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The Musicological Department

* One of the oldest and most longstanding musicological institutes
worldwide

* 4 Chairs:

Historical Musicology (Music before 1600)
Historical Musicology (Music after 1600)
Ethnomusicology

Systematic Musicology

« At the moment:
16 researchers, 5 administrative/technical department members,
15 project members in 14 third-party funded projects,
34 lecturers, and about 850 students
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Research discipline -> Methods, strategies and
perspectives

Historical Musicology humanities, philology, and cultural
studies
Ethnomusicology anthropology, sociology, and

(world-)cultural studies

Systematic Musicology natural science, statistical
methods, and empiricism
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The Musicological Department

Infrastructure

Two lecture halls and two seminar rooms

Well equipped musicological library (publications, scores, audio
and video media)

Recreational break room with exhibitions of selected instruments
of the institutes musical instruments collection

Semi-anechoic chamber, repair shop, and archive in the basement

Equipment: Measurement Microphones, High-Speed Camera,
Dodecahedron room acoustic measurement system, Nexus 10
Biotrace device, Vidivoice voice field measurement system,
Oculus Rift VR Touch, 360-Degree Cameras, 3D-Camera,
Acoustical Camera, Artificial Head etc.
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Research Topics in the field of Systematic Musicology

« Timbre and noise perception / Analysis / Synthesis
(Focus: Music Information Retrieval / Signal analysis)

* Music, sound and noise impact in everyday life
(Focus: Chill Experiences, Audiologo / Music Advertisement,
Background music, Concert pitch etc.)

« Everyday legends about music (impact of music, and noises on
plants, animals, intelligence, social behaviour etc.)

« Acoustics of musical instruments and rooms, psycho-acoustics,
* Music Informatics, Music Machines, Virtual Reality
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Good Vibrations
Fundamentals of musical acoustics

1 Fundamentals of Musical Acoustics
1.1 Sound Propagation

1.2 Pitch and Periodicity

1.3 Frequency and Wavelength

1.4 Timbre

1.5 Resonance

2 Voice 3 Ear
2.1 Source (Vocal Folds) 3.1 Outer Ear
2.2 Deviation (Vocal Tract) 3.2 Middle Ear

2.3 Radiation (Mouth/Nose) 3.3 Inner Ear



Good Vibrations
Sound Propagation

If a material swings back and
forth, the air directly in front of it
Is correspondingly compressed
and diluted in the frequency of
this vibration.

(a) Expanding sound field

Pulsating sphere

Compressions !

Direction of air —
particle motion Apparent direction of wave travel

(b) Rarefactions

e

Sound propagation of a spherical wave, compression and
dilution of the air particles in the period of the sound source
(Rumsay, McCommick 2006, p. 2)
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Good Vibrations

Sound Propagation

If a material swings back and
forth, the air directly in front of it
Is correspondingly compressed
and diluted in the frequency of
this vibration.

Pulsating sphere

(b) Rarefactions

Compression / dilution shifts to \
neighboring air molecules.

Compressions

B E—————
Direction of air —
particle motion Apparent direction of wave travel

Sound propagation of a spherical wave, compression and
dilution of the air particles in the period of the sound source
(Rumsay, McCommick 2006, p. 2)
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(a) Expanding sound field

Good Vibrations

Sound Propagation

If a material swings back and
forth, the air directly in front of it
Is correspondingly compressed
and diluted in the frequency of
this vibration.

Pulsating sphere
(b) Rarefactions

Compression / dilution shifts to

neighboring air molecules. ’

Compressions
——— e
-> |t leads to a disturbance of Direction of air -
particle motion Apparent direction of wave travel

the equilibrium state of the air

pressure, which spreads Sound propagation of a spherical wave, compression and
dilution of the air particles in the period of the sound source

spherically into space. (Rumsay, McCommick 20086, p. 2)
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Sound Propagation

The extend of the air pressure disturbance
(amplitude in % or sound pressure level
in dB) leads to the impression of sound
intensity or volume.

Sound propagation in
acoustic free-field conditions ]
(Everest 2001, p. 85) ,f

Doubling the distance (r)
leads to a squared decrease of the sound
level (Rumsay, McCommick 2006, p. 17)
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Sound Propagation

The extend of the air pressure disturbance
(amplitude in % or sound pressure level
in dB) leads to the impression of sound
intensity or volume.

When the distance from the sound source
is doubled, the sound pressure level
decreases by half (by -6 dB), since the
energy is distributed over an increasing
squared area.

Sound propagation in
acoustic free-field conditions ]
(Everest 2001, p. 85) ,»

Doubling the distance (r)
leads to a squared decrease of the sound
level (Rumsay, McCommick 2006, p. 17)
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Good Vibrations

Sound Propagation

The extend of the air pressure disturbance
(amplitude in % or sound pressure level
in dB) leads to the impression of sound
intensity or volume.

When the distance from the sound source
is doubled, the sound pressure level
decreases by half (by -6 dB), since the
energy is distributed over an increasing
squared area.

So the perceived sound volume gets
lower and lower with increasing
distance.

Sound propagation in
acoustic free-field conditions ]
(Everest 2001, p. 85) ,»

Doubling the distance (r)
leads to a squared decrease of the sound
level (Rumsay, McCommick 2006, p. 17)
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Sound Propagation

Sound propagation by the
example of a spring-mass
system:

Always only the impulse
spreads, while the individual
elements more or less remain
firmly in their position.
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(Pierce 1992, p. 26)
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Sound propagation by the example of a spring-mass system
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Sound Propagation

L #4)
This can also be
observed when
pushing someone
in a chain of people,
to trigger an impulse.

3

b

(4)

Swimmers in a wave pool

(3)

L "’.ﬁ“"ﬂ' ’ "WM.'”-'L'-t"

Impulse propagation in a chain of people
(Campbell, Greated 2001, p. 24)
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Sound Propagation

Longitudinal waves Transversal waves
O ——— A
/2 - —/

000 000 D00 JOU OC 000 i Il i Il il il
-

Model of a longitudinal wave Model of a transversal wave
(Bergmann, Schafer 2008, p. 480) (Bergmann, Schafer 2008, p. 480)
The particles oscillate in the transversal: The particles oscillate
direction of sound propagation perpendicular to the direction of
(e.g. voice, wind instruments) sound propagation

(e.g. string instruments, percussion instruments)
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Sound Propagation

Constructive Interference

JANVANVA

(ay A /\
|V AL VALV AV
JANVAN

(b)

B /\A.
vV UV VvV VvV

Pressure

\]/\Uﬂ\/ﬂ\/ﬂ\/
Constructive Interference
(Campbell, Greated 2001, p. 34)

Two equal waves in the same
phase reinforce each other.

Time

Destructive Interference

{

NAYAWaWalVa\
UV OV OV UV

/\/-\f\/\/-\ Time
VvV vV vV \V

Pressure
=

A+B

Destructive Interference
(Campbell, Greated 2001, p. 34)

Two equal waves in opposite phase
weaken or annihilate each other.
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Sound Propagation

With the help on a tuning fork and an
illuminated glas of water filmed with a
high speed camera, it is possible to
make sound propagation as well as
interference effects visible.

