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Glottis = hlasivkova Stérbina
Supra = nad

Sub = pod

Subglotticky = podhlasivkovy
Supraglotticky = nadhlasivkovy

FYZIKALNE-
AKUSTICKE
SCHEMA
HLASOVEHO
SYSTEMU

Flanagan (1965)
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Glottis = space between the vocal folds

gugra; ilbove Velopharyngeal
ub = below
Subglottal = below the glottis TR | nasal L
Supraglottal = above the glottis . cavity
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HLAS:

Vyuziva specificke typy zvuku, ktery vydava
clovek

CO JE TO ZVUK?



VOICE:

Makes use of specific sounds produced by
humans

WHAT IS SOUND?



CO JE TO ZVUK?

Rychlé zmeny tlaku vzduchu (akusticky tlak),
které se siri formou vineni a jsou slysitelné.
(ZjednodusSena definice)

Zmeny akustickéeho tlaku vzduchu Ize sledovat
prostrednictvim mikrofonu ve spojeni s jednoduchym
osciloskopickym pristrojem



WHAT IS SOUND?

Quick changes of air pressure (acoustic pressure)
which spread as waves and are audible (simplified
definition)

The changes of acoustic pressure can be
monitored using a microphone and a simple
oscilloscope.



DEMONSTRACE / DEMONSTRATION
zvuk / sound

VOCE VISTA

(software)

D.G. Miller



DRUHY ZVUKU

Zvuky se deli na:

g
A) Tény ;
periodicky prubéh viny <

g |
B) Sumy [

neperiodicky prubéh viny g |

K. Sedlacek. Zaklady audiologie, Praha: Statni zdravotnické nakladatelstvi, 1956.



TYPES OF SOUND

Sounds can be divided to :

A) Tones

Periodic waveform

Acoust.pressure [Pa]

B) Noises

Non-periodic waveform

Acoust.pressure [Pa]

Time [ms]

K. Sedlacek. Zaklady audiologie, Praha: Statni zdravotnické nakladatelstvi, 1956.



TON: URCENI ZAKLADNI PERIODY A ZAKLADNI
FREKVENCE

Graf periodického pohybu = tvar viny (oscilogram)
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Zakladni perioda = Cas za ktery se déj opakuije.
Symbol: T. Jednotka: [s]

Zakladni frekvence = kolikrat za sekundu se dé&j opakuje.
Symbol: f,. Jednotka : [Hz]

Plati: f,=1/Tand T =1/ f,

I. R. Titze. Principles of voice production (second printing), lowa City, IA: National Center for Voice and Speech, 2000.



TONE: FUNDAMENTAL PERIOD AND
FUNDAMENTAL FREQUENCY

Plot of periodic motion = waveform

/J\ﬁ/\ﬂ

Tlme t

Pressure

Fundamental period = time after which the event repeats.
Symbol: T. Unit: [s]

Fundamental frequency = number of repetitions per second.
Symbol: f,. Unit : [AZ]

It holds: f,=1/Tand T =1/ f,

I. R. Titze. Principles of voice production (second printing), lowa City, |A: National Center for Voice and Speech, 2000.



TONY

Maiji periodicky pribéh vin. Déli se na:

1) Cisté tény - sinusovy prubéh v Case.
Nejjednodussi tony. V prirodé se bézné
nevyskytuji. Jsou plné charakterizovany
zakladni frekvenci f,= [Hz] a
amplitudou A.

Spektrum cistych tona vykazuje
zesil)enl’ pouze na jedné frekvenci (viz
dale).

Akust. tlak [Pa]

15

2) Slozené tény - zvuky, ve kterém je
tvar zvukové viny periodicky ale neni
sinusovy.

Spektrum sloZzenych tonu je
harmonické: sklada se ze zakladni
frekvence a jejich celoCiselnych
nasobku (tzv. svrchnich harmonickych
tonu) — (viz dale).

©
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Svrchni harmonické tény zodpovidaji
za barvu zvuku. Barva zvuku umoznuje
od sebe odliSit dva rizné tony na stejné 0 5 .
frekvenci (klavir, cimbal, kytara, trubka, Cas [ms]
dva rizné hlasy, atd.)

K. Sedlacek. Zaklady audiologie, Praha: Statni zdravotnické nakladatelstvi, 1956.




TONES

Their waveform is periodic. Can be divided
to:

1) Pure tones — have sinusoidal
waveforms. They are the simplest tones.
Hard to find in nature. Fully characterized
by frequency f [Hz], amplitude and phase.

Spectrum of pure tones shows a peak at
just a single frequency (see later).

Acoust.pressure [Pa]

2) Complex tones - sounds with periodic
but non-sinusoidal waveform,

Spectrum of combined tones is harmonic:
consists of the fundamental frequency and
its multiples -“overtones” or ,harmonics”
(see later).

Overtones are responsible for the sound
timbre. Timbre allows distinguishing two
sounds that have the same frequency and
intensity (piano, guitar, trumpet, two
different persons etc.)

Acoust.pressure [Pa]

Time
[ms]
K. Sedlacek. Zaklady audiologie, Praha: Statni zdravotnické nakladatelstvi, 1956.



TONY: tvar viny a spektrum

1) Cisté tony

Casovy priibéh - sinusoida.

ak. tlak [Pa]

Cas [ms]

Spektrum - zesileni pouze na jedné frekvenci.

Rel. amplituda [dB]

Spectum (4) 4kHz

Frekvence [kHz]

2) Slozené tony

Casovy priibéh - periodicky, nesinusovy.

Spektrum - harmonické: zakladni frekvence + jeji
celoCiselné nasobky (tzv. svrchni harmonické tény).

Rel. amplituda [dB]

Frekvence [kHz]



TONES: waveforms vs. spectrum

1) PURE tones 2) COMPLEX tones
Waveform - sinusoidal. Waveform - periodic, non-sinusoidal.
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ak. tlak [Pa]

SUMY
Sumy jsou sloZzené zvuky, které jsou neperiodické.
Jejich spektrum je neharmonickeé, muze byt spojité.

Casovy priibéh - nepravidelny Spektrum - zesileni pasem frekvenci
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Frekvence [kHZ]

K. Sedlacek. Zaklady audiologie, Praha: Statni zdravotnické nakladatelstvi, 1956.



ac. pressure [Pa]

NOISES

Noises are complex non-periodic sounds.

Their spectrum is non-harmonic, can be continuous.

Time waveform - non-periodic Spectrum - some frequency bands
may be enhanced
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K. Sedlacek. Zaklady audiologie, Praha: Statni zdravotnické nakladatelstvi, 1956.



ak. tlak [Pa]

ak. tlak [Pa]

DRUHY ZVUKU - SHRNUTi

Casovy prubéh

I A1) Gisté tony

A2) Slozené
tény

Spektrum

Rel. amplituda [dB]

0 1 2 3 a4

Rel. amplituda [dB]
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ac. pressure [Pa]

ac. pressure [Pa]

ac. pressure [Pa]

SOUND TYPES - SUMMARY

Waveform Spectrum

Time [ms]10

A1) Pure tones

A2) Complex
tones

B) Noises

Rel. amplitude [dB]

ReI. amplitude [dB]

Frequency [kHz]
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DEMONSTRACE
druhy zvuku, které vytvari ¢lovék

VOCE VISTA

(shareware)

D.G. Miller



DEMONSTRATION
sound types created by human

VOCE VISTA

(software)

D.G. Miller



AKUSTIKA HLASU:
TEORIE ZDROJE A FILTRU

Gunnar Fant, Svédsko (1960)

Gunnar M. Fant. Acoustic theory of speech production, the Hague: Mouton, 1960.

Hlas — zvuk tvoreny vlivem kmitani hlasivek, ktery je dale
upraven rezonancemi v dutinach vokalniho traktu



ACOUSTIC VOICE PRODUCTION:
SOURCE - FILTER THEORY

Gunnar Fant, Sweden (1960)

Gunnar M. Fant. Acoustic theory of speech production, the Hague: Mouton, 1960.

Voice — sound created by air flow which is modulated by
vocal fold oscillations and then further modified by
resonances of the vocal tract cavities.



TEORIE ZDROJE A FILTRU

Modulovany
proud vzduchu
hlasivkami

dutiny

Simulace hlasu: Brad H. Story,
Univ.of Arizona, USA

Rezonancni 4-1 ;

Vydechovy
proud
vzduchu

> ZDROJ

Frekvence (vyska tonu)

Zakladni intenzita
(hlasitost)

Délka fonace

Primarni kvalita hlasu
(dySnost, hrubost,
chraplavost,...)

Primarni barva hlasu

[
»

FILTR

>

ojovy hlas

\ finalni hlas

Samohlasky +
souhlasky

Konedna intenzita
(hlasitost)

Konecna kvalita hlasu
(konec€na barva,
,rezonance”, pévecky
formant,...)



SOURCE-FILTER THEORY

Voice simulation: Brad H.

' Story, Univ.of Arizona, USA
Modulated airflow ory, Univ.of Arizona

through vibrating Resoqgnce
vocal folds > cavities :
(E.[: 4'?
»| SOURCE o{ FILTER —
Exhalatory Basic, Final sound
air primary of voice
sound
o Fundamental frequency o Vowels + consonants
(pitch) o Final intensity
0 Primary intensity (loudness) (loudness)
0 Duration of phonation o Secondary voice quality
o Primary voice quality (r.eson,ance, ring,
(breathiness, hoarseness,...) singer’s formant,...)

0 Primary voice timbre



Zdroj hlasu: pruchod vzduchu pres glottis
(»,flow glottogram®)

Glottal flow Vztah mezi mnoZstvim vzduchu
A prochazejicim pres glottis (uprostied),
Closed Dpening Dpen Closing konfiguraci glottis v koronalnim rezu

v jednotlivych fazich cyklu (nahore) a
laryngoskopickou konfiguraci glottis
(dole).

Priuto¢né mnozstvi vzduchu se zvySuje
kdyz se hlasivky oteviraji a glottis se
zvétsuje.

Priuto¢né mnoZstvi se zmensuje kdyz
se hlasivky uzaviraji a glottis se
zmensuje.

Kdyz jsou hlasivky uzavieny, Zadny
vzduch neprochazi.

Modulace proudu vzduchu oteviranim
a zaviranim hlasivek vytvari zvuk -
zdrojovy hlas.

Time

Zdroj: Obr. 16.12 - B. Lindblom and J. Sundberg. The Human Voice in Speech and Singing. In: Springer handbook of acoustics, edited by Thomas D. Rossing, New York,
NY:Springer, 2007, p. 669-712.



Voice source: glottal airflow
(»,flow glottogram®)

Glottal flow Relaionship between the glottal
A airflow (middle), glottal configuration
Closed Closing in coronal sections in the different

| phases of vibration cycle (top) and
laryngoscopically seen glottal
configuration (bottom).

The airflow increases when vocal folds
are opening and glottis enlarges.

The airflow decreases when vocal
folds are closing and glottis gets
smaller.

When glottis is closed, there is no
glottal airflow.

Modulation of the airflow due to the
vocal folds opening and closing
creates the primary basic sound of
voice.

Source: Obr. 16.12 - B. Lindblom and J. Sundberg. The Human Voice in Speech and Singing. In: Springer handbook of acoustics, edited by Thomas D. Rossing, New York,
NY:Springer, 2007, p. 669-712.



