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Abstract. Adjusting the vocal tract during singing in order to align formants (i.e. the resonance
frequencies of the vocal tract) with harmonics is known as formant tuning. This intuitive act, that
is highly dependent upon the vertical laryngeal positions, has been used from trained singers in the
past, in cases where the singing voice should be heard across large spaces along with other sound
sources. Formant tuning is considered as another vocal strategy used by trained singers when
trying to produce the ideal voice and economizing on vocal effort. While literature on formant
tuning continues to grow for other types of vocal music genres [2, 3], Byzantine Ecclesiastic chant
voices haven’t been studied in the same context. Current work tries to fill this gap by providing an
initial approach, along the path followed, and presents the first results of this analysis. We present
an investigation of formant tuning in the context of the Byzantine Ecclesiastic chant voice. The
recordings selected for the analysis are part of the DAMASKINOS prototype acoustic corpus of
Byzantine Ecclesiastic voices. More specifically, we analyzed recordings from ten different
professional chanters in ascending musical scales of the diatonic genre, for the /a/ vowel. The
method of analysis included a semi-automatic segmentation of the audio material, extraction of the
measurements in PRAAT and the final post-processing in MATLAB. Results show clear evidence
of formant tuning in at least 60% of the chanters, proving that the technique is in use by the
modern Byzantine chanting professional performers.

Mepitnyn. To @ovOpEVO TNG TPOCAPUOYNG TNG PMVNTIKAG 0000 KaTA TPOTO TETOO (OTE VL
gvBuypappifoviol o1 OVOGLVTOVIGHOL, SNAAOT Ol GLYVOTNTEG GUVIOVIGLOD TNG PMVNTIKAG 0500
HE TIS OPUOVIKEG CLYVOTNTEG TOVL GNUOTOG MNYNG TNG POVNG, EIVOL YVOOTO MG EVAPUOVION
ewvocvvtovicudv (formant tuning). H dioucOntikf avth Aertovpyia, n onoia oe peydro Boabud
e€aptatal amd TNV Katakdpuen Kivon Tov Adpuyyo, YPNOLWOTOlEiTOL ond EmAyyEALOTIES
TPOYOLOIOTES, EKTEAECTEG KO YOATEG OO MO, EWOIKAOG OF TEPUTTOGELS OOV TO POVNTIKO G
TPEMEL VAL AKOVOTEL HECO OE PEYALOVS YDPOVG (OTEPES, VoG KAT.) 101G 68 cuVOVACSUO pe GAAEG
nmrwcég tnyég (opynotpes, yopwdieg kim.). H evopuovion owvocvvioviopdv Bewpeitor pio
pHéBOdOG  POVNTIKNG OTPATNYIKNAG TOL  YPNOLUOTOEITOL OO0  EKTOLOEVUEVOVSG  PMVNTIKOVG
EKTEAEOTEG OTOV TPOSTABOVV VOL EXTOYOVV EVA WOAVIKO UGONTIKO ATOTEAEGL EVAD TAVTOYPOVA VOl
€E0KOVOUNOOVY EVEPYELN EAEYYOVTAG TNV POVNTIKY Tpocmddeia Tov kotapdAiovy. ITapdio Tov 1
oxetikn PPAoypapio cvvexdg epmiovtietonr pe SOVAEEG OV GPOPOLV POVNTIKA €idn 7oV
GUVOVTAOVTOL G€ O16POPEG LOVGIKEG TaPAOOGEIS Ve TOV KOG, TO QUvOUEVO Ogv €xel pehetndel
EMOPKMG GTO TAOUGLO TNG YOATIKNG T€YvNG. H mapovca epyacio mpoomadel vo kaADYEL Eva LEPOG
oVTOD TOV KEVOD, EMYEPAOVIONG Uio TPOTN TPOoSEyylon Kot mopovotdlel ta anoteAéoparta. Ot
NYOYPUPNCELS TOV YPTCYLOTOMONKAY Y1a TIG 0VAADGELS ATOTEAODYV LEPOVG TOV TPOTVITOV GMLOTOG
nxoypaenoemv Bulavtivig Exkinolaotiky @ovig «Aopuacknvocy. ZuyKekpiéva, ovarvdnikoy
nxoypaenoelg amd 10 dtapopetikons YOIATEG G€ AVIOVCEG KOl KATIOVGES LOVGIKES KAMLOKEG TOV
dwtovikov Yévoug Yy to @oviev ‘@’. H pébodog mepapPove pio mupovtoparn pébodo
KATATUNONG TOL MYNTIKOD VAKOD, €£0ymMY] TOV OTAPAITTOV UETPICEDV YPNCILOTOIDVTAS TO
Aoyiopkd Praat, evd m tehikn emefepyacio tov petprioenv éywve oe mepidiiov Matlab. Ta
omoteléopoto deiyvouv OTL TO QavOpEVO givar VTOPKTO o€ TovAdyloTov 60% TV YOATOV,
amodekviovTag KatT' avTd TOV TPOMO OTL 1) TEYXVIKN YPNOUOTOLEITAL GTY GUYYPOV) TTPAEN ™G
WOATIKNG TEYVNG.
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1. INTRODUCTION