Highspeed Video:
Sound propagation in water made visible with a

tuning fork

(Recording: Muhlhans, Reuter, Esper 2014)

Sound propagation made visible
(picture: Putz 1973, p. 10)
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Sound Propagation

The propagation of a vibrational state
(= sound) takes time, because
masses have to be accelerated.

The speed of sound in air takes
340 m/s (at a temperature of 15°, or
332 m/s at a temperature of 0°)

Video: Propagation of sound vs. light in case of a
volcano eruption

Speed of sound in air_(at_ a temperature of 0°)
Blowing into a recorder (flute) with air, helium and and in iron

carbon dioxide (Patz 1973, p. 12)

(Schwarzenbacher, Reuter, Czedik-Eysenberg, Oehler
2016)
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Sound Propagation

Sound needs a medium for
propagation.

Rule of thumb: The denser the
molecules are together (the more
solid the medium) the faster is the
speed of sound.

Inside a vacuum no sound
propagation is possible.

A bell inside a vacuum can not be heard

(Putz 1973, p. 11)
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Take Home Message

Sound needs a medium to propagate.

Sound propagation happens in a spherical wave from the source.

The speed of sound in air is 340 m/s.

At twice the distance from the sound source, the amplitude is halved.
Interfering sound waves of the same frequency can amplify each other

(constructive interference, if in phase) or attenuate/annihilate each other
(destructive interference, if in opposite phase).
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Pitch and Periodicity o /\W\/\/\/\/ L

Tone (periodical sine wave),

timbre (periodical complex wave) and
noise (unperiodical waveform) in comparison
(Hellbriick et al. 2004, p. 55)
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Pitch and Periodicity o f\W\/\/\/\/ L

Pitch
Whenever something oscillates
periodically in a frequency

between 20 and 20.000 times per MMM\A/VW/\M/\W/\[W%#\A/W
second (in Hz), we perceive itasa T

pitch.

Tone (periodical sine wave),

timbre (periodical complex wave) and
noise (unperiodical waveform) in comparison
(Hellbriick et al. 2004, p. 55)
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Pitch and Periodicity o /\M/\/\/W L

Pitch

Whenever something oscillates

periodically in a frequency

between 20 and 20.000 times per \M/\MNJ\/M/\M}\V\M\MWJ\A/W
second (in Hz), we perceive itasa T
pitch.

Periodicity

(main reason for pitch perception): . __ il
Whenever a repetition is !
recognizable inside a waveform, it
can be measured as periodicity (in timbre (periodical complex wave) and

. noise (unperiodical waveform) in comparison
milliseconds, ms). (Hellbriick et al. 2004, p. 55)

Tone (periodical sine wave),
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Pitch and Periodicity

Single impulse

a single impulse has no
periodicity. It leads to a sound
impression of a crack or a bang
without any pitch.

single impulse -> impression:
bang or crack

Sequence of single impulses  -> Timbre
in the period T

T

Single impulse vs. periodical sequence of impulses
(Gieseler, Lombardi, Weyer 1985, p. 15)
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Good Vibrations

Pitch and Periodicity

Single impulse

a single impulse has no
periodicity. It leads to a sound
impression of a crack or a bang
without any pitch.

Sequence of single impulses
In a periodical sequence of
single impulse (all with the same

time lag T) a pitch is perceptible.

single impulse -> impression:
bang or crack

Sequence of single impulses  -> Timbre
in the period T

T

Single impulse vs. periodical sequence of impulses
(Gieseler, Lombardi, Weyer 1985, p. 15)
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Pitch and Periodicity

(theoretically) S —_
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musical instruments: Subkonira Kontra grope Kieine I-gestrichene | Z-gestrichene | 3-gestrichene | 4-gestrichene | 5-gestrichene | 6-gestrichene
50 — 5.000 Hz —
Above 5.000 Hz A .

Our pitch perception gets compressed because of nerve discharqge fatigue,
so we are not able to perceive intervals correctly in this frequency area.
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Frequency and Wavelength . f = 1245 Hz
A= 028 m
Since the speed of sound in :g
the air is 340 m/s at room o
temperature, the wavelength =4
of 1 Hz 2 340 m.
The wavelengths of higher |
frequencies are : -
correspondingly shorter: 2. % N
f = Z
-
10 Hz 2 34 m, |1=4-4m
100 Hz = 3’4 m, Wavelengths and frequencies of the lowest and highest notes in
1.000 Hz & 34 cm, the first chord of Beethoven's Piano Concerto No. 5

(Campbell, Greated 2001, p. 33)

10.000 Hz 2 3,4 cm
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Frequency and Wavelength

Relation between speed of sound (c),
frequency (f), wavelength (A), and period (T)

At 340 m/s: 1 Hz (frequency) 2 1000 ms or 1 s (period) 2 340 m (wavelength)

*Speed of sound (c) = speed at which a sound pressure fluctuation propagates (340 m/s)

*Period (T) = time span inside a wave form after the vibration can be mapped back onto itself (in ms).
*Frequency (f) = Number of periods per second (in Hz, 1 Hz = 1 period per second)

*Wavelength (A) = Spatial distance of a period (in m)

Period (T)  |Wavelength (A)| Frequency (f) Converting the entities:
1s 340 m 1 Hz c=f*A or c=AN/T
0,1 s (100 ms) 34 m 10 Hz T=A/c or T=1/f
0,01 s (10 ms) 3,4m 100 Hz f=c/A\ or f=1/T
0,001 s (1 ms) 34 cm 1.000 Hz A=c/f or A=c*T
0,0001 s (0,1 ms) 3,4 cm 10.000 Hz
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Good Vibrations

Take Home Message

Periodical oscillations between 20 and 20.000 times per second (Hz) are
perceived as pitch

Musically useful pitches and intervals are between 50 and 5.000 Hz

With the help of the speed of sound (340 m/s), wavelength and frequency
can be converted into each other.

Rule of thumb: 1 Hz 2 340 m, 1.000 Hz 2 34 cm

Period (T)  |Wavelength (A)| Frequency (f) Converting the entities:
1s 340 m 1 Hz c=f*A or c=AN/T
0,1 s (100 ms) 34 m 10 Hz T=A/c or T=1/f
0,01 s (10 ms) 3,4m 100 Hz f=c/A\ or f=1/T
0,001 s (1 ms) 34 cm 1.000 Hz A=c/f or A=c*T
0,0001 s (0,1 ms) 3,4 cm 10.000 Hz
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Good Vibrations

Timbre

While in textbooks acoustic processes
are mostly represented by sine waves,
in nature one is almost exclusively
confronted with complex waveforms.

Waveforms of the timbres of different musical

instruments played in A4 (440 Hz):
a) Flute, b) Trumpet, c) Saxophone, d) Violine
(Hall 1997, p. 39)
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Good Vibrations

Timbre

While in textbooks acoustic processes
are mostly represented by sine waves,
in nature one is almost exclusively
confronted with complex waveforms.

