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SLUCH

Organem sluchu je ucho.

Ucho reaguje na zmeny tlaku prostredi (je to velice
citivy mechanoreceptor) a prevadi je na nervove
iImpulsy, které jsou poté analyzovany v mozku.

Lidske ucho vnima zvukove viny v rozsahu frekvenci
c. 20 — 16 000 Hz (20 000 Hz u mladych lidi).

U zvirat jsou tyto frekvencni rozsahy jinée.
(Kocka: 60 — 65 000 Hz, pes: 15— 50 000 Hz,
moznost pouziti ultrazvukove pistalky).

Nektera zvirata vyuzivaji ultrazvuk k orientaci
(netopyr).



HEARING

The organ responsible for hearing is an EAR.

Ear responds to changes of air pressure (it is a
highly sensitive mechanoreceptor) and transfers
them into neural impulses that are then analyzed by
brain.

Human ear perceives sound waves in the frequency
range c. 20 — 16 000 Hz (20 000 Hz in young

people).

Animals have different ranges of hearing.
(Cat: 60 — 65 000 Hz, dog: 15 — 50 000 Hz, hearing
ultrasonic signals).

Some animals use ultrasound for orientation
purposes (bats, dolphins,...).



ZAKLADY PSYCHOAKUSTIKY

Psychoakustika studuje vztahy mezi fyzikalnimi
vlastnostmi zvuku a jejimi percepénimi atributy.

Priklady:
Akusticky tlak vs. Hlasitost
Frekvence vs. VysSka tonu

Frekvencni spektrum vs. Kvalita zvuku (tmavy, svétly,
kulaty, ostry, a pod.)

Akusticky tlak vs. Prah slyseni
Akusticky tlak & frekvence vs. Sluchové pole



BASICS OF PSYCHOACOUSTICS

Psychoacoustics studies relationships between the
physical characteristics of sounds and their perceptual
attributes.

Examples:
Sound Pressure vs. Loudness
Frequency vs. Pitch height

Frequency Spectrum vs. Sound Quality (dark, bright,
round, sharp...)

Sound Pressure vs. Hearing Threshold
Sound Pressure & Frequency vs. Hearing Range



VNIMANI PODNETU:
FECHNER-WEBEROVA POUCKA

(Sedlacek, 1956, str.60)

Pro vyjadreni zavislosti mezi intenzitou podnétu a intensitou
pocCitku se uvadi vztah, ktery objevili Fechner a Weber:

Aby bylo mozno rozpoznat zménu intenzity podnétu (Al), musi se
byt tato zmeéna umeérna vychozi intenzite (1). Cim vétsi je intenzita
podnétu (1), tim vétsi zmeénu (Al) je treba provést aby ji bylo
mozno postrehnout.

Matematicky vyjadreno: (Al / 1) = K, kde K je konstanta.

Minimalni postrehnutelna zmena intenzity (Al / |) se nazyva
Diference limen.

Z této poucky take vyplyva, ze hlasitost zvuku je umerna
logaritmu pomeéru intenzity zvuku k intenzité sluchového prahu a
vyjadrit tuto poucCku ve zjednodusené forme:

Intenzita pocCitku je umeérna logaritmu intenzity podnétu.




STIMULUS vs. PERCEPTION:
FECHNER-WEBER RULE

(Sedlacek, 1956, p.60)

The intensity of stimulus has been related to the intensity of
sensation by the rule discovered by Fechner and Weber:

To perceive a difference in the intensity of stimulus (Al), this
stimulus shall be proportional to original intensity (1). The larger
is the stimulus intensity (1), the larger change of intensity (Al) is

needed to be perceivable.

Mathematically: (Al / I) = K, where K is a constant.

The minimal perceivable difference in intensity (Al /1) is called
Diference limen.

From this rule it can be derived that sound perception is
proportional to the logaritm of Sound Intensity related to
Hearing threshold or simply:

Intensity of sensation is proportional to the logarithm of
the intensity of the stimulus.




Odvozeni
logaritmického
vztahu pro

percepcni déje.