Dva stupne tvoreni lidského hlasu
(teorie zdroje a filtru)

Nelze primo meéfrit, I1ze ziskat tzv.

metodou Inverzni filtrace
/EIoﬂal flow \

Zdrojovy zvuk

Finalni zvuk =
zdrojovy zvuk +
: : pridané
. T . i : ) rezonance dutin
< —® Resultingsignal | vokdélniho traktu

Time e \ l/

Sniman mikrofonem

Air pressure

From Svec (1996), after Fant (1956)



Air pressure

TWO STEPS OF VOICE PRODUCTION
(source - filter theory)

Not directly measurable, could be
obtained by Inverse filtering method

/;lottal flow \

Voice source

Final voice =
voice source +
resonances of

< T . »Z : : the vocal tract
- - Resulting signal cavities

Time —>— \ /

picked up by a microphone




DEMONSTRACE
hlas

VOCE VISTA

(specialni software pro sledovani hlasu)

D.G. Miller



DEMONSTRATION
voice

VOCE VISTA

(special software for voice monitoring)

D.G. Miller



FREKVENCNI SPEKTRUM
HLASU A RECI

UCHO FUNGUJE JAKO FREKVENCNI
ANALYZATOR

Prubéh zmén tlaku vzduchu pfi hlasu Ize
alternativné zobrazit ve formé frekvencniho spektra



FREQUENCY SPECTRUM
OF VOICE AND SPEECH

EAR WORKS AS A SPECTRAL ANALYSER

The acoustic waveform can alternatively be
displayed as a frequency spectrum



Frekvencni spektrum hlasu

Uréuje vysku ténu
12V Uréuji barvu ténu

o d _ t
Zaklfldm frek.ven,ce (f,) = VysSi harmonickeé frekvence (alikvotni tony -
prvni harmonicka (H,) H. H. H
T 2y 113 4"'-)
>
/
f _H1 2 HyHs

Tl | T

Relativni amplituda [dB]

0 1000 2000 3000 4000 5000
Frekvence [Hz]
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Frequency spectrum of voice

Determines pitch
I P! Create timbre

t

Fundamental frequency (fo) Higher harmonics (sz H3, H4,...also called overtones)

- ﬁl‘St harmonic (Hl) [note: first overtone is second harmonic i.e.:
T H2=01, H3=02, H4=03]
>
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Frequency [Hz]



Frekvencni spektrum hlasu:
harmonickeé frekvence

T ‘Vysoky ton -
H, (400 Hz, /al) |
: s

H,,=4000 Hz 3,

QO

3

=

3

=

L

0 Hz 1000 Hz 2000 Hz 3000 Hz 4000 Hz 5000 Hz



Frekvency spectrum of voice:
harmonic frequencies

T 1 : 1 t : ~ High pitch

| | (400 Hz, [a:])| &

| | s

Q

3

=1

=

8

o

=

0 Hz 1000 Hz 2000 Hz 3000 Hz 4000 Hz 5000 Hz

Frequency [Hz]



Frekvenéni spektrum hlasu: ruzna vyska téonu

‘Vysoky ton

H,,=4000 Hz

[gp] epnyijdwe JuAnejay

fo=100 Hz : . : - Nizky tén

¢H2=200 Hz H10=1000 Hz
WW\M

H,,=2000 Hz
Frekvence 0 Hz 1000 Hz 2000 Hz 3000 Hz 4000 Hz 5000 Hz

!

[ap] epnyijdwe juaiejay




Frequency spectrum of voice: different pitches

Pt

- High pitch

[gp] apnyijdwe aAnejay

f,=100 Hz ~ | : - Low pitch| =
}
®
, )
H,,=2000 Hz 3
| - 7
o
: : )
WMW .
£
!

Frequency 0 Hz 1000 Hz 2000 Hz 3000 Hz 4000 Hz 5000 Hz



DEMONSTRACE
frekvencni spektrum hlasu
zakladni frekvence a barva tonu

VOCE VISTA

(shareware)

D.G. Miller



DEMONSTRATION
frequency spectrum of voice
fundamental frequency and voice timbre

VOCE VISTA

(software)

2

D.G. Miller




JAK VZNIKA FREKVENCNI
SPEKTRUM HLASU?

TEORIE ZDROJE A FILTRU



HOW DOES THE FREQUENCY SPECTRUM
OF VOICE ORIGINATE?

SOURCE-FILTER THEORY



Air pressure

Air pressure

Glottal flow

4% € 4% €
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Time il

TEORIE
ZDROJE A
FILTRU

ZDROJ - SPEKTRUM

Série harmonickych
frekvenci

Amplituda

Frekvence

B REZONANCE
FILTR (VOKALNI TRAKT)

Amplituda

Frekvence

HLAS - VYSLEDNE SPEKTRUM
FORMANTY:

* Zesilené harmonické ’
frekvence

Amplituda

Frekvence



Air pressure

Air pressure

Glottal flow
:40 [ ¢ >:<o>:< c >:<o>:

Time il

TEORIE
ZDROJE A
FILTRU

S

HLAS

AMO-

KY
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#

Amplituda Amplituda

Amplituda

ZDROJ - SPEKTRUM

Série harmonickych
frekvenci

Frekvence

F, F5 ¥ Fs

F1 3dB

B REZONANCE
FILTR (VOKALNI TRAKT)

Frekvence

HI\AS - VYSLEDNE SPEKTRUM
FORMANTY:

* Zesilené harmonické ’
frekvence

Frekvence



Air pressure

Air pressure

Glottal flow

Time

SOURCE - FILTER
THEORY

SOURCE SPECTRUM
Series of harmonics

Amplitude

Frequency
Vocal tract transfer function — enhancing some frequency

Amplitude

RESONANCES

FILTER (vocal tract)
M

Frequency

FINAL SPECTRUM

FORMANTS:
Amplified
harmonics

Amplitude

Frequency



Air pressure

Air pressure

Glottal flow

Time

SOURCE - FILTER
THEORY

VOWELS

¢

Amplitude Amplitude

Amplitude

SOURCE SPECTRUM
Series of harmonics

Frequency
Qr function - enhancing some frequency

RESONANCES
FILTER (vocal tract)

Frequency

FINAL SPECTRUM

FORMANTS:
Amplified
harmonics

Frequency



Frekvencni spektrum hlasu - formanty

Urcuji VysSsi formanty:
samohlasku podileji se na individualni
barvé hlasu
1.formant 9 formant
F3 F4 s
1000 2000 3000 2000 5000

Frekvence [HZz]

[gp] epnyijdwe juAlje|ay



Frequency spectrum of voice - formants

Higher formants:

Determine the contribute to an
vowel individual voice timbre
1.formant Z.formant
F3' R4 s
1000 2000 3000 2000 5000

Frequency [Hz]

[gp] spnjijdwe aAnejay



DEMONSTRACE
frekvencni spektrum hlasu -
formanty a samohlasky

VOCE VISTA

(software)

]

D.G. Miller




DEMONSTRATION
frequency spectrum of voice
formants and vowels

VOCE VISTA

(software)

]

D.G. Miller




TEORIE ZDROJE A FILTRU

Simulace hlasu: Brad H. Story,
Univ.of Arizona, USA

Modulovany | L |
proud vzduchu (@J_ Rezonancn 4“ <
hlasivkami / dutiny f
. — ZDROJ > FILTR >
Vydechovy
proud zdrojovy Nas finalni hlas
vzduchu
0 Frekvence (vysSka tonu) o Samohlasky +
o Zakladni intenzita souhlasky
(hlasitost) o Konecna intenzita
: Délka fonace (hlasitost)
o Primami kvalita hlasu o Konecna kvalita hlasu
(dy$nost, hrubost, (konecna barvav, ,
chraplavost,...) ,rezonance”, pevecky

L, formant,...
0 Primarni barva hlasu )



SOURCE-FILTER THEORY

Modulated airflow
through vibrating
vocal folds

Voice simulation: Brad H.
Story, Univ.of Arizona, USA

Resonance
cavities

¢

Exhalatory

air

SOURCE

/

Fundamental frequency
(pitch)

Primary intensity (loudness)
Duration of phonation
Primary voice quality

\ 4

(breathiness, hoarseness,...

Primary voice timbre

¢

> FILTER
Basic, Final sound
primary of voice
sound

0 Vowels + consonants

0 Final intensity
(loudness)

0 Secondary voice quality
(resonance, ring,
) singer’s formant,...)



FILTR: REZONANCE DUTIN

Kazda dutina ve které se Sifi zvuk ma svou
pfirozenou akustickou rezonanci.

Vokalni trakt Ize nejjednoduseji vyjadfit v neutralni
poloze — jako dutinu s konstantnim prufezem a
delkou cca 17,5 cm.

V neutralni poloze se vokalni trakt chova jako tzv.
Ctvrtvinny rezonator — uzavieny v misté hlasivek a
otevieny v misté rta.

Pro rezonancni frekvence Fn pak plati:

Fn = (2n — 1) c/41

kde (2n-1) jsou licha ¢isla (n=1,2,3, atd), ¢ je rychlost zvuku ve vihkém
vzduchu (cca 350 m/s) a | je délka vokalniho traktu (0,175 m).

v v

F1=500 Hz, F2=1500 Hz, F3=2500 Hz, atd.

Tyto rezonance odpovidaji formantim pro tzv. neutralni
samohlasku.

- £

~-

Fi= €44, Fa= 3¢/44, F3=5¢/y,

F1 Uy
Fa K Vs > Vs >< U

FIG. 5. Straight tube closed at one end (glottis) and open at the
other (lips), showing stationary distribution of volume velocity
for the first three formants, F1, F2, and F3. The resonances of
the tube are given by the odd-quarter wavelength relationship (a
tube of this configuration will resonate with maximal intensity to
a sinusoid whose wavelength is four times the tube length).

R.D. Kent, J.Voice, 1993



FILTER: CAVITY RESONANCES

Every cavity propagating sound has its natural
acoustic resonance frequency.

Vocal tract can be most simply expressed in its
neutral configuration — as a cavity with a
constant diameter and a length of c. 17,5 cm.

In the neutral configuration the vocal tract
behaves as a quarter-length resonator — closed
at the level of the vocal folds and opened at the

lips.

For the resonance frequencies F,, then holds:

Fn = (2n — 1) c/41

where (2n-1) are odd numbers, c is speed of sound in humid air
(c. 350 m/s) and | is the vocal tract length (0,175 m).

For the lowest resonances we get:

F,=500 Hz, F,=1500 Hz, F,=2500 Hz, etc.

These resonances correspond to the formants for the
“neutral vowel”.

- £

~-

Fi= €44, Fa= 3¢/44, F3=5¢/y,

F1 Uy
Fa K Vs > Vs >< U

FIG. 5. Straight tube closed at one end (glottis) and open at the
other (lips), showing stationary distribution of volume velocity
for the first three formants, F1, F2, and F3. The resonances of
the tube are given by the odd-quarter wavelength relationship (a
tube of this configuration will resonate with maximal intensity to
a sinusoid whose wavelength is four times the tube length).

R.D. Kent, J.Voice, 1993



FILTR: REZONANCE DUTIN - VZDUCH vs. HELIUM

Rezonance dutin je jina ve vzduchu a v heliu.

Dano rozdilnou rychlosti zvuku: Fo K Vs = U

Cir = 350 m/s (vlhky vzduch, 37°C)

Cuo = 972 /5 s [ S o>

Jak to ovlivni rezonanéni frekvence polouzaviené trubice o
délce I=17.5 cm?

Fn = (2n — 1) c¢/41 o
Zvukove ukazky:

I J. Wolfe (Univ. of New South Wales,
| | Sydney, Australia)

vzduch helium

Jak to ovlivni vySku tonu hlasu?

vzduch helium

Vice informaci viz http://phys.unsw.edu.au/phys_about/PHYSICS!/SPEECH_HELIUM/speech.html




FILTER: CAVITY RESONANCES - AIR vs. HELIUM

Cavity resonances are different in air and helium.
That is because of the differences of the speed of sound: .
c,; = 350 m/s (moist air, 37°C) L) SN

Cu. =972 m/s

How does this influence the resonance frequencies of the tube
closed at one end with the length 1=17.5 cm?