The production of voice is based on the coordination of three factors: breathing, phonation and
resonance. Breathing air out of the lungs produces the power supply for the voice. This airflow from
the lungs makes the vocal folds (or vocal chords) in the larynx vibrate to make the basic sound of the
voice (voice source sound). This process is called phonation. The source sound travels from the larynx
through the throat, mouth and nose before it is transmitted through the air. During this process the
source sound is being transformed according to the characteristics of the vocal tract system. This
transformation can be thought as a filtering process that receives the source sound and alters it by
amplifying certain parts of its frequency related content. The frequencies that are amplified are known
as resonances (resonance frequencies) of the vocal tract. Modifying the vocal tract and thus modifying
the resonances generates the different vowels. The vowels combined with a noise production
mechanism for generating consonant sounds forms the syllables used in speech and singing.

When we breathe in and out without producing a voiced sound, the vocal folds in the larynx are
open to allow the air to pass to and from the lungs easily. When we intend to speak, the brain sends
impulses as signals to the muscles of the larynx to close the vocal folds, thus creating tension, which is
analogous to a violin string being tuned using the peg to alter the tension. When the air coming up
from the lungs encounters the closed vocal folds. As a result pressure starts building up until the flow
of the air overcomes the resistance of the vocal folds and sets them into a pattern of rapid vibration.
That is, the vocal folds open and close repeatedly. Typical values for speech are around 190-220 times
per second (Hz) for women and 100 - 140 times per second (Hz) for men [1]. This rapid vibration of
the vocal folds produces sound waves, which are the basic tones of our voices. The vocal folds are
therefore the source of the human voice.

In 1960, Gunnar Fant presented the theory of a source-filter production model for vowels, in his
work “Acoustic Theory of Speech Production” [2]. According to this model, the voice source produces
a harmonic series, consisting of the fundamental frequency fO and a large number of harmonic
frequencies (harmonics), the partials.

Specifically, when applied to vowel production, the speech signal could be thought as the result
of the source signal, produced by the glottis, and the resonator or vocal tract filter. A linear
mathematical model supports this theory, which allows for relatively simple handling of calculations.
The vocal tract filter can be further considered as a linear time-invariant filter for very short periods of
time, making the system even more mathematically tractable Figure 1.

The pitch or fundamental frequency fO of the voice largely determines how the human ear
perceives a sound, whether it sounds “low” (bass sound) or “high” (treble sound). The resonance
frequencies of the vocal tract are called formants, designated as F1, F2, F3, etc. in ascending order,
and they can be displayed as spectral peaks in the frequency response of the vocal tract filter [2]. The
vocal tract has four or five important formants that are used to amplify certain frequencies Figure 2.
The length and shape of the vocal tract determine the formant frequencies, resulting in the production
of the different vowel sounds of the radiated speech signal. The lowest two formants F1 and F2 largely
determine the vowel [2], while the remaining higher order formants are related to the quality of tone

[3].

Adjusting the vocal tract in order to align formants with harmonics, thereby amplifying certain
portions of the vocal spectrum, is known as formant tuning [4]. This intuitive act, that is highly
dependent upon the vertical laryngeal positions, has been used from trained singers in the past, in
cases where the singing voice should be heard across large spaces along with other sound sources, like
for example music orchestras [4].