FECHNER-WEBEROVA POUCKA (seascei 1956, t:50
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nim poétem, kdy#% integrujeme od sluchového prabu (1) k intensit$ I; '

H I dqdr
dH: 3 — . l I _“"l I
- c j;_o 7 ¢.(ln n Iy)

H=c.(lnI—Inl,) =c.lnTI—-
0

*) Pro vypodet na misto 4 I a A H pouZijeme diferenciala df a iH g

7 integrace vychazi, Ze hlasitost néjakého zvuku je im&rnd p¥irozenému logaritmu p?méru
intensity zvuku k intensité sluchového prahu. Logaritmus pfirozeny si mt‘jﬁeme p-revést
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VNIMANI PODNETU:
FECHNER-WEBEROVA POUCKA

(Sedlacek, 1956, str.60)

Podle F-W poucky vnimame prirtstek intenzity tonu po urcitych
kvantech. Tyto minimalni pfirtstky jsou umérné hodnoté minimalniho
prirustku intenzity (diference limen) Al/I.

Tedy pro viem minimalniho pfFirastku intenzity AX plati:

AX = c* Al/l

(kde c je konstanta vyjadfujici primou umeérnost a Al/l je diference limen
pro intenzitu).

Vjem finalni intenzity tonu X dostaneme sectenim vSech minimalnich
prirustkd od prahu sluchu |,.

X =5 (AX) = >(c* All).
Po pfevedeni na integral dostaneme

X=c*flld71~=c*(ln1 —lnIo)=c*lnIL

Tedy vjem intenzity tonu je umérny logaritmu poméru intenzity zvuku k
intenzité prahu zvuku.



STIMULUS vs. PERCEPTION:
FECHNER-WEBER RULE

(Sedlacek, 1956, str.60)

Fechner-Weber rule says that we perceive the increase in intensity by
quantums. These quantal increases in intensity are proportional to the
minimum perceivable intensity increase (difference limen) Al/l.

The perception of minimum intensity increase AX can be expressed as:
AX = c*Al/l
(where c is a proportionality constant and Al/l is the difference limen for
intensity).
The perception of the final intensity can be obtained as a sum over all the
minimal intensity increases from the intensity threshold I,:
X =Z(AX) = Z(c*Al/l)
Transferring this to an integral we get:
I

dl I
X=c| —=c[In(l) —In(y)] =cln—
o 1 Io

So the perception of the intensity is related to the logarithm of the ratio of
intensity to the intensity threshold.



Hladina akusticke intenzity
a Hladina akustického tlaku

Na zakladé Fechner-Weberovy poucky byly zavedeny objektivni veliCiny
s jednotkou decibel [dB]

Hladina akustické intenzity L, (S/L, sound intensity level)
L,=101log (//1,) [dB]

Hladina akustického tlaku L, (SPL, sound pressure level).

L, =10 log (p*/py?) = 20 log (p/py) [dB]

kde /,= 1012 W/m? a p,= 2*10-° Pa jsou prahové hodnoty akustické
intenzity a akustického tlaku.

Pozn: | = p*v=p*p / Z, ~ p? (kde v je akusticka rychlost molekul vzduchu
a Z, je akusticka impedance)



Sound Intensity Level
and Sound Pressure Level

Based on Fechner-Weber rule the following measures were
introduced with the unit of decibel [dB]:

Sound Intensity Level L, (S/L, Hladina akustické intenzity)
L,=10log (//1,) [dB]

Sound Pressure Level L/O (SPL, Hladina akustického tlaku).

L, =10 log (p?/ps?) = 20 log (p/p), [dB]

where /,= 102 W/m? and p,= 2*10~ Pa are threshold (mimimum
perceivable) values of sound intensity and sound pressure.

Note: | = p*v = p*p/ Z, ~ p? (where v is particle velocity and Z, =
pc/A is acoustic impedance)



Absolute threshold (dB SPL) dB re 20 pPa

PRAH SLYSENI ..
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v v s

pfi absenci jinych zvuk. 70

60

Ziskana pramerovanim vysledku od mnoha LIMAPtmonsural)

mladych lidi. 50
Plati pro Cisté tony (sinusovy signal).

0 dB odpovida: 40
1) intenzité zvuku 10-'> W/m? a 30
2) akust. tlaku 20 pPa. .
Nejvétsi citlivost sluchu je kolem 3-4 kHz. o

MAF (binaural)
MAP (minimum audible pressure / minimalni

slysSitelny tlak): Hladina akustického tlaku \/
méfena v bodé blizko bubinku. [MONAURAL] —10 c
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Frequency (kHz)

MAF (minimum audible field /minimalni
slySitelné pole): méfeni hladiny akustického _. . I L
tlaku bylo provedeno poté co byl posluchaé Fl_g_. 13.1 The nummulm audible sound IL‘\%‘lld.\ a lunul-mn

odstranén ze zvukového pole, v misté stfedu ©f frequency. The solid curve shows the minimum audible
hIavy [BINAURAL]. ficld (MAF) for binaural listening published in an Interna-
tional Standards Organization (ISO) standard [13.1]. The

Pozn: Zvukové pole je oblast pruzného prostiedi dashed curve shows the minimum audible pressure (MAP)
(typ. vzduchu) obsahujici zvukove viny for monaural listening [13.2]

Moore BCJ. Psychoacoustics. In: Springer handbook of acoustics, T. D.
Rossing (ed), New York, NY: Springer, 2007, p. 459-502.