Fn = (2n — 1) ¢/41
Sound examples:

I J. Wolfe (Univ. of New South Wales,
| | Sydney, Australia)
air helium

How does it influence the fundamental frequency of voice?

' ¢

Air helium

More information at http://phys.unsw.edu.au/phys_about/PHYSICS!/SPEECH_HELIUM/speech.html
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FORMANTY: VYBUZENE AKUSTICKE
REZONANCE DUTIN VOKALNIHO TRAKTU

Formant:

Koncentrace akusticke energie kolem urcité frekvence.

Je to charakteristicky ton vokalniho traktu, ktery se projevi jako vrchol / zesileni ve vysledném
frekvencnim spektru hlasu.

Formanty vznikaji diky akustickym rezonancim vokalniho traktu, které zesiluji harmonické
frekvence zdrojového hlasu spadajici do vybrané rezonancni oblasti. (4le frekvence formantu se
nemusi presné shodovat s rezonancnimi frekvencemi vokalniho traktu, protoze harmonické
frekvence zdrojoveho hlasu maji ruznou intenzitu a mezi harmonickymi frekvencemi je mezera, takze
se rezonance nevybudi zcela presné).

Nazyva se formantem, nebot’ formuje hlasku.

Formanty byvaji znaceny F, F,, F; atd. (zatimco zakl. frekvence hlasu je znacena f,)
Samohlasky jsou ur€eny dvéma nejnizSimi formanty - F, a F,.

Pokud se tyto dva formanty odstrani (odfiltruji), samohlasku neni moZno rozpoznat (C. Stumpf,

1926). < FORMANTY
Pozn.: Kromé¢ hlasu jsou formanty popisovany i1 u hudebnich /
nastroju. v

Amplituda

Frekvence



FORMANTS: EXCITED ACOUSTIC RESONANCES OF
THE VOCAL TRACT CAVITIES

Formant:

Concentration of acoustic energy around certain frequency.

Characteristic tone of the vocal tract which appears as a peak/enhancement in the final voice
spectrum.

Formants arise due to acoustic resonances of the vocal tract, which amplify harmonic frequencies

of the voice source that fall within the resonant band. (However, the formant frequencies do not have to
coincide exactly with the resonance frequencies of the vocal tract, because the harmonic frequencies of the
voice source have different intensities and there are gaps between the harmonics, so the resonances are not
excited exactly.)

It 1s called “formant” because it forms vowels.

Formants are labeled as F,, F,, F; etc. (in contrast to the fundamental frequency of voice, which
is labeled f,)

Vowels are mainly determined by the two lowest formants - F, a F,.

When these two formants are filtered away, the vowels cannot be recognized any more (C.

Stumpf, 1926). < FORMANTS

]

Note.: Besides of voice, formants are recognized

also in music instruments.

Amplitude

Frequency



POLOHA FORMANTU U
CESKYCH SAMOHLASEK

Formanty F1 a F2:

Pfi zméné samohlasky z [u] pfes [0] na [a]

oba dva formanty stoupaji.

Pfi zméné samohlasky z [a] pfes [e] na [i]
formant F1 klesa, zatimco F2 stoupa.

Priblizné hodnoty formantti F1 a F2 pro ¢eské samohlasky

Hlaska
u,u
0,0
a,a
e,e

.,
i,

(Palkova, 1994)

F1 pasmo
300-500
500-700
700-1100
480-700
300-500

Pfesnéjsi nova méreni, viz: Tykalova a
kol. (2021). Journal of Voice, 35(6),
931.921-931.€933.

F2 pasmo
600-1000
850-1200
1100-1500
1560-2100
2000-2800

Svec, 1996, Obr. 1.3 a 1.28:
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FORMANT POSITIONS
IN CZECH VOWELS,;

Formants F1 and FZ:

When changing from the vowel [u] to [0]

and then to [a], both the formants increase.

When changing from the vowel [a] through
[e] to [i] formant F, decreases while F,

increases.

Approximate values of the formants F, and F, for

the Czech vowels (Palkova, 1994)

Vowel F, range
u,u 300-500
0,0 500-700
a,a 700-1100
e,é 480-700
i, 300-500

For new, more accurate measurements, see:

Tykalova et al. (2021). Journal of Voice,

35(6), 931.€921-931.€933.

F, range
600-1000
850-1200
1100-1500
1560-2100
2000-2800

Svec, 1996, Obr. 1.3 a 1.28:
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40
kHz

30

20

1.4
Formantovy 10
graf:
1.a 2. formant u 03
éeskych F2
samohlasek %52 55
Merhaut (1972) Zaklady fyziologické akustiky a teorie pfirozenych akustickych signal(i. Praha: CVUT. F1 [kHZ]



F, 0
kHz
30
2,0
14
10
1st and 2nd
FORMANTS IN 08
CZECH F2
VOWELS %52 F1 03 0.4 05 0.3

F, [kHz]

Merhaut (1972) Z&klady fyziologické akustiky a teorie pfirozenych akustickych signal(. Praha: CVUT.



Control Methods Used in a Study of the Vowels

GOrDON E. PETERSON AND HaroLD L. BARNEY
Bell Telephone Laboratories, Inc., Murray Hill, New Jersey
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THE JOURNAL OF
THE ACOUSTICAL SOCIETY OF AMERICA

FREQUENCY OF Fg i CYCLER PER BECOWD

VOLUME 24, NUMBER 2
MARCH, 1952

1.a 2. FORMANT U
ANGLICKYCH
SAMOHLASEK wl [

Anglictina pouziva vice
samohlasek nez ¢estina.

’!

[Fr..)

| FRECUEMLY CF Fy m CrELES PER SESOND F1 [HZ]
F16. 8. Frequency of second formant versus frequency of frst
formant for ten vowels by 76 speakers.



THE JOURNAL OF
THE ACOUSTICAL SOCIETY OF AMERICA

VOLUME 24, NUMBER 2
MARCH, 1952

1st and 2nd
FORMANT IN
ENGLISH VOWELS

English uses more vowels then
Czech

Control Methods Used in a Study of the Vowels

GOrDON E. PETERSON AND HaroLD L. BARNEY
Bell Telephone Laboratories, Inc., Murray Hill, New Jersey
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TVAR VOKALNIHO TRAKTU U CESKYCH
SAMOHLASEK

Obrazky z magnetické rezonance - Dedouch, Svec, Horagek, Kréek, Havlik & Vokral (2003)
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g v Dedouch K, Svec JG, Horacek J, Kr§ek P, Havlik R a Vokral J. Akusticka
0502 Fi 03 04 05 09 analyza muzského vokalniho traktu pro ceské samohlasky. In: Sbornik. 1.

Cesko-slovensky foniatricky kongres a XIV. celostatni foniatrické dny Evy
Sedlackové, Brno, 11.-13. zafi 2003, Brno: Audio-Fon Centr, 2003.



VOCAL TRACT SHAPE IN CZECH VOWELS

Magnetic resonance imaging - Dedouch, Svec, Horacek, Kréek, Havlik & Vokral (2003)
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Dedouch K, Svec JG, Horacek J, Kréek P, Havlik R and Vokfal J. Akusticka
analyza muzského vokalniho traktu pro ceské samohlasky. [Acoustic
analysis of Czech vowels in a male vocal tract]. (in Czech). In: Sbornik. 1.
Eesko-slovensky foniatricky kongres a XlIV.celostatni foniatrické dny Evy
Sedlackové, Brno, 11.-13. zafi 2003, Brno: Audio-Fon Centr, 2003.



VERTIKALNI A HORIZONTALNI POLOHA
JAZYKA U CESKYCH SAMOHLASEK:

Vertikalni poloha
jazyka /
rozevreni celisti

»Hellwaguv trojuhelnik*

VYSOKE

STREDOVE

NIZKE

Obr. 1.30.
1962).

Horizontalni poloha jazyka

ZADNI

STREDNI

PREDNI

.

o

Hellwagiiv trojihelnik ¢eskych samohlasek (Hala.




Horizontal and vertical position
of the tongue in Czech vowels:
"Hellwag Triangle"

Horizontal position of the tongue

BACK MIDDLE FRONT
HIGH u . 1
MIDDLE | 0. e |
Vertical position of '
the tongue / LOW a
jaw opening

Obr. 1.30. Hellwagiv trojuhelnik ¢&eskych samohlasek (Hala,
1962).



OBLASTI VYZKUMU:

Modelovani hlasu

Podrobnéjsi pochopeni mechanismu tvorby hlasu a feci

Priklady: B.Story, University of Arizona, USA



RESEARCH AREAS:

Voice modeling

A more detailed understanding of the mechanisms of voice
and speech production

Examples: B.Story, University of Arizona, USA



Modelovani hlasu

Hlasivky

vokalniho
traktu

Slide by B.Story,
Ph.D. & I. Titze,
Ph.D.




Voice modeling

Vocal folds

_’;-"“'“7 e ,ﬂ
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Vocal tract
model

Slide by B.Story,
Ph.D. & I. Titze,
Ph.D.




Vokalni trakt z MRI

Akusticky tlak u st

Vzduchove pulsy
u hlasivek

p

Slide by B.Story, Ph.D. :



Vocal tract from MRI Acoustic pressure at the
mouth

Voice source
signal - air
pulses above the
vocal folds

¢

= Lo id [1]
Slide by B.Story, Ph.D. .



Slide by B.Story, Ph.D.

Simulation of “I enjoy the simple life as long as there’s
plenty of comfort”

Original recording: <

From the “old days” (back when we adjusted

area functions by hand): ¢
Simplelife movie

Simulated version:

Transform to longer vocal tract and
lower Fo: ¢

Transform to “twang”: ¢

Transform to “yawn”: ¢

Transform to shortened vocal tract
and increased Fo: ¢




DEMONSTRACE
Akusticka syntéza hlasu

Program Madde (S.Granqvist, KTH Stockholm, 2005)

(il (untitlied) - Madde

File Settlngs Tools  Help

D = = EIB F Balance [ Save tofile:

Formants Source specturm
¥ F1[Hz] W F2[Hz] I~ F3H=z] I F4Hz] I FA[Hz] T FEHz] Tilt [dB foct] ]—-E Fla
m00 1500 _
AO0Hz 1500Hz 10 -
FaCtD[: I_I—‘ ,I':'I,I:ll:ll_lrll |:| . W W EE N NN AN N W EA NN AN WA AN EEEEEEEEEEEEEEAE
a1 a2 B
10 10 B
BO.0Hz  150.0H i
e e 40 -
FIl Flutter
Fitch [ST] Filter f0 Filter G i 1'[' EIIZI SIEI d
43 130.8 Hz, C3 |6 5 T :
Smu:u:uthlng fi Smu:u:uthlng | .-’-'-.mplltude [%] Freq[Hz] Amplitude [ST] bevel Bl g of ham:
15 5 1|:| 0 | 30 |4EI Actual: 40

e mn

http://www.speech.kth.se/music/downloads/smptool/

S. Grangvist

Run Madde

Run
Real Time
Spectrum



DEMONSTRATION
Acoustic voice synthesis

Program Madde (S.Granqvist, KTH Stockholm, 2005)

(il (untitlied) - Madde

File Settlngs Tools  Help

D = = EIB F Balance [ Save tofile:

Formants Source specturm
¥ F1[Hz] W F2[Hz] I~ F3H=z] I F4Hz] I FA[Hz] T FEHz] Tilt [dB foct] ]—-E Fla
m00 1500 _
AO0Hz 1500Hz 10 -
FaCtD[: I_I—‘ ,I':'I,I:ll:ll_lrll |:| . W W EE N NN AN N W EA NN AN WA AN EEEEEEEEEEEEEEAE
a1 a2 B
10 10 B
BO.0Hz  150.0H i
e e 40 -
FIl Flutter
Fitch [ST] Filter f0 Filter G i 1'[' EIIZI SIEI d
43 130.8 Hz, C3 |6 5 T :
Smu:u:uthlng fi Smu:u:uthlng | .-’-'-.mplltude [%] Freq[Hz] Amplitude [ST] bevel Bl g of ham:
15 5 1|:| 0 | 30 |4EI Actual: 40

e mn

http://www.speech.kth.se/music/downloads/smptool/

S. Grangvist

Run Madde

Run
Real Time
Spectrum



DEMONSTRACE
Artikulacni syntéza hlasu

Program Apex (Lindblom, Liljenkrantz, Stark, Sundberg &
Ternstrom, KTH Stockholm, 2005)

=" APEX Speech Articulation Model - default document

File Operakions Processing Wiew Help

S EET EIEN I

— —
Lip Parameters Jean Le Fort vous dit bonjour Tongue Body Parameters
[~ Lock position displacement
0.00 ~ 1.00
* Rounded
" Neutral « —
[ Spread
Length | 1.2 ‘.ﬂ‘“ﬁ“
Area | 05 /\j CMx: 0.0 O My:11.6 7
N
Jaw Aperture h——
; Tongue Apex Parameters
E T T / | _ _
i Elevation
(LA
Larynx Height L/} g_ . tIII
. rotrusion
B EEE -

Redraw Extend




DEMONSTRATION
Speech articulation model

Program Apex (Lindblom, Liljenkrantz, Stark, Sundberg &
Ternstrom, KTH Stockholm, 2005)

=" APEX Speech Articulation Model - default document

File Operakions Processing Wiew Help
EIEENEIENEEIE
e, —=

Jean Le Fort vous dit bonjour Tongue Body Parameters

Lip Parameters
[ Lock position displacement
0.00 ~ 1.00
* Rounded
" Neutral £ —
[ Spread
Length | 1.2 ‘.ﬂ‘“ﬁ“
Area | 05 /\j CMx: 0.0 O My:11.6 ©
I
[—

Tongue Apex Parameters

Jaw Aperture

)
i

Elewvation

T %

(i s
LARRR D i g_ Protrusion
e -'

Redraw Extend




DEMONSTRACE / DEMONSTRATION
Mluvici a zpivajici uméla usta /
Talking and singing robot mouth

diginfo.tv

Sawada Lab.

http://www.eng.kagawa-u.ac.jp/~sawada/index_e.html



DEMONSTRACE / DEMONSTRATION
Mluvici a zpivajici uméla usta /
Talking and singing robot mouth

https://www.youtube.com/watch?v=HmSYnOvEueo



KONEC DILU / END OF THE PART



Video o strukture a funkci hrtanu

Jw. van den Berg, W. Vennard, D. Burger, and C. C.
Shervanian.

Voice production. The vibrating larynx. (Instructional film),
University of Groningen, 1960.

Ceska verze, pteklad Prof. RNDr. J. Pesak, CSc. a Dagmar Flynt, M.A.

https://www.youtube.com/results?se
arch_query=the+vibrating+larynx

Janwillem van den Berg
Groningen, Nizozemsko
cca 1975




Video about the structure and function of the larynx

Jw. van den Berg, W. Vennard, D. Burger, and C. C.
Shervanian.

Voice production. The vibrating larynx. (Instructional film),
University of Groningen, 1960.

https://www.youtube.com/results?se
arch_query=the+vibrating+larynx

Janwillem van den Berg
Groningen, the Netherlands
c. 1975




TEORIE KMITANI HLASIVEK

Jak dochazi k rozkmitani hlasivek a vzniku hlasu?

V ucebnich textech byvaji zavadéjici informace — aktualni vysvétleni a piehled:

Integrative Insights into the Myoelastic-Aerodynamic

Theory and Acoustics of Phonation. Scientific Tribute
to Donald G. Miller

York, New York, and §Salt Lake City, Utah

Journal of Voice, Vol. 37, No. 3, pp. 305-313 (2023)
0892-1997

© 2021 The Voice Foundation. Published by Elsevier Inc. All rights reserved.
https://doi.org/10.1016/).jvoice.2021.01.023




THEORIES OF VOCAL FOLD OSCILLATIONS

How do the vocal fold oscillations arise?

How 1s voice produced?

Older textbooks sometimes provide incorrect information — recent explanation and review:

Integrative Insights into the Myoelastic-Aerodynamic

Theory and Acoustics of Phonation. Scientific Tribute
to Donald G. Miller

York, New York, and §Salt Lake City, Utah

Journal of Voice, Vol. 37, No. 3, pp. 305-313 (2023)

0892-1997

© 2021 The Voice Foundation. Published by Elsevier Inc. All rights reserved.
https://doi.org/10.1016/).jvoice.2021.01.023




MYOELASTICKO-AERODYNAMICKA TEORIE
KMITANI HLASIVEK

)
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JAN G. SVEC

Katedra experimentalni fyziky, Pf.F. UPOL

Hlasové a sluchové centrum Praha



MYOELASTIC-AERODYNAMIC THEORY
OF VOCAL FOLD OSCILLATION

)
MEDICAL HEALTHCOM

hlasové a sluchové centrum Praha

4 /

JAN G. SVEC

Dept. Experimental Physics, Faculty of Science, Palacky University,
OLOMOUC, CZECH REPUBLIC

Voice and Hearing Centre Prague, PRAGUE, CZECH REPUBLIC



TEORIE KMITANI HLASIVEK

MYOELASTICKO-AERODYNAMICKA TEORIE (MEAD)
(van den Berg 1958, Titze, 1980, 2006)

Zékladni platna teorie pro clovéka, savce a ptaky.

Frekvence kmitani hlasivek je primarné uréena ELASTICKYMI parametry hlasivek
(analogie — kmitani struny nebo pruziny)

Elasticitu (a frekvenci kmitani) hlasivek lze ménit pomoci svalit (MYOELASTICKA
cast teorie)

Energie pro kmitani je dodavana AERODYNAMICKOU cestou (vzduch z plic).

Kmity hlasivek jsou samobuzené — vzniknou automaticky pti konstantnim priitoku
vzduchu

Alternativni teorie

NEUROCHRONAXNI TEORIE (Husson 1950-57)

Kmity hlasivek vznikaji diky periodickym kontrakcim hlasivkového svalu.
Teorie byla vyvracena van den Bergem a pozd¢jSimi vyzkumy.
Ukazuje se ale jako platna pro predeni kocek - Sissom et al, J. Zoology, 1991).

TEORIE STLACENYCH BUBLIN (Misun 2003-12) — kontroverzni teorie, nebere v ivahu m&feni in-vivo



THEORIES OF VOCAL FOLD OSCILLATIONS

MYOELASTIC-AERODYNAMIC THEORY (MEAD)
(van den Berg 1958, Titze, 1980, 2006)

Basic, valid theory — i1t holds for humans, mammals, birds,...

Frequency of the oscillations primarilly determined by ELASTIC parameters of
the vocal folds (analogy — vibration of a string: stiffer string -> higher f,)

Elasticity (and the oscillation frequency) of the VF can be changed using
laryngeal muscles (MYOELASTIC part of MEAD)

Energy for oscillations supplied by air flowing from the lungs (AERODYNAMIC
part of MEAD).

Vocal fold oscillations are self-sustained. — they emerge automatically when
delivering steady airflow

Alternative theory:
NEUROCHRONAXIC THEORY (Husson 1950-57)

VF oscillations excited by periodic contractions of the intrinsic laryngeal muscles.
The theory may hold for cat purring (Sissom et al, J. Zoology, 1991)
Proved wrong for humans by van den Berg and later investigations.



TEORIE KMITANI HLASIVEK

MYOELASTICKO-AERODYNAMICKA TEORIE (MEAD)
(van den Berg 1958, Titze, 1980, 2006)

Zékladni platna teorie pro clovéka, savce a ptaky.

Kmity hlasivek jsou samobuzene. Energie pro kmitani je dodavana
AERODYNAMICKOU cestou (vzduch z plic).

Frekvence kmitani je primarné uréena ELASTICKYMI parametry hlasivek
(analogie — kmitani struny nebo pruZziny)

Elasticitu (a frekvenci kmitani) hlasivek 1ze ménit pomoci svalu
(MYOELASTICKA ¢&ast teorie)

CHAPANI TETO TEORIE SE OD ROKU 1958 ZMENILO
NOVE POZNATKY VSAK NEJSOU CASTO V UCEBNICICH ZOHLEDNENY



TEORIE KMITANI HLASIVEK

MYOELASTICKO-AERODYNAMICKA TEORIE (MEAD)
(van den Berg 1958, Titze, 1980, 2006)

Zéakladni platna teorie pro Clovéka, savce a ptaky.
KLASICKE UCEBNICOVE VYSVETLENI KMITANI HLASIVEK PODLE MEAD

o Seviené hlasivky zvysi tlak vydechového vzduchu pod hlasivkami

o Pretlak pod hlasivkami zptlisobi jejich rozevieni

o Po rozevteni tlak klesne a hlasivky se diky své elasticité opét uzaviou
o Tento d¢j se stale opakuje

(viz napft. https://www.britannica.com/topic/speech-language/Theory-of-voice-production)

Mereni in-vivo toto vysvetleni nepodporuji!

Paradox: Rozpor mezi béznymi u€ebnicemi a védou



TEORIE VZNIKU HLASU

Hlasivky se neoteviraji zvySenym subglotickym
tlakem

Neuzaviraji se tehdy, kdyz subgloticky tlak
klesne.

Jak ale tedy vlastn€ dochazi k rozkmitani
hlasivek??



TEORIE VZNIKU KMITANI HLASIVEK

Jak to, ze se hlasivky samy rozkmitaji vlivem
proudu vzduchu?



THEORY OF VOCAL FOLD OSCILLATIONS

How come the vocal folds start to self-oscillate
when exposed to airflow?



Svec, Schutte, Chen, Titze (2023). Integrative Insights into
MEAD. Journal of Voice doi:10.1016/j.jvoice.2021.01.023

VERTICAL PHASE .
DIFFERENCES '

First described in Titze, I. R. (1988). The physics of small-
amplitude oscillation of the vocal folds. J. Acoust. Soc. Am,
83(4), 1536-1552.

Velky
intragloticky tlak

NN N Zikladni podminka pro kmitani hlasivek:

\f\\ ‘Q\ .

N NN\ .

N N

NN\ b . Intragloticky tlak (tlak v glottis mezi hlasivkami) musi byt

VEtsi pii otevirdni nez pii uzavirani glottis (push-pull
. effect)

airflow

c) Glottal opening
Nejlépe to vznikne oteviranim a uzaviranim glottis
odspodu nahoru (vertikalni fazove rozdily, ,,slizni¢ni

Maly intragloticky ohiEet)

NN . . - Konvergentni tvar pti otevirani

Divergentni tvar pfi uzavirani

Nejuzsi €ast glotis — rozhrani - urcuje dominanci sub- nebo
s . supraglotického tlaku mezi hlasivkami

Zanedban viiv subglotickych a supraglotickych oscilaci tlaku (zvuk v
dutinach nad a pod hlasivkami)— sekundarni viiv na kmity hlasivek

d) Glottal closing
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Svec, Schutte, Chen, Titze (2023). Integrative Insights into
MEAD. Journal of Voice doi:10.1016/j.jvoice.2021.01.023
VERTICAL PHASE
DIFFERENCES *

First described in Titze, I. R. (1988). The physics of small-
. amplitude oscillation of the vocal folds. J. Acoust. Soc. Am,
: 83(4), 1536-1552.