Different timbres are more or less
represented by different waveforms
(while pitch, amplitude and durations are
remaining the same).

Waveforms of the timbres of different musical

instruments played in A4 (440 Hz):

a) Flute, b) Trumpet, c) Saxophone, d) Violine

(Hall 1997, p. 39)
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Good Vibrations

Timbre

While in textbooks acoustic processes
are mostly represented by sine waves,
in nature one is almost exclusively
confronted with complex waveforms.

Different timbres are more or less
represented by different waveforms
(while pitch, amplitude and durations are
remaining the same).

These complex waveforms can be
computationally decomposed into a
number of sine waves with different instruments played in A4 (440 Hz):

i i i a) Flute, b) Trumpet, c) Saxophone, d) Violine
amplitudes and phase relationships. (Hall 9975, 30)

Waveforms of the timbres of different musical
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Timbre
. . A a © ba hﬂ e
Each complex periodic waveform can £ o0 T
. s . . e

be decomposed into its individual - DA

partials with their respective amplitudes. Z—=
e
6 131 196 262 327 392 458 523 589 654 719 785 850 916 981 1046 Hz

1.234567391011]213141516 Teilton

Series of partials in a schematic line spectrum built up
as integer multiples of a fundamental of 65 Hz
(Winckel 1960, p. 12: Seidner, Wendler 1997, p. 34)
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Good Vibrations

Timbre

Each complex periodic waveform can
be decomposed into its individual

partials with their respective amplitudes.

For periodic waveforms, these partials
are integer multiples of the
fundamental frequency.

)

) LEE*:—
v}

)

L
—
-

N
)

Dl

H 1

65 131 196 262 327 392 453 523 589 654 719 785 850 916 981 1046 Hz
1.234 567 8010, 1L 12 13 M. 15 16. Teilton

Series of partials in a schematic line spectrum built up
as integer multiples of a fundamental of 65 Hz
(Winckel 1960, p. 12: Seidner, Wendler 1997, p. 34)
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Good Vibrations

Timbre

Each complex periodic waveform can
be decomposed into its individual
partials with their respective amplitudes.
For periodic waveforms, these partials
are integer multiples of the
fundamental frequency.

D

) LEE*:—
v}

)

L
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N
)
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of the number and amplitudes of the
partials of a sound (sound spectrum).

Timbre is — strictly speaking — the result ‘ l l I

65 131 19 26 327 392 c;sa 523 539 654 719 ?85 ssu 916 981 1046 Hz

(of course, there is even more to it such as amplitude L2 3 4 5 6 7 8 900 IL12 B M 516  Telon

envelopes, modulations, roughness and dynamic
changes, but when it comes to timbre on the first hand  Series of partials in a schematic line spectrum built up

the spectrum is mentioned) as integer multiples of a fundamental of 65 Hz
(Winckel 1960, p. 12; Seidner, Wendler 1997, p. 34)
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Resonance

Resonance is a process in which an
oscillatory system is excited externally
via its natural frequency, whereby the
systems amplitude can increase as
many times higher than the amplitude
of the exciting oscillation.

Classic example for resonance excitation:
The child in the swing. Periodically excited spring-mass
system with a natural (= resonance) frequency f,
(Rossing, Moore, Wheeler 2002, p. 60-61)
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Good Vibrations
Resonance

Resonance is a process in which an
oscillatory system is excited externally
via its natural frequency, whereby the
systems amplitude can increase as
many times higher than the amplitude
of the exciting oscillation.

The greater the difference between the
exciting frequency and resonant
frequency, the weaker the resonance.

Resonance at a wine glass sung from close up Classic example for resonance excitation:

(Acoustic Camera, Vienna Musicology 2019) The child in the swing. Periodically excited spring-mass
system with a natural (= resonance) frequency f,
(Rossing, Moore, Wheeler 2002, p. 60-61)
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Good Vibrations
Resonance

Maximum excitation or energy
transfer occurs at a phase difference
of 90° between exciting frequency
and natural frequency.

Phase difference

Y2 cycle

Va4 cycle

-

0

’

The best energy transfer occurs with a delay of one

quarter of the circular motion = a phase shift of 90°

between exciting frequency and resonance frequency fQ

(Rossing, Moore, Wheeler 2002, p. 60-61)

Resonance catastrophe in a wine glass

(Reuter, Eder, Krayncz 2019, P.M. Wissen)
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Resonance

Maximum excitation or energy
transfer occurs at a phase difference
of 90° between exciting frequency
and natural frequency.

Excitation frequency < resonance frequency
-> no resonance: in-phase resonators oscillation in
the same amplitude.

Excitation frequency = resonance frequency
-> Resonance: resonators oscillation builds up
more and more, phase delay between excitation
and resonance frequency by 90°.

Excitation frequency > resonance frequency
-> no resonance: anti-phase resonators oscillation
in a much lower amplitude.

Phase difference

Y2 cycle

Va4 cycle

-

T
f

0

The best energy transfer occurs with a delay of one
quarter of the circular motion = a phase shift of 90°
between exciting frequency and resonance frequency fQ

(Rossing, Moore, Wheeler 2002, p. 60-61)

Resonance catastrophe in a wine glass
(Reuter, Eder, Krayncz 2019, P.M. Wissen)
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Resonance

If the resonance is too strong,
a whole system can be
destroyed only by oscillations,
such as the Tacoma Narrows

Bridge.

Resonance catastrophe at the Tacoma Narrows
Bridge (7.11.1940)
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Good Vibrations

Take Home Message

Tone = (periodical) sine wave between 20 and 20.000 Hz
Noise = unperiodical wave without pitch, without periodicity.

Timbre = mainly characterized by the shape of a periodic complex waveform,
which can be decomposed mathematically into a number of partials (integer
multiples of the fundamental frequency) with different distinctive amplitudes.

Resonance = vibrating systems have natural frequencies, which can be excited
by external oscillations in the same frequency. During a resonance process a
systems amplitude can increase as many times higher than the amplitude of
the exciting oscillation.

Resonance is able to destroy a whole system just by oscillation.
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Voice

Basic principle of sound production
in voices and musical instruments is the
Source-Filter-Model:

* * —
St * Dip ™ Ry = Ay

VOCAL CORD PULSES

RADIATED WAVE

NSNS

SOURCE SPECTRUM OF
SPECTRUM VOCAL TRANSMISSION  RADIATED VOWEL O
ud® ™50 LT P()=S(1) T(H)
2z
e 20 - "
T “l 1y
Ew l 'l faa 1
- 00 ! 2 °o | 2 oo ) ?

FREQUENGY IN KILOCYCLES

Simplified source-filter decomposition of the

spectrum of a two-formant voiced speech sound

(Fant 1960, p. 19)
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Good Vibrations

Voice

Basic principle of sound production
in voices and musical instruments is the
Source-Filter-Model:

* * —
St * Dip ™ Ry = Ay

S = Source, like vocal chords, strings,
(double) reeds, membranes, plates etc.

