timbre parameters
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just above the baritone average. With this dark timbre, “quite comparable to a lyric baritone”?, he could also be
assigned to the baritone voice type. The additional consideration of vibrato values resulted in a more differenti-
ated picture: Domingos mean VR (6.26 Hz) and VE (74.05) are within the 95% RR of Iyric tenors (6.17; 6.34 and
71.70; 78.89), but outside the confidence intervals of lyric or dramatic baritones'. This indicates that his voice is
more likely belonging to a tenor. In Cassi, the low VR and high VE are typical findings for lyric baritones (within
mean + SD)', despite his bright timbre. This confirms quantitatively and comprehensibly from the perspective
of singing voice pedagogy that Cassi’s assignment to the voice type lyric baritone is very likely correct.

The significance of such an objectively supported voice assessment is also reflected by statements of the Ger-
man tenor Jonas Kaufmann. In his younger years, he "imitated a typically bright, light German tenor", but his
voice "increasingly went on strike"**. When a teacher opened him the way to a darker sound color, he gradually
identified with this new timbre and found the voice that has made him world-famous.

In the practice of singing voice pedagogy it is very important to perceive the sound quality as differentiated
as possible. In addition to auditory training in musical education, voice teachers must be able to distinguish
between different timbres in a very sophisticated manner. Perceiving the spectral structure of a sound is a neces-
sary prerequisite for recognizing voice timbre independently from vowel formation. Computer programs such as
VoceVista (Sygyt Software, Bochum, Germany) display the spectrum of the singing voice in real time and offer
a good opportunity to train this ability specifically?’. To compare the timbre within a voice type, sound samples
characterized by high and low FHE values can be compiled for differentiation. Another instructive training is to
evaluate a collection of sounds with the same or similar FHE values but different vowel colors. Overall, the new
timbre parameters, especially the FHE, improve the possibilities for a differentiated description of resonance
strategies as well as for the objective determination of voice types and voice structure.

Conclusion and outlook

Once voice structure classification within the complex fach determination becomes an automated process, the
objective features will play a key role in the evaluation procedure. As observed in initial investigations, a detection
accuracy of approximately 80% can be considered very good, since the differentiation between the two classes
lyric and dramatic is relatively small. This can be confirmed by singers whose voices slowly developed from lyric
into dramatic over the course of their stage careers, as well as the existence of so-called “Zwischenfacher” (e.g.
cavalier baritone)'?. The classification of male voice types using the Random Forest classifier yielded a balanced
error rate below 30%. These results are all very promising. In the future, the database will be extended and
include sound samples from mezzo-sopranos to broaden the spectrum of voice types relevant to singing voice
pedagogy. The authors hope that this will also provide answers to the exciting debate on classification of mezzo
vs. soprano vs. “Zwischenfach”.

To the observer, the data analysis underlying the classification process and some of the applied features can
seem like a blackbox due to their complexity. The specific influence and weighting of the individual features can
neither be clearly determined by auditory perception nor in terms of singing voice pedagogy. This fact can be
challenging for the trustful cooperation between engineers, phoniatricians and voice teachers. It is therefore all
the more important to find objective, generally accepted characteristics which can be communicated comprehen-
sibly in an interdisciplinary way. We believe that scientifically defined characteristics such as vibrato and timbre
parameters fulfill that role and provide a valuable contribution to future voice diagnostics and fach determina-
tion. Our vision is based on the assumption that the automated digital voice classification will always be used as
a helpful complement to the essential assessment of the experienced singing voice teacher.

Data availability
All data of this study is available in the Supplementary Data S1.