Absolute threshold (dB SPL) dB re 20 pPa
HEARING THRESHOLD ot

80

The lowest audible level of a sound in the

absence of any other sounds. i

: : : 60
Obtained by measuring and averaging results  MAP (monaural)
from many young listeners. 50
Obtained for pure tones (sinusoidal signals). 40
0 dB corresponds to: 30
1) sound intensity of 10-'2 W/m? and
2) acoustic pressure 20 yPa. 20
Huaman ear is most sensitive around 3-4 10 :
kHz (here the sounds of lowest intensity can MAF (binaural)
be perceived) 0 \/

L - : ~10 -

MAP (minimum audible pressure)_. 002 005 01 02 05 1 2 s 10 20
the sound level measured at a point close to Frequency (kHz)

the eardrum. [MONAURAL]

Fig.13.1 The minimum audible sound level as a function

MAF (minimum audible field): the of frequency. The solid curve shows the minimum audible
measurement of sound level was made after ficld (MAF) for binaural listening published in an Interna-
the listener had been removed from the tional Standards Organization (ISO) standard [13.1]. The

sound field, at the point which was previously
at the center of the listener’s head _ o
[BINAURAL]. for monaural listening [13.2]

Moore BCJ. Psychoacoustics. In: Springer handbook of acoustics, T. D.
Rossing (ed), New York, NY: Springer, 2007, p. 459-502.

dashed curve shows the minimum audible pressure (MAP)



HEARING THRESHOLD: TWO WAYS OF PLOTTING
PRAH SLUCHU: DVA ZPUSOBY GRAFICKEHO VYJADRENI

Patient with hearing loss of 50 dB /
Pacient se ztratou sluchu 50 dB

Absolute threshold (dB SPL) dB re 20 ”Pa Hea‘{ing level (dB HL) dB HL
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Absolute levels / Levels with respect to MAP — clinical
Absolutni hladiny AUDIOGRAM

Hladiny vztazené k minimalnimu
slysitelnemu tlaku — klinicky
AUDIOGRAM (dB HL = dB hearing level)

Moore BCJ. Psychoacoustics. In: Springer handbook of acoustics, T. D. Rossing (ed), New York, NY: Springer, 2007, p. 459-502.



VYJADRENi HLADIN RUZNYCH ZVUKU FORMOU
AUDIOGRAMU
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EXPRESSING LEVELS OF VARIOUS SOUNDS USING AN AUDIOGRAM
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SLUCH, SLUCHOVE POLE CLOVEKA

Frekvencni a dynamicky

rozsah sluchového vnimani 3-13) Sluchové pole (schéma Sedldcek 1956)
se graficky zobrazuje ve ~ dB :,922 uPa o o
formé tzv. sluchového pole. W' e | dynfer
Nejniz$i kiivka na obr. 120 ™ ] %-..\ 5 7 21°
udava nejtisSi mozné | N “’____.//
zvuky, které ucho 100 #— %7 et rzw"
zaregistruje - tzv. sluchovy . L /
prah pro isté tony. 8o #* el i 2
oh pobgerr”_
NN !
Hodnota 0 dB je prah sluchu 60 »™ \E: . “;/; e’
na frekvenci 1000 Hz a odpovida AN ’
intenzité 102  W/m? a akustickému 40 #* PN, ; ,’ P
J(" ’ ,
tlaku 20 pPa. \‘\\\_\ %Y
L . 20 w™ . | il / 207?
Ucho je nejcitlivéjsi v oblasti RSP ~—4-"LH
kolem 3-4 kHz. % YL e 2l
% 2
: | | TN——A add
Kolem 120 dB je prah nepfijemného # ¥ W w W ow aw W wwh
poslechu. Nad nim uz zvuk vyvolava ;. : _ i
hmatové viemy. Tato hladina odpovida krivky: hladiny stejné hlasitosti (nejnizéf je prih sly$eni);
intenzité kolem 1 W/m2 a ak. tlaku srafovdni: oblast, jiz vyuzivd fe¢ (§.husté) a hudba (§.fidké)
kolem 20 Pa.
Kolem 130 dB je prah bolesti. Dynamicky rozsah 120 dB je obrovsky a odpovida

poméru intenzit 10'2 :1 neboli 1 000 000 000 000 : 1 M



HEARING RANGE IN HUMANS

The frequency and dynamic range of 4B re 2 3—|1:3) Sluchové pole (schéma Sedldcek 1956)
human perception can be displayed oo Ha 5 22
graphically in a form of a ,hearing field". Wem! @ | dynfem?
The lowest curve in the fig. corresponds 120 # e 207
to the hearing threshold for pure tones. ; [ L Nl __/