In the past, research concentrated on the relation between the quality of the voice and the
formants. Later works [5, 6], revealed the existence of the singer’s formant, which can be explained
acoustically as a clustering of formants, F3 and F4, or F4 and F5, and even in some cases F3, F4, and
F5. The singer’s formant enables a singer to be heard over an orchestra, since there is little
competition from the orchestra near the frequency range of the singer’s formant [5]. This is a way for
the singer to save some vocal effort, in other words, it results in “vocal economy” [4].
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Figure 1: Source-filter production model for voice production. The speech signal could be thought as the result
of the source signal, produced by the glottis, and the resonator or vocal tract filter.
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Figure 2: Two different voice source signals Al and A2. Harmonics are shown as vertical lines. The same vocal
tract filter B has been applied to Al and A2. The result of the filtering process can be seen in C1 and C2.
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Formant tuning is considered as another vocal strategy used by trained singers when trying to
produce the ideal voice and economizing on vocal effort. Several works have been published
concerning formant tuning strategies applied by classically trained Western operatic voices [7, 8, 9,
10], as well as contemporary [11] and traditional [12] ones. Recent works [9, 10] give a description of
the formant tuning literature with details about the different methods and their limitations [10]. Three
trends seem to be the dominant ones: a) F1 and F2 are tuned to a partial, b) F1 and F2 are not related
anyhow to harmonics of the fO and ¢) F1 and F2 are tuned just above their nearest partial in a way so
that they don’t coincide.

While literature on formant tuning continues to grow for other types of vocal music genres,
related studies for Byzantine Ecclesiastic chant voice are still at an early stage. Current work tries to
fill this gap by providing an initial approach, along the path followed by other recent investigations on
this subject, and presents the first results of this preliminary analysis.

2. DAMASKINOS CORPUS

Byzantine Chant Music (BCM) is a religious type of monophonic vocal performance practiced mainly
in churches. Its main purpose is to serve the religious needs of the Orthodox Christian worship,
providing a musical accompaniment for the ecclesiastical poetry [13, 14]. BCM follows aesthetical
rules formed over the course of centuries, traditionally transferred from master performers to
apprentices. It is a microtonal music since it contains intervals smaller than the conventional
contemporary Western theory semitone.

The materials selected to be analyzed in the present work are part of the DAMASKINOS
prototype acoustic corpus of Byzantine Ecclesiastic voice [16, 17]. The DAMASKINOS corpus was
designed and developed in the Department of Informatics and Telecommunications, University of
Athens. Our aim was to create a standard, tagged corpus of BCM, from a statistically representative
sample of modern performers. The entire corpus consists of the recordings of twenty chanters
carefully selected from entire Greek territory, recorded strictly under the same controlled conditions of
digital recording, with a second channel for the electroglottograph signal (EGG), as well as other
measurements like glottal flow and subglottal pressure. The musical performance of each subject
followed a structured protocol and included: a) specific music sections of all the musical genera from
the entire repertoire of Byzantine chant (papadika, stehera, eirmolologika) and b) musical exercises in
all the musical scales per genre. All the sections were recorded, except from being chanted, at their
spoken and musical recitation as well, in normal intensity of voice and in the basic octave of C3 [16].
The contents of the corpus were tagged using multiple layers of metadata [18]. These data mainly
consist of the lyrics syllables, the musical notation symbols of the Byzantine music score and the
musical intervals. Each of these types of data forms a tagging layer on its own Figure 3. A couple of
extra layers are used for parts of the recordings where the chanter overlooked the written score, by
means of musical expression (intervals, score) [18].

In this work we used a subset of the DAMASKINOS corpus, which consists of ascending musical
scales for the vowel /a/, performed by a total of 10 chanters. During recordings, the chanters were
asked to perform the intervals of the diatonic scale for the specific vowel. Chanters were free to
choose the performed pitch span that suits best to their vocal range.

3. METHOD OF ANALYSIS

The measurements used in our analysis were acquired using the PRAAT software. PRAAT is a
valuable software tool in the field of phonetics and voice analysis in general [19]. It is a flexible tool,
which provides functionality that could handle most of the tasks needed in this work. It handles all the
widely used audio file formats by importing the audio files as objects on which various operations can
be applied. Apart from sound files, PRAAT can create and make use of tagging files in the form of
layers called tiers. Tiers consist of boundaries and intervals between them. Labels can be added at
these intervals, making it easy to tag sound recordings. Several tiers can form a TextGrid object. To
summarize the main PRAAT features we used in our analysis: a) it handles large audio files, b) it
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extracts measurements of the vocal parameters using its built-in functions, c) it uses tagging layers for
audio file annotation, and d) it uses a scripting language for automating processing. Indeed, PRAAT
can manipulate, edit and analyze long stereo audio files. Annotation of the files is done with tagging
layers, using boundaries to mark time exact points in the recording, and the intervals in-between them
to insert the metadata. One of the most powerful features of PRAAT is inevitably its scripting
language. This language includes variables, loops, jumps, formulas, procedures, arrays, etc., which
provide the flexibility to implement complex algorithms in combination with the ready-to-use analysis
commands found in PRAAT Figure 4.
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Figure 3: Short musical phrase, showing all tagging tiers.
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Figure 4: Analysis in PRAAT.
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The functions that were mostly used in our measurements are the ones for pitch and formant
analysis. For pitch analysis PRAAT uses an algorithm that performs an acoustic periodicity detection
on the basis of an accurate autocorrelation method [20]. Formant values are calculated by the
algorithm by Burg [21, 22]. PRAAT is a commonly used speech analysis tool and its accuracy has
been thoroughly tested in several related papers [23, 24, 25]. Furthermore, PRAAT measurements are
used in many investigations as the baseline for accuracy comparisons [26, 27,28, 29].