VOCAL CORD PULSES RADIATED WAVE
SOURCE SPECTRUM OF
SPECTRUM VOCAL TRANSMISSION RADIATED VOWEL O

-
L4

™ s T YT emesmri

h“llln......—o SN

(] ' 20 | 20 ' 2
FREQUENGY IN KILOCYCLES

RELATIVE
LEVEL IN DB
3

Simplified source-filter decomposition of the
spectrum of a two-formant voiced speech sound
(Fant 1960, p. 19)
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Good Vibrations

Voice

Basic principle of sound production
in voices and musical instruments is the
Source-Filter-Model:

* * —
St * Dip ™ Ry = Ay

S = Source, like vocal chords, strings,
(double) reeds, membranes, plates etc.
D = Deviation by resonance, like vocal
tract (yodel), corpus etc.

VOCAL CORD PULSES RADIATED WAVE
SOURCE SPECTRUM OF
SPECTRUM VOCAL TRANSMISSION  RADIATED VOWEL O

ud® ™50 LT P()=S(1) T(H)
2z
e 20 - "
T “l 1y
Ew l 'l faa 1

- 00 ! 2 °o | 2 oo ) ?

FREQUENGY IN KILOCYCLES

Simplified source-filter decomposition of the
spectrum of a two-formant voiced speech sound
(Fant 1960, p. 19)
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Good Vibrations

Voice

Basic principle of sound production
in voices and musical instruments is the
Source-Filter-Model:

* * —
St * Dip ™ Ry = Ay

S = Source, like vocal chords, strings,
(double) reeds, membranes, plates etc.
D = Deviation by resonance, like vocal
tract (yodel), corpus etc.

R = Radiation, at mouth and nose,
Sound holes, corpus, bell etc.

VOCAL CORD PULSES RADIATED WAVE
SOURCE SPECTRUM OF
SPECTRUM VOCAL TRANSMISSION  RADIATED VOWEL O
ud® ™50 LT P()=S(1) T(H)
2z
e 20 - "
T “l 1y
Ew l 'l faa 1
- 00 ! 2 °o | 2 oo ) ?

FREQUENGY IN KILOCYCLES

Simplified source-filter decomposition of the
spectrum of a two-formant voiced speech sound
(Fant 1960, p. 19)
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Voice

Basic principle of sound production
in voices and musical instruments is the
Source-Filter-Model:

* * —
St * Dip ™ Ry = Ay

S = Source, like vocal chords, strings,
(double) reeds, membranes, plates etc.
D = Deviation by resonance, like vocal
tract (yodel), corpus etc.

R = Radiation, at mouth and nose,
Sound holes, corpus, bell etc.

A = resulting Amplitude of one single
frequency f of a spectrum

VOCAL CORD PULSES

RADIATED WAVE

NN

SOURCE
SPECTRUM

VOCAL TRANSMISSION

SPECTRUM OF

~ RADIATED VOWEL 0

-
L4

h““llnu

RELATIVE
LEVEL IN DB
3

sif T

Lags 0 1 0

20 ! 20
FREQUENGY IN KILOCYCLES

P(1)=S(1) T(t)

Simplified source-filter decomposition of the

spectrum of a two-formant voiced speech sound

(Fant 1960, p. 19)




Good Vibrations

Voice - Source

1.) In the larynx: An airflow is forced from
the lungs between two almost closed
vocal folds (to generate the source
spectrum for vowels and voiced sounds).

Glottal flow

A

Closed Opening Open Closing

Vocal chords movement and air flow
(as seen from the side and from above)
(Rossing 2007, p. 677)
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Good Vibrations
Voice - Source

1.) In the larynx: An airflow is forced from
the lungs between two almost closed
vocal folds (to generate the source
spectrum for vowels and voiced sounds).
2.) Large pressure in the trachea escapes
through a small opening

—> Bernoulli Effect: air escapes at high
speed, causing a negative pressure
between the vocal folds, which contract
again —> air flow is interrupted.

Glottal flow

A

AR

Closed Opening Open Closing

<R

|

Vocal chords movement and air flow
(as seen from the side and from above)
(Rossing 2007, p. 677)
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Good Vibrations
Voice - Source

1.) In the larynx: An airflow is forced from
the lungs between two almost closed
vocal folds (to generate the source
spectrum for vowels and voiced sounds).
2.) Large pressure in the trachea escapes
through a small opening

—> Bernoulli Effect: air escapes at high
speed, causing a negative pressure
between the vocal folds, which contract
again —> air flow is interrupted.

3.) Higher pressure develops in the larynx
between the contracted vocal folds again
-> vocal folds open again, new air flows out,
repetition of the process, etc.

Glottal flow

A

AR

Closed Opening Open Closing

|

<R

Vocal chords movement

(Rossing 2007, p.

and air flow
(as seen from the side and from above)

677)
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. . Level

GOOd Vlbratlons } Radiated spectrum )

VOiCG - DeViation AUJ_“_U_I_H_LL < ..._Velum
. Frequency
A Vocal tract frequenc I\:gf;i |

Vocal tract in relaxed mode works like a curve formants

stopped organ pipe with a length of 17 cm. M bl . Yocal

. A« Trachea

Freq uenc;f

One can calculate the resonance
frequencies (and all uneven multiples) of
a stopped pipe via the speed of sound:

T A
A o 0 R
Cos s T

|

o # 4 of 1% ol -
AW s : ;-.-‘; e L

Glottal voice source

- '
aet

Spectrum

f — c/4L Frequency

. . Transplottal airflow
(frequency (f) = speed of sound (c) devided by 4 times the
length (L) of the pipe)

f=340 m/s/4*17 cm /\ /_

= 34.000 cm/s / 68 cm Time

— * — : Source-filter theory in voice production:
=500 * 1/s = 500 Hz (and all uneven multiples) shaping the sound in the vocal tract

(Sundberg 1994, p. 46; Rossing 2007, p. 682)

Waveform
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. . Level
GOOd Vlbratlons } Radiated spectrum )
Voice - Deviation J_”_UJJJJ_LLL < « Velum
Frequency '
‘]_L,eve] Vocal
. . Vocal fr tract
Resonance frequencies in the vocal tract “ourve formants. r
produce the formant frequencies in the M P17 A Voca
vowel spectrum. R < Trachea
Frequency % &
Level SR |

With any deformation of the vocal tract
the resonance frequencies (& formant
frequencies) get shifted in the
corresponding direction. Frequency

Transplottal airflow

_ Lungs m‘?‘p'# s £
Glottal voice source VA TR RN 2,
AT r‘ :;'—"‘; e L

Spectrum

Waveform

A4

Time

Source-filter theory in voice production:
shaping the sound in the vocal tract
(Sundberg 1994, p. 46; Rossing 2007, p. 682)



Good Vibrations
Voice - Deviation

Vowels can be distinguished on the basis
of the first two formants (F1 and F2)
only:

jaw: the lower the jaw, the higher F1

F2 = depends on jaw and tongue
position: the further forward the tongue,
the higher F2

With the help of the software VTDemo

(by Mark Huckvale, University College London)

it is possible to synthesize vowels and consonants via
altering the cross section of an artificial vocal tract.