. . 100 »°* —= AT
The level of 0 dB is the hearing - 29755, /
threshold at 1000 Hz and corresponds to 80 7~ - 2495 et |
the intensity of 10-'2 W/m? and acoustic N 2 Al
pressure of 20 pPa. 60 -\"E: w}jL -

N
The ear is most sensitive around 3-4 o NG 4 P
kHz. wZ A - O
a0 NN N vz -

Around 120 dB is the threshold of 5q . NN / 1
unpleasantness — sounds above this NN 2 - LM
level cause tactile sensations in the ear. - N % p
This level corresponds to the intensity of 0 # ol I dadl
%; W/m? and to acoustic. pressure c. 20 2 ¥ W W R R T
A 120 @ e e e iedheld o kfivky: hladiny stejné hlasitosti (nejniz$f je prédh slySenf);
pain. srafovdni: oblast, jiZ vyuzivd fe¢ ($.husté) a hudba (3.fidké)

The dynamic range of 120 dB is enormous.
It corresponds to the ratio of intensities of 102 :1 or
1 000 000 000 000 : 1N



Hladina akustického tlaku vs. Hladina hlasitosti

Citlivost lidského ucha je rizna pro ruzné frekvence.

Pro zohlednéni tohoto jevu se zavedla veliCina hladina
hlasitosti.

Jednotkou hladiny hlasitosti je 1 fon [Ph] (angl. Phon).

Velikosti hladin hlasitosti a hladin akustického tlaku jsou totozné
na referencni frekvenci 1000 Hz.

Pro zvuky s ruznymi frekvencemi byly stanoveny hladiny stejné
hlasitosti.



Sound Pressure Level vs. Loudness Level

The sensitivity of human ear varies with frequency.
To account for this, Loudness Level was introduced.
The unit of Loudness Level is Phon [Ph].

The Loudness Levels and SPLs are identical at the reference
frequency of 1000 Hz.

For the sounds at different frequencies, the Equal Loudness
Contours were derived.



HLADINY STEJNE HLASITOSTI

Krivky stejné hlasitosti na obrazku
odpovidaji Cistym tonim, které jsou
uchem vnimany stejné hlasité na
riznych frekvencich — pouZzivaji se
pro vyjadreni tztv,. Hladin hlasitosti
onu.

Tyto kfivky byly odvozeny
psychoakustickymi exprimenty s
velkym mnozstvi lidi, ktefi porovnavali
hlasitosti zvukl o rtizné frekvenci.

Hlasitost tonu méri subjektivni vjem
sily zvuku.

Jednotkou hladiny hlasitosti je fon
[Ph].

Na rozdil od intenzity a akustického
tlaku, které jsou objektivnimi
fyzikalnimi veli€inami je hladina
hlasitosti veli€ina subjektivni.

Na frekvenci 1000 Hz je hodnota

hladiny hlasitosti ve fonech stejna
jako hladina akustického tlaku v dB.

Hladiny stejné hlasitosti jsou
mezinarodné uznavany a
standardizovany v mezinarodnich
normach.

3-13) Sluchové pole (schéma Sedlicek 1956)
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krivky: hladiny stejné hlasitosti (nejnizé{ je prh slySeni);

Srafovdni: oblast, jiz vyuzivd fe¢ ($.husté) a hudba (3.tidké)