We started processing the audio files by using a series of PRAAT scripts that analyzed intensity
and pitch, in order to annotate the audio file, by marking the basic musical units, which correspond to
the scale’s degrees [18]. Our final purpose was to extract separate audio files for each scale’s degree.
This was a three-step process: 1) voiced — unvoiced parts of the audio file were labeled using a tag
layer, 2) for each voiced part boundaries were placed at pitch transitions between the scale’s degrees,
and 3) intervals in-between boundaries were labeled according the audio segment’s average pitch.
Before moving forward to the next step we were able to fine-adjust the placement of the boundaries.
The transition zones between notes have been excluded. Each audio segment between boundaries was
extracted to a separate audio file with average time duration of 1 sec.

Next, we analyzed each of the extracted files, using PRAAT’s readily available functions, in
order to acquire the actual measurements we needed. Three vocal parameters were measured every 10
msec: pitch value for f0, frequency values for the formants F1 and F2. Other measurements, like sound
intensity level, formant bandwidths, formant levels and partials levels were also extracted, although
not used in the current work. All data were stored in tab-delimited text files. Final processing was
done in Matlab. First the data files were imported, the mean values were calculated for pitch and
formant frequencies and the corresponding graphs were plotted.

4. RESULTS

Displaying the actual measurements for each chanter is the next step in our investigation. This
involves plotting the frequency tracks of the two lowest formants F1 and F2, along with the partials
h2-h8, where hn = n - f0 and f0 is the fundamental frequency of the vowel. In Figure 5 we present
these measurements for each chanter. Both axes represent frequency values in semitones, measured
from D2 (73 Hz).

Results for chanter 1 show a clear tendency of the F1 and F2 formants to follow the slope of the
h2 and h4 respectively, above the C4 note. This is clearly depicted by a simultaneous characteristic
bend in the track of both F1 and F2 around the pitch of C4.

Formants F1 and F2 of chanter 2 follow a similar pattern. The simultaneous bend at about the
same pitch, as the one noticed for chanter 1, is found in F1 and F2 of chanter 2, although F2 jumps
over to the h3 partial at the scale’s peak note.

Chanters 3 and 4 are two more complicated cases. While both of them show signs of formant
tuning, it is not clear if this is done intentionally. Specifically, chanter 3 seems to tune F1 to h3, then to
h2, while getting higher in the pitch range between C3 and D#4. On the other hand, chanter 4 shows a
quite similar F1 track to the one described for chanter 3. Indeed F1 tunes initially to h3 from C3 to F3,
then tunes down to h2 from A3 to D4. In both 3 and 4 chanters F2 tunes to h3 at the highest part of the
scale, namely between E4 and A4.

Formants F1 and F2 for the chanters 5 and 6 seem to be unrelated to the partials. Despite the fact
that for some tones they seem tuned on the harmonics, the overall image of the two formants tracks,
leads us to believe that this was a coincidence and not the result of an intentional tuning effort. An
exception seems to occur at the top 3-4 notes where F2 is tuned to h3 or h4.

Chanter 7 tunes its F1 to the h2 partial starting approximately at D4 and keeps it tuned up until
the ultimate note of G#4. Formant F2 for the same chanter tunes to h4 at about C4 then jumps to h3 at
F4.
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Figure 5: Frequencies, in semitones from D2 (73Hz), of the formants F1 and F2 for the vowel /a/. Results are presented for
each chanter for the ascending diatonic scale. Harmonics h2-h8, where hn = n - f0 and f0 is the fundamental frequency of the
vowel, are displayed by the diagonal blue lines.
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Figure 5 (continued)

Chanter 8 seems to start tuning its F1 formant to h3 at about E3 and then tunes it to h2 at G#3. Its
F2 formant remains relatively constant until A3 where it tunes to h4.