—

Positions of resonance frequencies for F1-F4

in relaxed vocal tract
(Fant 1960, p. 85, after Chiba & Kajiyama 1941)
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How does the voice change under helium?
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Good Vibrations Af}"i
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Voice - Deviation © 4

How does the voice change under helium?

The speed of sound becomes faster under
helium.

Speaking normaly

Speaking with helium
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Good Vibrations Af}"i
e
Voice - Deviation © 4

How does the voice change under helium?

The speed of sound becomes faster under
helium.

That means: Resonance frequencies in the
vocal tract shift upwards -> Voice changes in
Timbre

Vocal cord vibration remains the same
(oscillates independent from the gas in the
vocal tract) -> Pitch does not change.

Speaking normaly

Speaking with helium

Singing normaly

Singing with helium
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Good Vibrations Af}"i
e
Voice - Deviation © 4

How does the voice change under helium?

The speed of sound becomes faster under
helium.

That means: Resonance frequencies in the
vocal tract shift upwards -> Voice changes in
Timbre

Vocal cord vibration remains the same
(oscillates independent from the gas in the
vocal tract) -> Pitch does not change.

Fun Fact llI: Similar results (but in opposite direction) one can get
with Sulfurhexaflourid

Speaking normaly

Speaking with helium

Singing normaly

Singing with helium




Good Vibrations
Voice - Radiation

Rule of thumb: Musical instruments are
far too small for the radiation of their
lowest frequencies.

500 Hz
500 Hz
2000 - 8000 Hz

1000 Hz

Sound radiation of the human voice

(Meyer 2015, p. 141 and 142)




Good Vibrations
Voice - Radiation

Rule of thumb: Musical instruments are
far too small for the radiation of their
lowest frequencies.

Same holds for the human voice:

- Low frequencies are radiated
spherically in all directions.

- Medium / high frequencies are
radiated more and more directionally
with increasing value

500 Hz
500 Hz
2000 - 8000 Hz

1000 Hz

Sound radiation of the human voice

(Meyer 2015, p. 141 and 142)
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Good Vibrations

Take Home Message

Source-Filter-Model: Basic principle of sound production in voices and musical
instruments: S * D, * Ry = Ay

Bernoulli Effect at the sound source (S): inversely proportional ratio of pressure
and flow velocity, leads to a closing of the vocal folds because of negative
pressure, when air flows between them in a high velocity (common effect
observable at nearly all wind instruments, also at aircraft wings etc.).

Vocal tract resonances shape the spectrum of the glottal voice source = forming
formant regions (F1 and F2 are enough to identify/synthesize vowels).

Radiation of the sound is frequency dependent: the higher the frequency the
more directional is the sound radiation
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G O O d Vi b rati O n S Gross QOuter Middle inner Central

division ear ear ear auditory
nervous
system

Ear

semicircular
Anatomy pinna L canals

vestibule

vestibular
n.

facial n.
concha cochlear n.
external | internal
auditory auditory
canal cochlea canal
round .
external window
auditory L] E
meatus - eardrum stapes |eustachian tube
Mode of Air vibration Mechanical Mechanical, Electrochemical
operation vibration Hydrodynamic,
Electrochemical
. Function Protection, Impedance Filtering Information
Anatlomy’ Operatlonal mOde and Amplification, matching, distribution, processing
function of the outer, middle and Localization Selective oval Transduction
; window stimulation,
Inner ear Pressure equalization
(Yost 2007, p. 68)
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Good Vibrations

Ear - Outer Ear

The task of the auricle is to conduct the
sound from the environment to the eardrum.

Outer ear viewed from the side with direct
and indirect sound path to the auditory canal.
(Everest 2001, p. 65)
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Good Vibrations

Ear - Outer Ear

The task of the auricle is to conduct the
sound from the environment to the eardrum.

Due to the funnel-like shape of the ear
canal and the auricle, the sound
conduction works

- frequency-dependent

- directionally
(Basis for spatial hearing, it is more or less a directional filter)

Outer ear viewed from the side with direct
and indirect sound path to the auditory canal.
(Everest 2001, p. 65)
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Good Vibrations

Ear - Outer Ear

The task of the auricle is to conduct the
sound from the environment to the eardrum.

Due to the funnel-like shape of the ear
canal and the auricle, the sound
conduction works

- frequency-dependent

- directionally
(Basis for spatial hearing, it is more or less a directional filter)

The auricle is responsible for
- Front-back localization
- Top-bottom localization

Outer ear viewed from the side with direct
and indirect sound path to the auditory canal.
(Everest 2001, p. 65)
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Good Vibrations \

Ear - Outer Ear

Gll. sebaceae u.
ceruminosae

Cross section of

Meatus acusticus

the ear Canal externus osseus
with ear drum
and timpanic Meatus acusticus
cavity externus cartilagineus
(Schunke et al.
2009, p. 127)

The ear canal acts as a 27 mm Iohg stopped pipe.

Malleus

Incus

Lig. mallei laterale
Stapes

Manubrium
mallei

Membrana
tympanica
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Malleus

Ear - Outer Ear

Gll. sebaceae u.
ceruminosae

Incus

Lig. mallei laterale

Cross section of

Meatus acusticus

the ear canal externus osseus Stapes
with ear drum Manubrium
and timpanic Meatus acusticus ity
CaVity externus cartilagineus e brans
embra
(SChl'Jnke et al. tympanica
2009, p. 127)

possible to calculate its resonance frequency (and uneven multiples):
f=clAL (frequency (f) = speed of sound (c) divided by 4 times the length (L) of the pipe)

f=340m/s /4 * 0,027 m = 3148 Hz (and all uneven multiples)

-> Qur ear is particularly sensitive between 2000 and 4000 Hz.
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Good Vibrations

Aditus ad antrum
mastoideum

Ear - Middle Ear e

Incus

N. petrosus
minor

&_:-4,— N. facialis

—- Prominentia canalis
semicircularis lateralis

Chorda tympani
Prominentia
. . . lis faciali
Cross section of the timpanic M.tensor tympani oo
cavity with malleus (hammer), : Stapes
. ) ) nsatzsehne,
incus (anvil) and stapes (stirrup) M. stapedius Promontorium
(Schunke et al. 2009, p. 130)
Membrana Plexus
tympanica tympanicus
Meatus acusticus
externus — N.tympanicus

The tasks of the middle ear are:

- Sound transmission from outer to inner ear

- Impedance conversion between outer and inner ear

- Expanding the dynamic range of the ear

- Frequency-selective sensitivity change of the hearing

- Protection of the inner ear from loud sounds (stapedius reflex)
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" . Prominentia Incisura tympanica
Good Vibrations e "

Stria membranae
tympanicae posterior

Ear - Middle Ear incus

Pars flaccida

Stria membranae
tympanicae anterior

Pars tensa

Stria mallearis

The eadrum is a membrane with a size of Umbo
64 mm=. sanicm

Lichtreflex

Ear drum, vi.e-w.from the ear canal side
(Schinke et al. 2009, p. 129)

(a) Axis of —>\ Manubrium of
rotation the malleus

15 K4
Sound transmission at the ear drum
(numbers: amplitudes at 2000 Hz)
(Bekesy 1943, p. 13)
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" . Prominentia Incisura tympanica
Good Vibrations e "

Stria membranae
tympanicae posterior

Pars flaccida

= ria membranae

Ear - Mlddle Ear Incus E)t!mpanicaeanterior
Stapes Pars tensa
The eadrum is a membrane with a size of Umbo — Sl e malears
m- . > ichtrefl

64 mm2 . pgzitc{lm kb - /& e
The movement of the ear drum depends on Ear drum, view from the ear canal side
the frequency: (Schiinke et al. 2009, p. 129)

Manubrium of
the malleus

« below ca. 2400 Hz: Eardrum oscillates as a @  fion>
rigid surface.

 over ca. 2400 Hz: Parts of the eardrum
oscillate differently strong.