EQUAL LOUDNESS CONTOURS

The equal loudness curves were
derived from the pure (sinusoid) tones

of different frequencies which are 3-13) Sluchové pole (schéma Sedldcek 1956)
perceived to be equally loud. dB re 20 yPa
w? 2 4 T 2w’
These are used to define the Wem! ; ) dynjem’
Loudness Levels. 120 %~ 2 & P
. ] 2 Y /
The curves were derived from ] --...\‘" 7 =
psychoacoustic experiments on large 100 #° 7 Sl EP/REET,
amount of healthy young subjects who ] ., /
compared loudness of tones of 80 773 L2455 e’ | ¥
various frequencies. ] . WA
\\-"\N % ‘:'j
The loudness level measures the 60 »” \;\\ 4 2
subjective perception of the sound AD & ;
intensity. 40 #% NN ’ -z
=% 2.
i i \\\\ NN f 407
Unit of the Loudness Level is a phon AN y
[Ph] 20 Wvﬂ \\ = g t‘fﬂ—‘?
N v | T
In contrast to Sound Intensity and 0 w" S (L] e
Sound Pressure which are objective | I B P )
measures, the Loudness Level is a 2 8 W 2w o ww 2w e woh
subjective measure.
At the frequency of 1000 Hz the krivky: hladiny stejné hlasitosti (nejnizé{ je prah slySeni);
Loudness Level in phons is equal to $rafovant: oblast, ]1% vyuifva’. red (§.husté) a hudba (glv'lldké)

the Intensity Level in dB.

The equal loudness curves are
internationally standardized.



SLUCHOVE USTROJI

Cleni se na 3 ¢asti:
1) Vnejsi ucho (boltec a zvukovod)
2) Stfedni ucho (bubinek, sluchové kustkys,...)

3) Vnitini ucho (struktura hlemyzdé)

Vneéjsi a stredni ucho slouzi pro zachyceni a vedeni zvukovych vin.
Vnitrni ucho zpracovava zvukovy signal do podoby sluchového
podnéetu.

Predel mezi vnejSim a strednim uchem tvori bubinek.

Predél mezi strednim a vnitrnim uchem tvori ovalné a okrouhlée
okénko.



THE HEARING ORGAN

It is divided to 3 parts:
1) Outer Ear (pinna [boltec] and meatus [zvukovod])
2) Middle Ear (ear drum [bubinek], ear bones [sluchové kustky],...)
3) Inner Ear (labyrinth, cochlea [hlemyzd])

The outer and middle ear serve to capture and transmit the sound
waves. The inner ear converts the sound signal to the neural
signals that go to the brain.

The boundary between the outer and middle ear is created by the
ear drum.

The boundary between the middle and inner ear is created by the
oval and round windows.



SLUCHOVE USTROJi / THE HEARING ORGAN
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SLUCHOVE USTROJi - SCHEMA

¥

(3-9) Schéma dinnosti tif ¢dstf sluchového tstroji (Hdla-Sovdk 1962)
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Palkova 1994, str. 91

I.Zevni ucho:privod zvuku; I1. stfedni ucho: prevod zvuku, postup zvukovych vin fetézem kustek;
II. vnitfni ucho:pfeména zvukové energie v energii nervovou,

1-bubinek, 2-sluchové kuistky, 3-scala vestibuli, 4-scala tympani, 5-okrouhlé okénko, 6-blanity
hlemyzd a basilirni membrdna (z4vit hlemyzd¢ je ve schématu rozvinut), 7-Eustachova trubice,
8-nosohltan, 9-sklipky v kosti spdnkové



THE HEARING ORGAN - SCHEMATIC

(3-9) Schéma dinnosti tff ¢dstf sluchového ustroji (Hdla-Sovdk 1962)
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Palkova 1994, str. 91

l. Outer ear — sound inlet, Il. Middle ear — sound transfer through the system of ear
bones, lll. Inner ear — conversion of the sound energy into neural energy

1 —ear drum, 2 — ear bones, 3 — scala vestubuli, 4 — scala tympani, 5 — round window, 6 —
membranous cochlea and basilar membrane (the cochlea is uncoiled here), 7 —
Eustachian tube, 8 — nasopharynx, 9 — sinuses in the temporal bone



EAR STRUCTURE - SCHEMATIC
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Fig. 12-1: E. D. Young. Physiological acoustics. In: Springer
handbook of acoustics, edited by T. D. Rossing, New York, NY:
Springer, 2007, p. 429-458.

Pe = sound pressure of
external sound field

pr = sound pressure at
the ear drum

v\, = vibration velocity
of the malleus

vg = vibration velocity
of the stapes

py = sound pressure in
the scala vestibuli
(fluid)




VNEJSI UCHO
VnéjSi ucho tvofi boltec a zvukovod. Zachycuje zvukové viny a vede je k membrané bubinku.

Tvarovani boltce ma smérovy ucinek a ¢astecné se podili na tom, Ze si uvédomujeme smér, odkud zvukové
vinéni pfichazi.