Velky
intragloticky tlak

7

Zakladni podminka pro kmitani hlasivek:

’
o

LSS A S
7

77
&

airflow

Rpsmepnee S liznicni viny — jeden z nejdulezitéjSich rysu
kmitu hlasivek sledovanych lékari v klinické

praxi

Maly intraglotic

7

- = —-— s —— -

—_———— e— o ——— - -

Divergentni tvar pfi uzavirani

7

o
/’

77

Nejuzsi €ast glotis — rozhrani - urcuje dominanci sub- nebo
s . supraglotického tlaku mezi hlasivkami

Zanedban vliv subglotickych a supraglotickych oscilaci tlaku (zvuk v
dutindch nad a pod hlasivkami)— sekundarni viiv na kmity hlasivek

d) Glottal closing



Titze, I. R. (1988). The physics of small-
amplitude oscillation of the vocal folds.
J. Acoust. Soc. Am, 83(4), 1536-1552.

Basic condition for VF self-oscillations:

Intraglottal pressure (in glottis, between the vocal
folds) must be greater when opening than when
closing (push-pull effect)

Can be achieved by:

1) Opening the glottis from below to top (vertical
phase differences, ,,mucosal wave )

2) Delaying the glottal flow due to vocal tract
inertance



VERTICAL PHASE
DIFFERENCES

High intraqglottal
pressure

NN = (- N

NN f\efs N~
g, % \: e u OGN .
NPT BRI FWw R -
NN 1\ N

airflow

c) Glottal opening

Low intraglottal
pressure

gnuEy

\ S

N TN T

h\ u : n \\\Q:

N Ly 1) N

NN D) i
|

airflow

d) Glottal closing

Titze, I. R. (1988). The physics of small-
amplitude oscillation of the vocal folds.
J. Acoust. Soc. Am, 83(4), 1536-1552.

Basic condition for VF self-oscillations:

Intraglottal pressure (in glottis, between the vocal
folds) must be greater when opening than when
closing (push-pull effect)

Can best be achieved by:

Opening the glottis from below to top (vertical
phase differences, ,,mucosal wave *)

Narrowest part of glottis — changes influence of sub- and
supraglottal pressures inside glottis

Opening — Convergent glottis — subglottal pressure dominant
(higher pressure on average — PUSH GLOTTIS APART)

Closing — Divergent glottis — supraglottal pressure dominant
(lower pressure on average — PULL GLOTTIS TOGETHER)

Neglects subglottal and supraglottal pressure oscillations —
secondary influence on VF vibrations



VERTICAL PHASE
DIFFERENCES

Titze, I. R. (1988). The physics of small-
amplitude oscillation of the vocal folds.
J. Acoust. Soc. Am, 83(4), 1536-1552.

High intraglottal

pressure

N\ N\ oy
u NN \\\ . 0 0 . .
NN §§ Basic condition for VF self-oscillations:
AN N

N NN

\>\\\'~ \\:

NN\N NAN

Intraglottal pressure (in glottis, between the vocal
folds) must be greater when opening than when
closing (push-pull effect)

airflow

c) Glottal opening

Low intraglottal
pressure

Mucosal waves — one of the most important

N parameters evaluated on the vocal folds by
?§§ laryngologists in clinical practice

(lttsllcl }/I coourc vrr uver MSC T4 VoL JLNJ L L1 AL L)

Closing — Divergent glottis — supraglottal pressure dominant
airflow (lower pressure on average — PULL GLOTTIS TOGETHER)

Neglects subglottal and supraglottal pressure oscillations —
secondary influence on VF vibrations

d) Glottal closing



Vizualization:
LARYNGOSTROBOSCOPY

Notice the vertical phase differences and the propagation of
the waves laterally on the upper vocal fold surface

F req: -
.ﬂ.mp; 2SS d8
Phazsg: =-=
Light: Xenon
Mode: Slow

| . Eexiloas
F.By Elamiatrios =1
Digr=al Strobe, hodel 5200

[EQD| 38 -52ET
i kayelemetrics.cam

Kay Elemetrics Demo examples on Stroboscope



MUCOSAL WAVE MODEL.:

Kumar & Svec (2019):
Waves travelling around the vocal fold surface upwards and then laterally.
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Kumar SP and Svec JG. Kinematic model for simulating mucosal wave phenomena on vocal folds. Biomed Signal
Process Control 49: 328-337, 2019.



MUCOSAL WAVE MODEL.:

Kumar & Svec (2019):
Waves travelling around the vocal fold surface upwards and then laterally.

Simulation of vocal fold kymograms

Simulated kymogram

- D\
0.2 1
5 0 1
>
02
04
-0.6 .
-0.5 0 0.5

x(cm)

Kumar SP and Svec JG. Kinematic model for simulating mucosal wave phenomena on vocal folds. Biomed Signal
Process Control 49: 328-337, 2019.



Titze, I. R. (1988). The physics of small-
amplitude oscillation of the vocal folds.
J. Acoust. Soc. Am, 83(4), 1536-1552.

Basic condition for VF self-oscillations:

Intraglottal pressure (in glottis, between the vocal
folds) must be greater when opening than when
closing (push-pull effect)

Can be achieved by:

1) Opening the glottis from below to top (vertical
hase differences

2) Delaying the glottal flow due to vocal tract
inertance




VOCAL TRACT

Rothenberg, M., & Zahorian, S. (1977).
INERTANCE

Nonlinear Inverse Filtering Technique for

Estimating Glottal-Area Waveform. J. Acoust.
Soc. Am., 61(4), 1063-1071.

air column momentum

A A A DA AL

N

2) Push-Pull Due To Vocal Tract Inertance:

Mass of air in vocal tract delays the glottal flow behind
airflow . glottal area

,,,,,

: Glottal airflow starts more slowly and ends more
a) Glottal opening : abruptly than than glottal area — ,,waveform skewing*,
large MFDR — stronger sound excitation

Also causes the intraglottal pressure to be larger during
opening than during closing — push-pull effect

Works well when f, is below F';, — otherwise causes
problems

b) Glottal closing

time




MEAD SHRNUTI — SOUCASNE ZNALOSTI

1) Glotis se otevira zdola, protoZe subgloticky tlak je vy$Si nez supragloticky tlak
2) Glotis ziskava konvergentni tvar

3) Konvergentni glotis zpusobuje vysoky intragloticky tlak, ktery tlaci hlasivky od sebe (push effect)

4) Elasticita hlasivek obraci pohyb z otevirani na zavirani (Cim jsou hlasivky tuzsi, tim dfive se
pohyb obrati a tim vysSi je fo — zakladni frekvence)

5) Glotis ziskava divergentni tvar
6) Divergentni glotis snizuje intragloticky tlak, coZ podpofi uzavirani glotis (pull effect)
7) Elasticita tkani obraci pohyb hlasivek zpét k otevirani
8=1) Glotis se opét otevira zdola a cyklus se opakuje
Modulace prutoku vzduchu $térbinou glotis v disledku kmitani hlasivek pusobi jako zdroj zvuku

Excitované rezonance subglotického a supraglotického traktu mohou ménit push-pull efekt
pusobici na hlasivky, ¢imz ovliviuji amplitudu a frekvenci jejich kmitani (nelinearni hlasové déje).



MEAD SUMMARY - CURRENT KNOWLEDGE

1) Glottis opens from below due to subglottal pressure being higher than supraglottal pressure
2) Glottis takes convergent shape

3) Convergent glottis causes large intraglottal pressure - pushing vocal folds apart (push effect)

4) Vocal fold elasticity reverses the opening to closing (the stiffer the folds the sooner the closing
and the higher the )

5) Glottis takes divergent shape
6) Divergent glottis lowers intraglottal pressure — pulling vocal folds together (pull effect)
7) Tissue elasticity reverses the vocal fold movement to opening
8=1) Glottis opens from below and the cycle repeats
Glottal airflow modulation due to VF oscillations acts as the sound source

Excited subglottal and supraglottal resonances can alter the push-pull effect on the vocal folds —
influence on vocal fold vibration amplitude and frequency (nonlinear voice phenomena)
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(b) GLOTTAL CLOSING

Titze, I. R. (1988). The physics of
small-amplitude oscillation of the

vocal folds. J. Acoust. Soc. Am,
83(4), 1536-1552.

Vertical phase differences (delayed motion
of the upper margin behing the lower
margin, mucosal wave)

Convergent shape during glottal opening —
increases the influence of subglottal
pressure pushing the vocal folds away

Divergent shape during glottal closing —
decreases the influence of subglottal
pressure — allows the vocal folds to close



EXCITACE AKUSTICKYCH REZONANCI POD A NAD
HLASIVKAMI UZAVRENIM GLOTIS — VZNIK HLASU
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Svec, Schutte, Chen, Titze (2023). Integrative Insights into MEAD. Journal of Voice
doi:10.1016/j.jvoice.2021.01.023



ABRUPT GLOTTAL CLOSURE: EXCITATION OF ACOUSTIC
RESONANCES ABOVE AND BELOW GLOTTIS - VOICE PRODUCTION
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Svec, Schutte, Chen, Titze (2023). Integrative Insights into MEAD. Journal of Voice
doi:10.1016/j.jvoice.2021.01.023



EXCITACE AKUSTICKYCH REZONANCI POD A NAD
HLASIVKAMI UZAVRENIM GLOTIS — VZNIK HLASU

cas ——

Svec, Schutte, Chen, Titze (2023). Integrative Insights into MEAD. Journal of Voice
doi:10.1016/j.jvoice.2021.01.023



ABRUPT GLOTTAL CLOSURE: EXCITATION OF ACOUSTIC
RESONANCES ABOVE AND BELOW GLOTTIS - VOICE PRODUCTION

Time —>

Svec, Schutte, Chen, Titze (2023). Integrative Insights into MEAD. Journal of Voice
doi:10.1016/j.jvoice.2021.01.023



TLAKY VZDUCHU A KMITANI HLASIVEK

Méreni in vivo (Miller &
Schutte, 1984):

Schutte & Miller (1988)

Tenky katetr se senzory tlaku
uml.Sten dO hrtanu tak’ aby Abb. 1. Katheter mit zwei Minia-
méfil tlak vzduchu pod a nad ’ turdruckwandiern.

hlasivkami pti fonaci.

Kmitani hlasivek
monitorovano pomoci
elektroglotografie (EGG)

Unikatni data, ktera nema
témer zadné pracovisté na
svété k dispozici. Nyni na
UPOL(!).

Miller DG and Schutte HK. Characteristic patterns of sub- and supraglottal pressure variations within the glottal cycle. In: Transcripts of the XIIIth symposium:
Care of the professional voice, New York, 1984, edited by Van Lawrence L. New York, NY: The Voice Foundation, 1985.

Schutte HK and Miller DG. Resonanzspiele der Gesangsstimme in ihren Beziehungen zu supra- und subglottalen Druckverldufen: Konsequenzen fiir die
Stimmbildungstheorie. Folia Phoniatr (Basel) 40: 65-73, 1988.



VOCAL FOLD SELF-OSCILLATIONS

Measurements in vivo (Miller
& Schutte, 1984):

Schutte & Miller (1988)

Pressure sensor was
positioned on a thin catheter s i
and placed into the subglottal ’ turdruckwandlern.

space through the
cartilaginous glottis.
(Simultaneously there was
also a sensor above the vocal
folds). These sensors were
used to measure the sub and
supraglottal pressures during
vocal fold self-oscillations.
Glottal opening and closing
was monitored through
electroglottography (EGG).

Miller DG and Schutte HK. Characteristic patterns of sub- and supraglottal pressure variations within the glottal cycle. In: Transcripts of the XIIIth symposium:
Care of the professional voice, New York, 1984, edited by Van Lawrence L. New York, NY: The Voice Foundation, 1985.