15 K
Sound transmission at the ear drum
(numbers: amplitudes at 2000 Hz)
(Bekesy 1943, p. 13)
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" . Prominentia Incisura tympanica
Good Vibrations e "

Stria membranae
tympanicae posterior

Pars flaccida

. ria membranae
Ear - Mlddle Ear Incus E)t!mpanicaeanterior
Stapes e Parstensa
The eadrum is a membrane with a size of Umbo Stria mallearis
m- ichtrefl
064 mm2 ) pgzitc{um Lichtreflex
;: L T e __'!jr
The movement of the ear drum depends on Ear drum. view from the ear canal side
the frequency: (Schiinke et al. 2009, p. 129)

Manubrium of
the malleus

« below ca. 2400 Hz: Eardrum oscillates as a @  fion>
rigid surface.

 over ca. 2400 Hz: Parts of the eardrum
oscillate differently strong.

The resonance frequency of the middle ear
is at 1200 Hz (as well as a smaller resonance

at 800 Hz) Sound transmission at the ear drum
(numbers: amplitudes at 2000 Hz)
(Bekesy 1943, p. 13)
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Good Vibrations

Malleus

Ear - Middle Ear e

Stapes

e

Fenestra
vestibuli mit
Lig. anulare
stapedis

Membrana
tympanica

Cavum
tympani

Sound conduction at the middle ear bones
(Schinke et al. 2009, p. 132)

Art. incudo-
mallearis
Caput mallei
Collum
mallei
Crus breve
) _ Proc.
Corpus incudis anterior
Art. mchg- Manubrium
stapedialis mallei

Crus ————

posterius ’-\,— Crus

) anterius

Basis stapedis

middle ear bones in the timpanic cavity | Stapes, incus and malleus
(Yost 2007, p. 70) (Schiunke et al. 2009, p. 132)
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Good Vibrations

10 : 1 Ratio 10 : 1 Ratio

1cm? 1 Cm2

Footplate
Stapes of Stapes

=/

Ear - Middle Ear (@)

Outer ear receives sound in air, while the inner
ear receives sound in water.

Air and water have different compressibilities,
which lead to different impedances.

Oval Window
~3.2 mm?

20.1 : 1 Ratio

Transfer function of the outer and middle
ear (Yost 2007, p. 73)
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Good Vibrations

Ear - Middle Ear (@)

10 : 1 Ratio 10 : 1 Ratio
1 cm?

Outer ear receives sound in air, while the inner
ear receives sound in water.

Air and water have different compressibilities,
which lead to different impedances.

Footplate
Stapes of Stapes

Oval Window
~3.2 mm?

In a direct transition between air and water
about 98% of the sounds’ amplitude would be
reflected and only 2% could be transferred.

20.1 : 1 Ratio

Transfer function of the outer and middle
ear (Yost 2007, p. 73)
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Good Vibrations

Ear - Middle Ear (@)

10 : 1 Ratio 10 : 1 Ratio
1 cm?

Footplate
Stapes of Stapes

10
N cm?

Outer ear receives sound in air, while the inner
ear receives sound in water.

Air and water have different compressibilities,
which lead to different impedances. of Malleus

Oval Window
~3.2 mm?

In a direct transition between air and water SRA\Y
about 98% of the sounds’ amplitude would be _Sardnum, ;/
reflected and only 2% could be transferred. . / / | 2011 Rato
Impedance matching in the middle ear

The ratio between the ear drum membrane

(64,3 mm?) to the stapes footplate (3,2 mm?)

leads to an amplification of 20,1:1 Transfer function of the outer and middle
(-> 60% can be transferred) ear (Yost 2007, p. 73)
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Ear - Inner Ear

Snail-wound, lymph-filled, 32 mm long tube
with three superlmposed sections

Reissner-
Membran

Lig. spirale

sy
N
\ Stria
h vascularis
Limbus spiralis

Larmina Membrana

spiralis ossea tectoria
. dulere
Gang_lmn Haarzellen
spirale

-~ Basilar-
membran

Sulcus spiralis

internus Cort-Tunnel

Scala tympani

Ganglion
wemLibulare,

PFars supesior

~ Caanglion
wes Libulare,
Pars inferiod

e B.communicans
eochlearis

i 0
| -%ﬁk ) mtm:dlm

; | -
I ‘ E:-‘— M. eochlearii

M. saccularis

M. ampullaris
posterion

Modiolus
Ganglion

spirale
cochleas

Top: nerves of the inner ear (Cochlea)
(Schunke et al. 2009, p. 135)

Left side: cross section of the cochlea
(Schunke et al. 2009, p. 136)
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Good Vibrations

Ear - Inner Ear

Scala vestibule: perilymph, sodium-rich.

SCALA VESTIBULI

o . e [,

HAIR CELL

SYNAPSE

0mv.

SCALA  TYMPANI

Cross section of the cochlea with voltage
differences between the tube sections
(Gelfand 2004, p. 140)



Good Vibrations

Ear - Inner Ear

Scala vestibule: perilymph, sodium-rich.

SCALA VESTIBULI

divided by: Reissner‘s membrane

3 B e

HAIR CELL

SYNAPSE

SCALA  TYMPANI

Cross section of the cochlea with voltage
differences between the tube sections
(Gelfand 2004, p. 140)
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Good Vibrations

Ear - Inner Ear

Scala vestibule: perilymph, sodium-rich.

SCALA VESTIBULI

divided by: Reissner‘s membrane

Scala media: endolymph, potassium rich,
+80 mV

S . e

HAIR CELL

SYNAPSE

SCALA  TYMPANI

Cross section of the cochlea with voltage
differences between the tube sections
(Gelfand 2004, p. 140)
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Good Vibrations

Ear - Inner Ear

Scala vestibule: perilymph, sodium-rich.