Chanter 9 mainly tunes F1 to h2 at E4, but also shows signs of tuning F1 to h3 at the region
between F#3 and A3. Its F2 formant tunes to h4 above E4 and then jumps to h3 at the last note of its
range.

Chanter 10 is the clearest evidence of formant tuning among the sample of 10 chanters. It keeps
its F1 tuned to h2 throughout the range of B3-G4 that is 6 consecutive notes. In the same pitch region
F2 is tuned to h4 for the first 5 notes then finally tunes to h3.

5. DISCUSSION

Previous research has shown that singing voice classification could be based on the formant frequency
values and vocal range [30, 31]. This way a chanting voice can be classified in one of the classical
music voice types. Moreover, although BCM performers have not been exposed, traditionally, to
classical vocal training techniques, formant tuning can be considered as an intuitive act [4], and
therefore be performed by non-classical trained voices as well.

The pitch range that draws our attention is the one referred to as the passaggio, which is D4-G4
for tenors and B3-E4 for baritones [7, 10]. It has been found that formant tuning is mostly observed in
and above this range [10]. This can be easily seen in our results. Most chanters tend to tune their F1
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and F2 to partials at this pitch range, although there were cases of formant tuning at lower scale
degrees.

Considering an accuracy margin of about 20 Hz for the tuning of the formant frequencies [32,
10], as well as the maximum distance criterion of 50 Hz between the formant and its nearest harmonic,
used in similar works [10], a 2 semitone approximate distance between the formant F1 and the partial
h2, in the frequency range of E4, could still be counted as tuning [10]. This could easily explain the
distance between the F1 and h2, found in the results for chanter 1, since it can be considered inside the
formant tuning tolerance limits.

The distance in semitones between each formant F1, F2 and their closest partial for the vowel /a/,
is displayed in Figure 5. As before, the data presented in the graph are for the ascending diatonic
scale, for all ten chanters (Ch1-Ch10). In order to draw safer conclusions, only notes above C4 (22
semitones above D2) have been accounted for. Indeed, the particular pitch range is near the passaggio
region, where formant tuning is more likely to occur.

By examining the F1 graph of Figure 6 we notice that at least 6 of the total of 10 chanters,
analyzed in the current investigation, tend to tune their F1 to the h2 harmonic, at the pitch range above
C4.

Formant tuning was most apparent in cases where the F1 and F2 remained relatively constant
throughout the scale, before reaching a breaking point near the beginning of the passaggio region, like
in the cases of chanters 1, 2, 8, 9 and 10. Another observation is that F2 formant of the ultimate scale’s
note was tuned to either h3 or h4 in all chanters. In fact the F2 graph of Figure 6 shows that, above
C4, all chanters seem to have their F2 tuned to one of the h3, h4 partials.
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Figure 6: Distance in semitones between the first formant F1 and its closest harmonic and between the
second formant F2 and its closest harmonic, for the vowel /a/. Results of all ten chanters (Ch1-Ch10) are
presented for the ascending diatonic scale, for pitches above C4.

Regarding the question as to whether there is a common tuning strategy followed by most
chanters, the answer is not obvious. Although in many cases we observed similarities between the
chanters for F1 and F2, we tend to believe that each chanter follows his own personal strategy to
achieve the aesthetic result he desires. This last assumption agrees with the answer given by Sundberg
et al. [10] and Henrich et al. [32] to a similar question, for the passaggio transition. Our opinion is also
supported by the fact that most professional Byzantine chanters usually have not been given a
systematic phonetic training as part of their vocal pedagogy that could lead in standardizing the
Byzantine chant vocal technique.
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6. CONCLUSIONS

It is evident from both Figure 2 and Figure 6 that formant tuning is in use by the modern Byzantine
chant performers. Not only at high f0 but also at the lower and middle scale regions, formant tuning
has been observed in most of the total 10 chanters analyzed in the current investigation.

Going through the examples of formant tuning found in our results, formant F1 coincided, in
most cases, with the partial h2, while formant F2 was tuned either to h3 or h4, in all cases.

A closer examination of the vocal range above C4 reveals that all chanters, in our sample, had
their F2 resonance tuned to the partial h3 or h4.

In contrast to other types of singing voice, our results cannot be directly compared to other
findings for the BCM in the field of formant tuning, since, to our knowledge, there aren’t any similar
publications on this subject. However, when compared to results of professional male opera singers
[10] from recent investigations, one might conclude that there is a stronger formant tuning tendency in
BCM.
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