Schutte HK and Miller DG. Resonanzspiele der Gesangsstimme in ihren Beziehungen zu supra- und subglottalen Druckverldufen: Konsequenzen fiir die
Stimmbildungstheorie. Folia Phoniatr (Basel) 40: 65-73, 1988.



EXCITACE AKUSTICKYCH REZONANCI POD A
NAD HLASIVKAMI UZAVRENIM GLOTIS

a)

N oo \
1 &U]\; '\.’I\Q _/(\v' \ V1 N'F?I; ™ f"/\ N | rJ \.\ “J} 1 Ill
WYY I

Mic [au)

-

Tlak nad'hlasivkami

|t|n vok traktu | Prumgmy tlak nad hlasivkami = 0 cm H,0

w54 [
e |/ A N
b) g0 f’H/[\/‘ ’U \t /\*w’\ -;.'"".l"f; .
a5 V /; \
\J ;
10 - ' ;
- MOMENT open open f\
¢) @ UZAVRENI |
) 9 :
w f closed closed

/Subg tickéj Prameérny tlak pod hlasivkami = 24 cm H,0

rezonalice
d) £ | \ :

Svec, Schutte, Chen, Titze
(2021). Integrative Insights into
MEAD. Journal of Voice
Time [s) doi:10.1016/j.jvoice.2021.01.023

4 185 4,190 4,195 4,200 4,205



b)

d)

PRESSURES AND SOUND
BELOW AND ABOVE THE VOCAL FOLDS
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MODELY HLASIVEK

(vychazejici z myoelasticko-aerodynamické teorie)

P11 pouZiti modeli hlasivek plati stejny problém jako u
ktereéhokoli jineho modelu fyzikalniho ¢1 fyziologického déje:

1) Model musi byt dostatecné jednoduchy, tak aby ho bylo mozné
matematicko-fyzikalné popsat a aby jeho pouziti bylo uzitecne
pro konceptualizaci a predpovidani vyvoje zkoumaného déje.

2) Jeho chovani musi odpovidat chovani realnych hlasivek.



VOCAL FOLD MODELS

(based on myoelastic-aerodynamic theory)

When using vocal fold models, there are the following 1ssues (as
they are in any other models of physical or physiological
phenomena):

1) The model must be simple enough, so that it can be described
by physics and mathematics and so that its use 1s useful for
conceptualizing and predicting investigated phenomena.

2) The model behaviour must correspond to that of the real vocal
folds.



MODELY HLASIVEK

Kmitajici diky proudu vzduchu [self-sustained oscillations], vychazejici z myoelasticko-
aerodynamické teorie

al

PREPARATY HRTANU: g
hd mavie

(A Ferrein 1741-46, J. Miiller 1837-9, L.Réthi 1896, adapter

M. Sovak 1945, Jw. van den Berg 1959-68, T. g

Baer 1975, N.Isshiki 1978-82, a dalsi) stroboscope \ N

microphone
o e 1 v Ce e 1 delta f

Nejfyziologictéjsi fyzické modely ggn:ramr [ light sensitive device

hlasivek, umoZnujici nejpiesnéji Cnataccs

studovat chovani hlasivek.

Ny ror ror . t
Umoziuji sledovani chovani hlasivek R

za stabilnich podminek P ?;;“ A

medial compression pressure

Vytykané nedostatky — nefunk¢énost

TA svalu, odlisnost vlastnosti o SOTRRGL. arIpRang subglottal

mrvych tkani od zivych \.—ﬂ pressure

Vyuzivano pro sledovani zavislosti
kmitani hlasivek na jednotlivych
kontrolnich parametrech,
zejména:

-Subgloticky tlak

- Priito¢né mnozstvi vzduchu

- Prodlouzeni hlasivek
- Mira addukce hlasivek condens water -',‘.[;j':.'q -
, . water =
- Pravo-leva asymetrie ks P
- Akustické rezonance subglotického porous material thermostat | |
a supraglotického prostoru heating coil
- atd. FIGURE 1. Scheme of the arrangement used for experiments with isolated larynges.

Jw. van den Berg (1959, 1960, 1968)



VOCAL FOLD MODELS

showing self-sustained oscillations excited by airflow, based on myoelastic-aerodynamic theory

EXCISED LARYNGES:

(A Ferrein 1741-46, J. Miiller 1837-9, L.Réthi 1896, M.
Sovak 1945, Jw. van den Berg 1959-68, T. Baer
1975, N.Isshiki 1978-82, etc)

The most physiologic vocal fold models
allowing the most accurate
observations of the vocal vold
vibrations.

They allow investigating vocal fold
behavior at stable, controlled
conditions

Drawbacks — no activity of TA muscle,
differences of the dead tissues from
the living ones.

Used to investigate the vocal fold
vibration dependencies on individual
control parameters, such as:

-Subglottal pressure

- Airflow

- Vocal fold elongation

- Degree of vocal fold adduction
- Left-right asymmetry

- Acoustic resonances of the subglottal
and supraglottal tract

- etc.

camera

maovie
adapter
N
strobosc
- N O microphone
delta f
generator [ light sensitive device

transversus

subglottal
—— | pressure

— mean

subglottal
pressure

condens water

L) o
.- L) . .
water{, .E‘J"_ cp

porous material thermostat air

heating coil

FiGure 1. Scheme of the arrangement used for experiments with isolated larynges.

Jw. van den Berg (1959, 1960, 1968)



Pozorovani a interpretace kmitu
hlasivek na preparatech hrtanu

':: Pa;ﬂl:.&' N [ LA
- Ew DARTlCLE_?_‘:!__ LARYNX 15-28-2 ]
Méteni kovovych ¢astecek umisténych &3 v % LEFF FOLD
na povrchu hlasivky: L& By , PRATICLES = 275 wfine
AR . e fo = %0 1o :
k LN
Pozorovani trajektorie jednotlivych ‘ ?.\\ /\d‘ CLOSED PEHOD KGNS~ PHASE 7 |
bodi na hlasivkach prozradilo, Ze | | \L_/gi/;is PUASE §(OEGREES) ComMENTs
b r W W . 4 y e 9 = & ITICLE
hlasivka kona sou¢asné horizontalnii 2 Peanal ]
vertikalni pOhYby g ‘ PARTICLE 2
E - 0 0 -
= e '
. .. el 1w v .. , ‘ 2 180
Trajektorie jsou priblizné eliptické; v L A
pripad¢ bodii na hornich ¢astech s
. . 4 14 r O 2 | ’ 0
hlasivky se objevuji sekundarni L pasice: 3 ]
Smyéky (Baer, 1975) | f’/f:/‘ o7 180 ON A CREST AT PHASE 3
I

X {Imms/DIVISION)
Obr. 1.19. Baerovo meéfeni trajektorii tii kovovych
¢astec¢ek umisténych na povrchu hlasivky (Baer, 1975).

Baer T. Investigation of phonation using excised larynxes. (Doctoral dissertation). Cambridge, Mass:
Massachusetts Institute of Technology, 1975.



Investigation and interpretation of vocal
vold vibrations in excised larynges:

; ﬁ p.-.;.nm.r o ‘ g ' ]
. -z < DARTIC"’?—_"-‘:b; LARYNX L$-28-2 4
Measurements of lead particles placed g3 ¥% LEFT FOLD
at vocal fold surface: g B, PATIAED
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Investigations of the trajectories of the I\ /) CLOSED PEHOD BeGINS - Prast 7 ]
particles on the vocal folds revealed z| | '%L PAASE §(DESHEES) COMMENTS
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that the vocal fold performs horizontal 2 pean .
and vertical movements S| pamcie 3
. E - ! 0 3
simultaneously. = L 1
| 2 1860
- 180
The trajectories are approximately -
o c e 0 C?I 7 0
elliptical; in case of the particles L e |
placed close to the upper vocal fold Bi 3 ——
margin, secondary loops could be 1 | L , ]
observed (Baer, 1975). X {Imm/Rivisicn)

Obr. 1.19. Baerovo meéfeni ftrajektorii tii kovovych
¢astecek umisténych na povrchu hlasivky (Baer, 1975).

Baer T. Investigation of phonation using excised larynxes. (Doctoral dissertation). Cambridge, Mass:
Massachusetts Institute of Technology, 1975.



Vocal Fold Medial Surface Imaging

High-speed digital imaging of the medial surface Excised canine
of the vocal folds larynges

David A. Berry®
Department of Biomedical Engineering and Dep TfajEGtDl'iES of the Fleshpuints

The University of lowa, Towa Citv, Towa 52242 8
Douglas W. Montequin
Department of Speech Pathology and Audiology St
MNiro Tayama 4t
Department of Ofolaryngology, University of To,
J. Acoust. Soc. Am., Vol. 110, No. 5, Pt. 1, Nov. 2001 ) 3F
€
£ 27
L
]
1t
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FIG. 5. An anterior view of the left vocal fold. The ellipses indicate the
trajectories of vocal fold fleshpoints over one cyele of vibration, with physi-
cal dimensions labeled. All the feshpoints travel in counter-clockwise or-
bits. The dark vertical line indicates the glass plate in the hemilarynx set up.
The bolded dots. connected by a solid line, indicate the dyvnamic equilibria

David A. Berry of the fleshpoints.




Pozorovani a interpretace kmitu
hlasivek

Komplexni trajektorie jsou vysvétlovany sloZzenim svou typt pohybii:
1) Pfiblizn¢€ eliptickym pohybem hlasivek a

2) Postupem slizni¢nich vin smérem od spodu po povrchu hlasivky.

Priblizné elipticky Slizni¢ni viny
pohyb hlasivek

Obr. 1.20. RozlozZeni celkoveho pohybu hlasivek.



Investigation and interpretation of
vocal fold vibrations

The complex trajectories can, in principle, be explained by combining two types of
motion:

1) Approximately elliptic vocal fold motion and
2) Mucosal waves travelling from the bottom to the top of the vocal folds.

Priblizné elipticky SlizniCni viny
pohyb hlasivek

Obr. 1.20. Rozlozeni celkového pohybu hlasivek.



SLIZNICNI VLNY NA HLASIVKACH

Viny se Siri od §podn|ho okraje _ O g '@' O
hlasivek smérem nahoru po obvodu &
hlasivek | »

(Rethi, 1896; Farnsworth, 1940; Smith, 1954; .
Moore & von Leden, 1958; Perello, 1964; Q

Hiroto, 1968; Hirano, 1974: Baer, 1975;
Matsushita, 1975; Saito, 1981; Yumoto -
1989-98, Berry et al 2001, Dollinger et al

2004, Boessendecker et al 2007) - 2
O
: =
»

I e
ILUSTRACE I L L
vytvorena priblizné .
na zaklad¢ trajektorii g »

zmétenych Berry et al (2001)
David A. Berry




MUCOSAL WAVES ON THE VOCAL
FOLDS

The waves travel from the bottom of e s
the vocal folds upwards and across | Q 5 'G' O

the upper vocal fold surface | »
(Rethi, 1896; Farnsworth, 1940; Smith, 1954; .
Moore & von Leden, 1958; Perello, 1964; Q

Hiroto, 1968; Hirano, 1974: Baer, 1975;
Matsushita, 1975; Saito, 1981; Yumoto
1989-98, Berry et al 2001, Dollinger et al

2004, Boessendecker et al 2007) - o
4
»
»
»

ILLUSTRATION i ™
created by Svec (2007) based on »

the trajectories measured by 1 "

Berry et al (2001) _ .