SCALA VESTIBULI

divided by: Reissner‘s membrane

Scala media: endolymph, potassium rich,
+80 mV

o . e [,

divided by: basilar membrane with -
organ of Corti: resting potential of the
haircells: -40 to -70 mV

HAIR CELL

SYNAPSE

SCALA  TYMPANI

Cross section of the cochlea with voltage
differences between the tube sections
(Gelfand 2004, p. 140)
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Good Vibrations

Ear - Inner Ear

Scala vestibule: perilymph, sodium-rich.

SCALA VESTIBULI

divided by: Reissner‘s membrane

Scala media: endolymph, potassium rich,
+80 mV

o . e [,

divided by: basilar membrane with -
organ of Corti: resting potential of the
haircells: -40 to -70 mV

HAIR CELL

SYNAPSE

SCALA  TYMPANI

Scala Tympam: perllymph’ sodium-rich Cross section of the cochlea with voltage

differences between the tube sections
(Gelfand 2004, p. 140)
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I I {3) Bony Wall / Reissner's Membrane
GOOd VI bratlons Stapes at Scala Vestibuli (perilymph) / .
Oval Window ) Helicotrema

Scala Media (endolymph)
Round Window () Scala Tympani (perilymph) '\

Ear - Inner Ear
Basilar Membrane

(b)
Basilar membrane is more a plate then a f/ﬂﬂm

N

membrane: stfer iy

« At oval window: narrow and stiff - —
Base _ Apex

« Atapex (Helicotrema): wide and loose

Modiolus

Basilar
Membrane

Osseous
Spiral
Lamina

¥ Osseous
. Spiral
From top to down: (a) unrolled cochlea (b) nature of the basilar Lamina
membrane (c) basilar membran gets wider at the apex

(Gelfand 2004, p. 55 & 55) Base of Cochlea
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i I (a) Bony Wall / Reissner's Membrane
GOOd VI bratlons Stapes at Scala Vestibuli (perilymph) / .
Oval Window ) Helicotrema

Scala Media (endolymph)
Round Window () Scala Tympani (perilymph) '\

Ear - Inner Ear
Basilar Membrane

(b)
Basilar membrane is more a plate then a w

N

membrane: Naroner Lesxsm';?f;

« At oval window: narrow and stiff - —
Base _ Apex

« Atapex (Helicotrema): wide and loose

Because of these properties: Modiolus
the basilar membrane has slowly changing

resonance characteristics on the path from the
base to the apex.

Basilar
Membrane

Osseous
Spiral
Lamina

Osseous
Spiral

From top to down: (a) unrolled cochlea (b) nature of the basilar Lamina

membrane (c) basilar membran gets wider at the apex
(Gelfand 2004, p. 55 & 55) Base of Cochlea
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i I (a) Bony Wall / Reissner's Membrane
GOOd VI bratlons Stapes at Scala Vestibuli (perilymph) / .
Oval Window ) Helicotrema

Scala Media (endolymph)
Round Window () Scala Tympani (perilymph) \

Ear - Inner Ear
Basilar Membrane

(b)
Basilarmembrane is more a plate then a ,l—f/’—ﬁa/mm—]

N

membrane: Naroner Les\;v;;

« At oval window: narrow and stiff - —
Base _ Apex

« Atapex (Helicotrema): wide and loose

Because of these properties: Modiolus
the basilar membrane has slowly changing

resonance characteristics on the path from the
base to the apex.

Basilar
Membrane

Osseous
Spiral

At Helicotrema: Scala Vestibuli goes over into ="

Scala Timpany o S Osseous

%>  Spiral
From top to down: (a) unrolled cochlea (b) nature of the basilar Lgmina
membrane (c) basilar membran gets wider at the apex

(Gelfand 2004, p. 55 & 55) Base of Cochlea
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Stapes Fenestra Scala Wander-
vestibuli vestibuli welle

Good Vibrations

Ear - Inner Ear QT

Traveling wave theory

Fenestra
cochleae

With slow stapes movements:
opposed displacement of the endolymph fluid in Bastar
Scala Vestibuli and Scala Tympani.

Scala

tympani
With fast stapes movements: Basilar membrane Induction of a traveling wave
is set in vibration, a traveling wave is induced on the basilar membrane

(Schunke et al. 2009, p. 137)




Stapes Fenestra Scala Wander-

vestibuli vestibuli welle

Good Vibrations

Ear - Inner Ear q‘(\

Traveling wave theory

Fenestra
cochleae

With slow stapes movements:
opposed displacement of the endolymph fluid in Bastar
Scala Vestibuli and Scala Tympani.

Scala
tympani

With fast stapes movements: Basilar membrane Induction of a traveling wave

. . . . . sl on the basilar membrane
Is set in vibration, a traveling wave is induced (Sohiinke ot al. 2009, b. 137)

Traveling wave has a frequency-dependent amplitude maximum:

- the higher the frequency, the closer to the oval window (base) the maximum
IS.

- the lower the frequency, the closer to the helicotrema (apex) the maximum is.
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Good Vibrations

Ear - Inner Ear

Traveling wave theory

Due to the resonance
characteristics of the basilar
membrane, a rough mechanical
frequency analysis takes place on
it.

2\
(b) 440 Hz mmmm=oomnT T A\,
|

A -
VR =
“,/ \ —
(c) 1760 Hz T >
</
N
A P
A =
(d) 7040 Hz gl =
N !
L}
oval window + ' +— helicotrema
0 10 20 30

Distance along basilar membrane (mm)

Amplitude maxima at different frequencies
(Campbell, Greated 2001, S. 55)
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Good Vibrations Er—

Ear - Inner Ear

(b) 440 Hz

Traveling wave theory

Due to the resonance A
characteristics of the basilar (c) 1760 Hz —mmmmsms===_

e e

membrane, a rough mechanical \

frequency analysis takes place on

it. A
(d) 7040 Hz -=zZ

-

b

-
1
]
4

The basilar membrane works like as ¢
a series of low-pass filters whose

upper frequency decreases oval window b ; = i helicotrema
successively from oval window ° 0 » »

(base) to helicotrema (apex).

Distance along basilar membrane (mm)

Amplitude maxima at different frequencies
(Campbell, Greated 2001, S. 55)
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1,500 Hz B  basilar membrane

Good Vibrations

SO\ 3,000 Hz
base apex

high-frequency vraves
(1,500-20,000 Hz)

Ear - Inner Ear

C basilar membrane

baze dpex

medium-frequency waves
{600-1,500 Hz)

Traveling wave theory

20,000 Hz D basilar membrane

basilar base apex
membrane

Tonotopy = each frequency is 2000 Hz ow-{roquency woves
characterized by a certain place SEep————— e

on the basilar membrane. Tonotopy on the basilar membrane
(Encyclopedia Britannica 1997; Stickel 2003, p. 55)

This tonotopic arrangement can
be found throughout the entire
hearing path from the inner ear
to the auditory cortex

400 * 1600 + 6400Hz @

sound pressure

distance from oval window
Basilar movements for different frequencies
(Fastl, Zwicker 2006, p. 29)
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Good Vibrations

Ear - Inner Ear

Traveling wave theory

Consequences for the hearing
process caused by the traveling

wave from high to low frequencies:

Traveling Wave Peak
e

Vestibule

Scala Vestibuli
Scala Tympani

Traveling Wave Peak

Helicotrema

Basilar Membrane

Traveling Wave Peak
™~

BASE [IIImmmEE Distance along cochlear duct i APEX

High Frequencies Low Frequencies

Traveling Wave with frequency-dependent peaks
on the basilar membrane
(Gelfand 2009, p. 67)
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Vestibule Traveling Wave Peak

Traveling wave theory

Scala Vestibuli
Scala Tympani

Traveling Wave Peak

Consequences for the hearing
process caused by the traveling
wave from high to low frequencies:

Helicotrema

Basilar Membrane

- Presbyacusis: Age-related hearing
loss starts at the high frequencies

Traveling Wave Peak

BASE @ T Distance along cochlear duct pmmms

High Frequencies Low Frequencies

Traveling Wave with frequency-dependent peaks
on the basilar membrane
(Gelfand 2009, p. 67)
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Vestibule Traveling Wave Peak

Traveling wave theory

Scala Vestibuli

Y

Consequences for the hearing
process caused by the traveling
wave from high to low frequencies:

Scala Tympani

Traveling Wave Peak
Helicotrema

Basilar Membrane

- Presbyacusis: Age-related hearing
loss starts at the high frequencies

Traveling Wave Peak
™~

- Masking: Low frequencies mask BASE [IIEITIIANERS Distance along cochlear duct fmmmmmmmmy)) APEX
high frequencies more than high High Frequencies Low Frequencies
frequencies the low ones.

Traveling Wave with frequency-dependent peaks
on the basilar membrane
(Gelfand 2009, p. 67)
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Organ of Corti

On the basilar membrane the
organ of Corti is located.

Its task is to transform the
mechanical vibrations of the
basilar membrane into nerve
impulses

Organ of Corti of a guinea pig,
with outer (OHZ) and inner hair cells (IHZ)
(Reiss et al. 1989, p. 50)
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Organ of Corti
Hair cells on the organ of Corti:

1 row of about 3.500 inner hair
cells -> firing nerve impulses
synchronized by the heard
frequency

Inner (IHZ) and outer hair cells (OHZ) on
a human organ of Corti on the basilar membrane
with outer (OHC) and inner hair cells (IHZ)
(Reiss et al. 1989, p. 51)
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Organ of Corti
Hair cells on the organ of Corti:

1 row of about 3.500 inner hair
cells -> firing nerve impulses
synchronized by the heard
frequency

3 rows of about 12.000 outer hair
cells -> reinforcing the basilar

membrane movement by Changlng Inner (IHZ) and OUi..'er hair Ce”S. (OHZ) on
.. . a human organ of Corti on the basilar membrane
their size synchronlzed by the with outer (OHC) and inner hair cells (IHZ)

heard frequency (Reiss et al. 1989, p. 51)
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Organ of Corti
Hair cells on the organ of Corti:
Stereocilia are located on top of the

hair cells, moving synchronously to
the basilar membrane motion.

E xcitation Inhibition
——
Transduction Transduction
links links
stretched compressed_,_

Excitation and inhibition of hair cells
caused by the stereocilia movement
(Gelfand 2009, p. 60)

Outer hair cells changing their size
synchronously to music

Dancing Hair Cell |
Dancing Hair Cell |l
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Organ of Corti
Hair cells on the organ of Corti:

Stereocilia are located on top of the
hair cells, moving synchronously to
the basilar membrane motion.

When stretched: electro-chemical
processes lead to:

-firing neurons synchronous to the
frequency (inner hair cells)
-changing their size synchronous to
the frequency (outer hair cells)

E xcitation Inhibition

—— —
Transduction Transduction
links links
stretched compressed_,

Excitation and inhibition of hair cells
caused by the stereocilia movement
(Gelfand 2009, p. 60)

Outer hair cells changing their size
synchronously to music

Dancing Hair Cell |
Dancing Hair Cell |l
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Endocochlear K ‘\
potential +80mWY \*

Endolymph

Organ of Corti

Reticular Lamina

Electrochemical process inside the hair cell:
(happens synchronously to the heard frequency)

Depolarization of the hair cell in the
rhythm of the received frequency
(Gelfand 2004, p. 135)
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Endocochlear K ‘\
potential +80mWY \*

Organ of Corti

Endolymph

Reticular Lamina

Electrochemical process inside the hair cell:
(happens synchronously to the heard frequency)

Perilymph

Intracellular
potential -40mV

Positive charged Potassium lons (K+) flow inside
the negative charged hair cell, depolarizing it.

MNeurotransmitter

Auditary Neuron

Depolarization of the hair cell in the
rhythm of the received frequency
(Gelfand 2004, p. 135)
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Organ of Corti

Electrochemical process inside the hair cell:
(happens synchronously to the heard frequency)

Positive charged Potassium lons (K+) flow inside
the negative charged hair cell, depolarizing it.

While depolarizing: Positive charged Calcium lons
(Ca++) come in, triggering a distribution of
Neurotransmitter at the hair cells bottom

potential +80mVY

Endocochlear K* \

Reticular Lamina

Intracellular
potential -40mV

MNeurotransmitter

Auditary Neuron

Depolarization of the hair cell in the
rhythm of the received frequency
(Gelfand 2004, p. 135)
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Organ of Corti

Electrochemical process inside the hair cell:
(happens synchronously to the heard frequency)

Positive charged Potassium lons (K+) flow inside
the negative charged hair cell, depolarizing it.

While depolarizing: Positive charged Calcium lons
(Ca++) come in, triggering a distribution of
Neurotransmitter at the hair cells bottom

-> Depolarization gets transmitted to auditory
neuron as an electric discharge

Endocochlear K*’\'
potential +80mV \’ /
/ Endolymph
W/
L

Reticular Lamina

J Perilymph
Intracellular
potential -40mV
Ca-H-

MNeurotransmitter

Auditary Neuron

Depolarization of the hair cell in the
rhythm of the received frequency
(Gelfand 2004, p. 135)
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The Ear consists of outer, middle and inner ear.

Outer Ear: enables us to top-bottom-front-back-localization, hearing gets
particularly sensitive between 2000 and 4000 Hz because of the resonance
frequency of the outer ear canal.

Middle Ear: Impedance conversion between outer (sound in air) and inner ear
(sound in water) with the help of the middle ear bones (ossicles).

Inner Ear: the vibrations of the stapes causes a traveling wave on the basilar
membrane with an amplitude maximum at a frequency-depentent place.
Caused by their decreasing resonance frequency from base to apex, the basilar
membrane is a rough frequency analysator.
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Inner Ear: On top of the basilar membrane the
organ of Corti is located with two kinds of hair
cells:

1 row of inner hair cells: generating nerve
firing patterns via stereocilia, synchronous to
the basilar membrane movement -> auditory
pathway to auditory cortex.

3 rows of outer hair cells: influencing basilar
membrane movement (connected with
tectorial membrane via stereocilia)

<- changing size by messages from the
auditory cortex.