Received: 8 February 2022; Accepted: 19 October 2022
Published online: 26 October 2022

References
1. Cleveland, T. F. Acoustic properties of voice timbre types and their influence on voice classification. J. Acoust. Soc. Am. 61,
1622-1629. https://doi.org/10.1121/1.381438 (1977).
2. Erickson, M. L. Dissimilarity and the classification of female singing voices: A preliminary study. J. Voice 17, 195-206. https://doi.
0rg/10.1016/50892-1997(03)00022-5 (2003).
3. Mainka, A. et al. Lower vocal tract morphologic adjustments are relevant for voice timbre in singing. PLoS ONE 10, e0132241.
https://doi.org/10.1371/journal.pone.0132241 (2015).

4. Lee, S. H. et al. The singer’s formant and speaker’s ring resonance: A long-term average spectrum analysis. Clin. Exp. Otorhinolaryn-
gol. 1,92-96. https://doi.org/10.3342/ce0.2008.1.2.92 (2008).

5. Richter, B. Die Stimme (Henschel, 2013).

6. Seidner, W. & Wendler, ]. Die Siingerstimme 3rd edn, 199 (Henschel, 1997).

7. Story, B. The vocal tract in singing. in The Oxford Handbook of Singing (eds G., W., H. D.M., & N.].) (2016).

8. Sundberg, J. & Richter, B. Stimmakustik, Stimmanalyse, Stimmsynthese. In Die Stimme (ed. Richter, B.) 79-90 (Henschel, 2013).

9. Sundberg, J. Level and center frequency of the singer’s formant. J. Voice 15, 176-186. https://doi.org/10.1016/50892-1997(01)

00019-4 (2001).

10. Miiller, M. Horen—Sehen-Verstehen; Stimmanalyse mit VoceVIsta im Gesangsunterricht—eine praxisorientierte Einfiihrung (Wif3ner,
2015).

11. Fri¢, M. & Pavlechova, A. Listening evaluation and classification of female singing voice categories. Logoped. Phoniatr. Vocol. 45,
97-109. https://doi.org/10.1080/14015439.2018.1551418 (2020).

12. Kloiber, R., Konold, W. & Maschka, R. Handbuch der Oper 14th edn, 925-927 (Metzler, 2016).

13. Ling, P. A. Stimme, Stimmfach, Fachvertrag (Wifiner, 2008).

Scientific Reports |

(2022) 12:17921 | https://doi.org/10.1038/s41598-022-22821-w nature portfolio


https://doi.org/10.1121/1.381438
https://doi.org/10.1016/s0892-1997(03)00022-5
https://doi.org/10.1016/s0892-1997(03)00022-5
https://doi.org/10.1371/journal.pone.0132241
https://doi.org/10.3342/ceo.2008.1.2.92
https://doi.org/10.1016/s0892-1997(01)00019-4
https://doi.org/10.1016/s0892-1997(01)00019-4
https://doi.org/10.1080/14015439.2018.1551418

www.nature.com/scientificreports/

14. Richter, B. & Echternach, M. Stimmirztliche Betreuung und Behandlung von Séngern. HNO 59, 547-555. https://doi.org/10.1007/
500106-011-2307-y (2011).

15. Seipelt, M. et al. Monitoring the outcome of phonosurgery and vocal exercises with established and new diagnostic tools. Biomed.
Res. Int. 2020, 4208189. https://doi.org/10.1155/2020/4208189 (2020).

16. Zeitels, S. M. The art and craft of phonomicrosurgery in grammy award-winning elite performers. Ann. Otol. Rhinol. Laryngol.
128, 7s—24s. https://doi.org/10.1177/0003489418810697 (2019).

17. Ropero Rendén, M. D. M. et al. Efficacy of phonosurgery, logopedic voice treatment and vocal pedagogy in common voice problems
of singers. Adv. Ther. 35, 1069-1086. https://doi.org/10.1007/s12325-018-0725-x (2018).

18. Caffier, P. P. et al. Phonomicrosurgery in vocal fold nodules: Quantification of outcomes in professional and non-professional voice
users. Med. Probl. Perform Art 32, 187-194. https://doi.org/10.21091/mppa.2017.4035 (2017).