David A. Berry




ANALOGIE MEZI SLIZNICNiMI
VLNAMI A VLNAMI NA VODE

R. S. McGowan (1990). Haskins Laboratories Status Report on Speech
Research 101/102: 243-249.

Epitel + Reinketv prostor (povrchova vrstva laminy propria) €->
podobnost s vodni hladinou a vodou

Eliptické trajektorie + fazové rozdily = postupna vina




ANALOGY OF THE MUCOSAL
WAVES WITH THE WAVES ON
WATER

R. S. McGowan (1990). Haskins Laboratories Status Report on Speech
Research 101/102: 243-249.

Epithelium + Reinke’s space (superficial layer of lamina propria) € -
resembling water and water surface

Elliptic trajectories + phase differences = travelling wave




SLIZNICNI VLNY NA HLASIVKACH

DVE SLOZKY SLIZNICNICH
VLN:

a) Fazovy rozdil v pohybu
spodni a horni ¢asti hlasivek
(aktivné buzen proudénim
vzduchu)

b) Viny postupujici po hornim
povrchu hlasivek do strany
(pasivni pokracovani Sireni

vin)

W




VOCAL FOLD MUCOSAL WAVES

TWO COMPONENTS OF THE
MUCOSAL WAVES:

a) Phase differences between
the lower and upper vocal fold
margins (actively driven by
airflow)

b) Waves travelling across the
upper vocal fold surface to
the side (passive continuation
of the waves)

W




Vizualizace:
LARYNGO STROBOSKOPIE

VSimni si vertikalnich rozdili v pohybech hlasivek a
Sifeni sliznicnich vin po hornim povrchu lateralne

F req: -

.ﬂ.mp; 2SS d8
Phazsg: =-=

Light: Xenon
Mode: Slow
Eexiloas

F.By Elamiatrios =1
Digr=al Strobe, hodel 5200
|EO0| 53R E25T

i kayelemetrics.cam

Kay Elemetrics Demo examples on Stroboscope



Vizualization:
LARYNGOSTROBOSCOPY

Notice the vertical phase differences and the propagation of
the waves laterally on the upper vocal fold surface

F req: -
.ﬂ.mp; 2SS d8
Phazsg: =-=
Light: Xenon
Mode: Slow

| . Eexiloas
F.By Elamiatrios =1
Digr=al Strobe, hodel 5200

[EQD| 38 -52ET
i kayelemetrics.cam

Kay Elemetrics Demo examples on Stroboscope



superior

frontal

view

view

Mody kmitani hlasivek

Obecné, kazdé mechanické kmitani struktury 1ze rozlozit do tzv. vlastnich moda kmitani.
Tyto mody maji charakteristicky tvar a frekvenci kmitani.
Kombinaci modu 1ze vysvétlit 1 velmi slozité kmitani hlasivek u chraptivosti.

Cim sloZit&jsi je kmitani hlasivek, tim vétsi pocet modu je excitovan.

x-10 x-11 x-20 x-21 x-30 x-31

(C) 2013 www.christian-herbst.org

Animations downloaded from https://www.christian-herbst.org/media/



Modes of vocal fold vibration

In general, every mechanical vibration of a structure can be decomposed into so called eigenmodes of
vibration.

These modes display a characteristic shape and frequency of vibration.
Combining these modes can explain even very complex vocal fold vibration patterns in hoarse patients.

The more complex the vocal fold vibration, the more modes are excited

x-10 x-11 x-20 x-21 x-30 x-31

superior
view

frontal
view

(C) 2013 www.christian-herbst.org

Animations downloaded from https://www.christian-herbst.org/media/



Mody kmitani hlasivek / Modes of vocal fold vibration

Superior view Frontal view QOrthogonal view
(right fcld) (right fold)

1
B 7. 10 mode
1

(a)

i .~ 20 mode

"I'-'i b 30 mode
]

Titze IR. Principles of voice
production (second
printing). lowa City, IA:
National Center for Voice
and Speech, 2000,

7

z
v 11 mode

7

(d)

' o < ‘!m
. 4?4#4? gﬂ

FIGURE 4.9. Normal modes of a ribbon model of the vocal fold cover, showing inward and outward
excursions of the tissue edge. (2) the 10 mode, (b) the 20 mode, (c) the 30 mode, and (d) the || mode.



Mody kmitani hlasivek

Zobrazeni pohybu medialniho povrchu hlasivek u preparatii hrtanu a jejich rozklad do
vlastnich modu kmitani poprvé publikovali Berry et al. v roce 2001.

High-speed digital imaging of the medial surface

of the vocal folds  ; acoust Soc. Am 110 (5), Pt. 1, Nov. 2001

David A. Berry®
Department of Biomedical Engineering and Department of Speech Pathology & Audiology,

The University of Iowa, Iowa City, Towa 52242

Douglas W. Montequin
Department of Speech Pathology and Audiology, The University of Iowa, Towa City, Towa 52242

Niro Tayama
Department of Otolaryhgology, University of Tokve, Tokyvo, Japan
Mounting Procedure
Wedge
Glass Plate
Left 2
Vocal Glass Prism to
Fold obtain two views &
. of the vocal folds 3

High-speed Camera

> D Ait%floiv
U a b.

FIG. 2. (a) A supenor view of the hemilarynx setup, including the left voc
fold, the glass plate, the glass prism, and the high-speed camera. (b) T
artificial trachea upon which the hemilarynx 1s mounted for phonation.




Modes of vocal fold vibration

First investigations of the movement of the medial vocal fold surface in excised hemilarynges and its
decomposition into eigenmodes of vocal fold vibration was first published by Berry et al. in 2001.

High-speed digital imaging of the medial surface

of the vocal folds  ; acoust Soc. Am 110 (5), Pt 1, Nov. 2001

David A. Berry?
Department of Biomedical Engineering and Department of Speech Pathology & Audiology,
The University of Iowa, Iowa City, Iowa 52242

Douglas W. Montequin
Department of Speech Pathology and Audiology, The University of Towa, Towa City, Towa 52242

Niro Tayama
Department of Otolaryngology, University of Tokyvo, Tokye, Japan

Mounting Procedure
Wedge
Glass Plate
Left 5
Vocal Glass Prism to
Fold obtain two views &
__ of the vocal folds  :

> D Ailéﬂo

. High-speed Camera b
FIG. 2. (a) A supenor view of the hemilarynx setup, including the left voc
fold, the glass plate, the glass prism, and the high-speed camera. (b) T
artificial trachea upon which the hemilarynx 1s mounted for phonation.




Mody kmitani hlasivek

Zobrazeni pohybu medialniho povrchu hlasivek u preparati hrtanu a jejich rozklad do
vlastnich moda kmitani poprvé publikovali Berry et al. v roce 2001.

Experimentalne zjistené kmity medialniho povrchu hlasivek:

Chest-like Vibrations




Modes of vocal fold vibration

First investigations of the movement of the medial vocal fold surface in excised hemilarynges and its
decomposition into eigenmodes of vocal fold vibration was first published by Berry et al. in 2001.

Chest-like Vibrations

9 7 5 3 4 1 3 5 7 9
X (mm)



Mody kmitani hlasivek

Zobrazeni pohybu medidlniho povrchu hlasivek u preparatii hrtanu a jejich rozklad do
vlastnich moda kmitani poprvé publikovali Berry et al. v roce 2001.

Dva nejvyraznéjsi mody pri bézném kmitani hlasivek:

Eigenmode 1 {Modulates the airflow)

-]
w

Superior/Coronal Views

X-10 Mode

1. Vlastni mod:
69% variance kmitu

Eigenmode 2 {Controls glottal shaping)

T T T T T T T T

e 7 5 3 4 1 3 5 7 09
X (mm)

Superior/Coronal Views

2. Vlastnimod: | .
29% variance kmitilu #5 4—
! El—* | €% Hind)

X-11 Mode



Modes of vocal fold vibration

First investigations of the movement of the medial vocal fold surface in excised hemilarynges and its
decomposition into eigenmodes of vocal fold vibration was first published by Berry et al. in 2001.

Two most dominant modes in usual vocal fold vibrations:

Eigenmode 1 {Modulates the airflow) Eigenmode 2 {Controls glottal shaping)
. A S A B . . E R B B B S—
3| ORI RUUROT: YOO UUUUIR. OO0 | SO -JUOOUIUN: SO SO il
4___
3
\E., 2 __________
N
0__
Pl
o i ; i i i E i i 4 i i | i : : i i
9 7 5 3 4 1 3 5 7 9 8 7 5 3 A1 1 . 5 7 9
x (mm) x (mm)
Superior/Coronal Views Supetior/Coronal Views

1. Eigenmode: 2. Eigenmode:
69% variance 29% variance

X-10 Mode X-11 Mode




| 4 o 1 4 r [
Mody kmitani hlasivek
Zobrazeni pohybu medialniho povrchu hlasivek u preparati hrtanu a jejich rozklad do
vlastnich moda kmitani poprvé publikovali Berry et al. v roce 2001.
Dva nejvyraznejsi mody pri bézném kmitani hlasivek:

(1) 2)
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Modes of vocal fold vibration

First investigations of the movement of the medial vocal fold surface in excised hemilarynges and its
decomposition into eigenmodes of vocal fold vibration was first published by Berry et al. in 2001.

Two most dominant modes in vocal fold vibration:

(1) 2)
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VOCAL FOLD MODELS

vibrating due to airflow excitation [self-sustained oscillations],
based on myoelastic-aerodynamic theory

FYZICKE A MATEMATICKE MODELY HLASIVEK

PHYSICAL AND MATHEMATICAL MODELS OF
THE VOCAL FOLDS




MODELY HLASIVEK

Kmitajici diky proudu vzduchu [self-sustained oscillations],
vychazejici z myoelasticko-aerodynamické teorie

EWALDOVA PISTALA':

Patrné prvni historicky model hlasivek.

Analogie hlasivek s pistalou s protiraznymi
jazycky.
Tlak vzduchu zpusobi rozevieni hlasivek a ty se,
poté co vzduch unikne a tlak klesne, diky své
pruznosti (tuhost pruzin na obr. 1.24 je
analogicka napéti hlasivek) zase uzaviou. -
Tento dé&j se cyklicky opakuje. _
Na bazi této predstavy Ewald zkonstruoval ‘

nckteré funkcni fyzicke hlasivkove modely
(Ewald, 1898).

Ewald R. Zur Konstruktion der Polsterpfeifen. Pfliig Arch 152: 171-186, 1898.



VOCAL FOLD MODELS

vibrating due to airflow excitation [self-sustained oscillations],
based on myoelastic-aerodynamic theory

EWALD‘S REED PIPE:

Probably the first physical vocal fold model in
history.

Analogy of the vocal folds with a pipe with
opposite reeds.

Air pressure causes the reeds to open and due to
the elasticity they close again (the spring
stifness on the Fig. 1.24 is analogic to vocal -
fold tension). This event cyclically repeats. T

Using this idea, Ewald constructed functional
prototypes of vocal fold models (Ewald,
1898).

Ewald R. Zur Konstruktion der Polsterpfeifen. Pfliig Arch 152: 171-186, 1898.



MODELY HLASIVEK

Kmitajici diky proudu vzduchu [self-sustained oscillations],
vychazejici z myoelasticko-aerodynamické teorie

JEDNOHMOTNOSTNI MODEL:

(Flanagan & Landgraf, 1968)

Nejjednodussi matematicko-fyzikalni
model.

Vychazel z ptfedstav Ewaldovy
pistaly.

Implementovan pocitacove!

Chovani ne zcela uspokojivé:

— kmital pouze v ptitomnosti
vokalniho traktu

- nezohlednoval rozdily faze mezi
dolnim a hornim okrajem hlasivky

4
SSN—
LUNGS Y Py—Pi——-Py—= U
.
4

Fig. 3.

NN
K B

{
d ==
\A (A, + W)

90

Second-order mechanical model of the vocal cords.

http://www.ncvs.org/ncvs/tutorials/voiceprod/tutorial/model.html



VOCAL FOLD MODELS

vibrating due to airflow excitation [self-sustained oscillations],
based on myoelastic-aerodynamic theory

\

ONE-MASS MODEL: rny
(Flanagan & Landgraf, 1968) K% ! -

\0——-—/ \
LU P, =P _1.P2._.. ) CA
: m
4

|
L—d-—u' \
VOCAL Ag=lAge+ ¥
CORDS
Fig. 3. Second-order mechanical model of the vocal cords.

(oo |- Vocalwact - [. ¢
et |e aircolumn |-l

The simplest mathematical model.

It was based on the idea of Ewald‘s physical
model.

Implemented computationally — first computer
model!

The model behaviour was not satisfying:

— 1t oscillated only in the presence of the vocal
tract

- it did not take into account the vertical phase
differences between the upper and lower

margins http://www.ncvs.org/ncvs/tutorials/voiceprod/tutorial/model.html

nnnnnnnn

Ps




MODELY HLASIVEK

Kmitajici diky proudu vzduchu [self-sustained oscillations],
vychazejici z myoelasticko-aerodynamické teorie

DVOUHMOTNOSTNI MODEL:
Velice uspéSny pocitacovy model, ktery  raacrea Eg%
. gy NN UFRNR

(Ishizaka & Flanagan, 1972)
~ror o 4 . 4 AND LUNGS
je pouzivan v riznych modifikacich s N 4_*:,
dosud. Py Pu PaPu  RaTeygp, <—- 19 o) 'z,

71
IISISLIIISS,

7 hlavnich viskoelastickych parametri — m \
2 hmotnosti, 2 tlumice a 3 pruZziny. ot

¥, Sz

|
Y% . e v J4 J4 ——"d"""" -"‘l‘ —'-.I Ag»]:(Aqo*'Z’.gI,)
Umoziuje uspokojivé modelovat chovani N
hlasivek — jak pravidelné tak conTRAcTIon creTms - Expansion
nepravidelné.

> » - - & . 4 4

Kmita 1 bez pfitomnosti vokalniho traktu.
Pti kmitani vykazuje fazovy rozdil mezi
hornim a dolnim okrajem hlasivek.

Tento jev umoziuje efektivni pienos

energie z tlaku vzduchu do knitani
hlasivek.

Vykazuje nelinearné-dynamické
vlastnosti, véetné chaotického
kmitani.

Jeho rozsitenim je tfihmotnostni model
(Story & Titze, 1995), ktery se snaZzi
Iépe vystihnout teorii téla a obalu
hlasivky:

http://www.ncvs.org/ncvs/tutorials/voiceprod/tutorial/model.html



VOCAL FOLD MODELS

vibrating due to airflow excitation [self-sustained oscillations],
based on myoelastic-aerodynamic theory
TWO-MASS MODEL:

(Ishizaka & Flanagan, 1972)

%
Highly succesful computational model, which is still - _ LTI
. . ‘ . . ACHEA

bpmg used in various modifications. MO LUNGS VoL Lr

7 main viscoelastic parameters — 2 masses, 2 dampers P p" 22 N aurs7 222 4 Ve
TSI LIS LSS,

and 3 springs. | . | o ked,- 4
It allows succesfully simulating vocal fold behaviour — .

both regular as well as irregular. h-tose—d oot —os]  Ag=(Ageratgrz)

. . gt T N =4

It can oscillate also without the presence of the vocal CONTRACTION  GLOTTIS  EXPANSION

tract.
It exhibits vertical phase differences between the lower AR A I

and upper vocal fold margins.

This phenomenon allows an effective transfer of
energy from the air pressure to the vocal fold
vibrations.

It exhibits nonlinear-dynamic properties, including
chaotic behaviour.

i

Its modification is a three-mass model (Story & Titze,
1995), which attempts to better capture the body-
cover structure of the vocal fold.

Ishizaka K and Flanagan JL. Synthesis of voiced sounds from a two-mass
model of the vocal cords. Bell Sys Tech J 51: 1233-1268, 1972.

Story BH and Titze IR. Voice simulation with a body cover model of the http://www.ncvs.org/ncvs/tutorials/voiceprod/tutorial/model.html
vocal folds. J Acoust Soc Am 97: 1249-1260, 1995.



MODELY HLASIVEK

Kmitajici diky proudu vzduchu [self-sustained oscillations],
vychazejici z myoelasticko-aerodynamické teorie

MODEL SLIZNICNI VLNY:
(Titze 1988)

Pocitacovy model
Vystihuje Siteni slizni¢nich vin po
hlasivkach odspodu nahoru.

Obsahuje pouze jeden kmitajici
element po jehoZ medialnim okraji
se ale navic §ifi vina.

Titze IR. The physics of small-amplitude oscillation of the
vocal folds. J Acoust Soc Am 83: 1536-1552, 1988.




VOCAL FOLD MODELS

vibrating due to airflow excitation [self-sustained oscillations],
based on myoelastic-aerodynamic theory

MUCOSAL WAVE MODEL:
(Titze 1988)

Theoretical mathematical model

It expresses the propagation of the
mucosal waves across the medial
vocal fold surface upwards.

It has only a single vibrating element
on top of which the wave
propagates upward.

Titze IR. The physics of small-amplitude oscillation of the
vocal folds. J Acoust Soc Am 83: 1536-1552, 1988.




MODEL SLIZNICNICH VLN:

Kumar & Svec (2019): :
Mathematical extension of the mucosal wave model to 3D — waves
travelling around the vocal fold surface upwards and then laterally.

Simulation of vocal fold kymograms

Simulated kymogram
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02r
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Kumar SP and Svec JG. Kinematic model for simulating mucosal wave phenomena on vocal folds. Biomed Signal
Process Control 49: 328-337, 2019.



MUCOSAL WAVE MODEL.:

Kumar & Svec (2019): :
Mathematical extension of the mucosal wave model to 3D — waves
travelling around the vocal fold surface upwards and then laterally.

Simulation of vocal fold kymograms

Simulated kymogram
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Kumar SP and Svec JG. Kinematic model for simulating mucosal wave phenomena on vocal folds. Biomed Signal
Process Control 49: 328-337, 2019.



AEROELASTICKY MODEL
(Horacek et al., 2002, 2005)

ﬁ

Tlak, proud
vzduchu

Kmitajici element parabolického tvaru, dva stupné volnosti, symetrické kmity, buzeni
proudem vzduchu (1D Eulerova rovnice a rovnice kontinuity pro nevazkou
nestlacitelnou tekutinu), Hertziiv model razi

( Horagek, J. - Sidlof, P. - Svec, J.G. Journal of Fluids and Structures, 2005)



AEROELASTIC MODEL
(Horacek et al., 2002, 2005)

ﬁ

Air pressure,
flow

Vibrating element of parabolic shape, two degrees of freedom, symmetric vibrations,
air-drivn self-sustained oscillations (1D Euler equation and continuity equation for
incompressible inviscid fluid), Hertz model of impact forces

( Horaéek, J. - Sidlof, P. - Svec, J.G. Journal of Fluids and Structures, 2005)



PROUDENI VZDUCHU A VYSLEDNE
SILY PUSOBICI NA HLASIVKY

Trachea Vocal Tract

Subglottal
pressure
By

Vocal fold

L
L
i
[l
L}

Stagnation Separation Glottal Reattachment
point point outlet point

Pri proudéni vzduchu mezi hlasivkami vznikaji sily, které hlasivky rozkmitavaji. Tyto
sily zavisi m.j. na rychlosti proudéni (Bernoulliova rovnice) a na misté odtrZeni
proudu od hlasivek.

Kaburagi T. On the viscous-inviscid interaction of the flow passing through the glottis. Acoust.Sci.Tech. 29:167-175, 2008.



AIR FLOW AND RESULTING FORCES
ACTING ON THE VOCAL FOLDS
(Kaburagi 2008)

Trachea . Vocal Tract
1 i
i

i
Subglottal

pressure | Vocal fold

i . I ]
0 X Xy X
Stagnation Separation Glottal Reattachment
point point outlet point

The air flowing between the vocal folds causes forces which excite vocal fold
vibrations. These forces depend, e.g., on the flow velocity (Bernoulli equation) and on
the point at which the flow separates from the vocal folds.

Kaburagi T. On the viscous-inviscid interaction of the flow passing through the glottis. Acoust.Sci.Tech. 29:167-175, 2008.



MODELY HLASIVEK

Kmitajici diky proudu vzduchu [self-sustained oscillations],
vychazejici z myoelasticko-aerodynamické teorie

KONECNOPRVKOVE MODELY:
(Alipour-Haghighi & Titze 1983; Berry, Herzel, Titze & Krisher, 1994, a dalsi

Pocitacoveé modely

Rozd¢€leni hlasivek na malé elementy o pfesn¢ definovanych viskoelastickych
vlastnostech.

Umoznuje velice presné replikovat vlastnosti struktur hlasivek a jejich chovani.
V poslednich letech zaznamenaly kone¢noprvkové metody velky pokrok.

Nevyhoda — vypoctova naro¢nost, velika komplexita, velice mnoho vstupnich
parametrll, nedostatek presnych vstupnich tdajt.
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Berry DA, Herzel H, Titze IR and Krischer K. Interpretation of biomechanical simulations of normal and chaotic vocal fold
oscillation with empirical eigenfunctions. J Acoust Soc Am 95: 3595-3604, 1994.

David A. Berry



VOCAL FOLD MODELS

vibrating due to airflow excitation [self-sustained oscillations],
based on myoelastic-aerodynamic theory

FINITE-ELEMENT MODELS:
(Alipour-Haghighi & Titze 1983; Berry, Herzel, Titze & Krisher, 1994, and others)

Computational models
Vocal fold structure is divided into small elements with specific viscoelastic properties.

It allows replicating the properties of the vocal fold structure and their behaviour very
accurately.

There has been a lot of progress in the finite element models during the last decade.

Disadvantage — computationally very demanding, highly complex, many input
parameters, insufficient information on input data.
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David A. Berr Berry DA, Herzel H, Titze IR and Krischer K. Interpretation of biomechanical simulations of normal and chaotic vocal fold
v y oscillation with empirical eigenfunctions. J Acoust Soc Am 95: 3595-3604, 1994.



KONECNOPRVKOVY MODEL HLASIVEK

(Svancara, Horagek, & Hriiza, 2008)

Software: ANSYS 10.0 Multiphysics

-7“

Obr:

a) KP model hlasivek a zjednoduseného vokalniho traktu
b) KP model hlasivkovych tkani
c) KP model zjednoduSeného vokalniho traktu




FINITE ELEMENT MODELING OF VOICE
PRODUCTION (Svancara, Horacek, & Hruza, 2008)

Software: ANSYS 10.0 Multiphysics

_7“

mm

a)
a) FE model of the vocal folds together with part of FE model of the simplified acoustic spaces of the
vocal tract
b) FE model of the tissue of the vocal folds
c) FE model of the simplified acoustic spaces of the vocal tract

Svancara P, Horacek J and Hruza V. Development of FE model of interaction between oscillating model of the vocal folds and acoustic space of the vocal tract.
In: Proceedings ICVPB 2008. The 6th International Conference on Voice Physiology and Biomechanics, 6-9 August 2008, Tampere, Finland (CD ROM),
Tampere, Finland: Department of Speech Communication and Voice Research, University of Tampere, 2008.
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Video o strukture a funkci hrtanu —
2.¢ast
Jw. van den Berg, W. Vennard, D. Burger, and C. C. Shervanian.

Voice production. The vibrating larynx. (Instructional film),
University of Groningen, 1960.

Ceska verze, preklad Prof. RNDr. J. Pesak, CSc. a Dagmar Flynt, M.A.

Janwillem van den Berg
Groningen, Nizozemsko
cca 1975




Dékuji za pozornost
Thank you for your attention