19. Miiller, M., Schulz, T., Ermakova, T. & Caffier, P. P. Lyric or dramatic—Vibrato analysis for voice type classification in professional
opera singers. IEEE/ACM Trans. Audio Speech Language Process. 29, 943-955. https://doi.org/10.1109/TASLP.2021.3054299 (2021).

20. Story, B. Vowel acoustics for speaking and singing. Acta Acust. Acust. 90, 629-640 (2004).

21. Story, B. Technique for “tuning” vocal tract area functions based on acoustic sensitivity functions (L). J. Acoust. Soc. Am. 119,
715-718. https://doi.org/10.1121/1.2151802 (2006).

22. Breiman, L. Random forests. Mach. Learn. 45, 5-32. https://doi.org/10.1023/A:1010933404324 (2001).

23. Zhou, Z.-H. Ensemble learning. In Machine Learning (ed. Zhou, Z.-H.) 181-210 (Springer Singapore, 2021).

24. Sundberg, J. Perceptual aspects of singing. J. Voice 8, 106-122. https://doi.org/10.1016/50892-1997(05)80303-0 (1994).

25. Mecke, A. C. & Seedorf, T. Lexikon der Gesangsstimme: Geschichte, wissenschaftliche Grundlagen, Gesangstechniken, Interpreten.
167 (Laaber, 2016).

26. Kaufmann, J. Salzburger Festspielgesprache mit Jonas Kaufmann (Rett, B.). Accessed 2 Feb 2022. https://www.jonaskaufmann.
com/de/208/interviews--portraits-tv--radio.html (ORF III, 2013).

27. Miiller, M. The Variability of Vowel Colors in Horen—Sehen verstehen; Stimmanalyse mit VoceVIsta im Gesangsunterricht—eine
praxisorientierte Einfiihrung (ed. Miiller, M.) 67-83 (Wif3ner, 2015).

Acknowledgements

Our study presents a part of the interdisciplinary research project “Analysis and classification of voice structure
in professional singing voices”. Prof. Dr. Bin Yang, head of the Institute of Signal Processing and System Theory
(ISS) at the University of Stuttgart, gave Matthias Miiller the opportunity to initiate this project. The present
work is partly based on Zehui Wang’s master thesis at the ISS.

Author contributions

Conceptualization, M.M.; Investigation and data collection, M.M., Z.W.; Data processing and statistical analy-
sis, M.M., Z.W., EC,, PP.C.; Validation of results, M.M., Z.W., PP.C.; Production of Figures, EC., Z.W.; Writing
original draft, M.M., PP.C.; Writing—review and editing, M.M., Z.W.,, EC., P.P.C,; Supervision, PP.C.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-22821-w.

Correspondence and requests for materials should be addressed to P.P.C.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:17921 | https://doi.org/10.1038/s41598-022-22821-w nature portfolio


https://doi.org/10.1007/s00106-011-2307-y
https://doi.org/10.1007/s00106-011-2307-y
https://doi.org/10.1155/2020/4208189
https://doi.org/10.1177/0003489418810697
https://doi.org/10.1007/s12325-018-0725-x
https://doi.org/10.21091/mppa.2017.4035
https://doi.org/10.1109/TASLP.2021.3054299
https://doi.org/10.1121/1.2151802
https://doi.org/10.1023/A:1010933404324
https://doi.org/10.1016/S0892-1997(05)80303-0
https://www.jonaskaufmann.com/de/208/interviews--portraits-tv--radio.html
https://www.jonaskaufmann.com/de/208/interviews--portraits-tv--radio.html
https://doi.org/10.1038/s41598-022-22821-w
https://doi.org/10.1038/s41598-022-22821-w
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	New objective timbre parameters for classification of voice type and fach in professional opera singers
	Materials and methods
	Database. 
	Development and calculation of objective timbre parameters. 
	Statistical analysis. 

	Results
	Discussion
	Conclusion and outlook
	References
	Acknowledgements