Zvukovod je dlouhy 2-3 cm a uplatiuje se také jako rezonator.

(Cviceni: jakou rezonanéni frekvenci Ize o¢ekavat od zvukovodu, uvazujeme-li, Ze se jedna o polouzavienou
trubici?)

Fos VZADY
lobulus e il
Obr. 35. Smérovy ucinek ucha.
i Diagram zndzoriuje, jak ucho (pravé) zachycuje tény riznych
Obr. 34. Konfigurace boltce frekvenei z Tiznych sméri, Do 200 Hz neni smérovy udinek,
(podle Precechtéla). pii vyssich frekvencich je optimdlni smér se strany a ponékud

zepiedu. (Podle T'rigera.)

Sedlacek, 1956, str.77-8



OUTER EAR

Includes the pinna and the ear canal. It captures the sound waves and leads them to the eardrum

membrane.

The shape of the pinna has a directional effect and contributes partially to the fact that we can recognize the
direction from which the sound comes.

Th ear canal is 2-3 long and works also as a resonator.

(Exercise: at what frequency can the resonances of the ear canal be expected? Take into account that it is a

half closed tube, similarly to a vocal tract)

Sedlacek, 1956, pp. 77-8

lobulus

Fig.34: Pinna shape

front

back

Fig.35: Ear directionality. The diagram shows how the right
ear captures tones of different frequencies from different
directions, Below 200 Hz there is no directional effect, at
higher frequencies, the optimal most sensitive direction is

from the side, slightly from the front.



REZONANCE ZVUKOVODU
— RESONANCE OF THE OUTER EAR CANAL
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ANSI S3.4-2007 American National Standard Procedure for the
Computation of Loudness of Steady Sounds, Melville, NY: Acoustical

Society of America, 2007.

Free-field to airdrum transfer function:

Measured as the ratio between the
acoustic pressure at the ear drum and
the acoustic pressure of the external
sound field.

R=p:/pe

Shows a broad resonance peak
between 2-5 kHz.

For most frequencies the p+ is higher
than p.



STREDNI UCHO / MIDDLE EAR

N

(3-9) Schéma cinnosti tif ¢dsti sluchového ustroji (Hdla-Sovdk 1962)

Palkova 1994, str. 91

I. Outer ear, Il. Middle ear, lll. Inner ear

I.Zevni ucho:privod zvuku; II. stfedni ucho: pfevod zvuku, postup zvukovych vin fetézem kistek;
II. vnitfni ucho:pfeména zvukové energie v energii nervovou;

1-bubinek, 2-sluchové kiistky, 3-scala vestibuli, 4-scala tympani, 5-okrouhlé okénko, 6-blanity
hlemyzd a basildirni membréna (zdvit hlemyzd¢ je ve schématu rozvinut), 7-Eustachova trubice,
8-nosohltan, 9-sklipky v kosti spinkové



STREDNI UCHO / MIDDLE EAR

(3-9) Schéma cinnosti trf ¢dstf sluchového ustroji (Hdla-Sovidk 1962)

Palkova 1994, str. 91

I. Outer ear, Il. Middle ear, lll. Inner ear

l. Outer ear — sound inlet, Il. Middle ear — sound transfer through the system of ear
bones, lll. Inner ear — conversion of the sound energy into neural energy

1 —ear drum, 2 — ear bones, 3 — scala vestubuli, 4 — scala tympani, 5 — round window, 6 —
membranous cochlea and basilar membrane (the cochlea is uncoiled here), 7 -
Eustachian tube, 8 — nasopharynx, 9 — sinuses in the temporal bone



STREDNI UCHO

- Stérbinovita dutina mezi uchem vnéjSim a vnitfnim.

- vyplnéna vzduchem a vpredu je Eustachovou trubici spojena s nosohltanem. Eustachova
trubice vyrovnava tlak vzduchu v bubinkové dutiné pres tlak v nosohltanu s tlakem vnéjSiho
prostfedi. (Bézné je uzaviena — ochrana proti infekci. Otevira se napf. pfi zvykani a zivani).

- na strané zvukovodu tvofi jeji sténu bubinek — konicka membrana vtazena smérem do
stfedniho ucha.

- na druném konci bubinkové dutiny se v kosténé sténé labyrintu nachazeji dvé okénka
kryta pruznou blankou: horni ovalné a spodni okrouhlé.

- uvnitf dutiny je fetéz tfi stfredousnich kastek, od bubinku v pofadi kladivko, kovadlinka a
trminek. Tyto klustky jsou pevné spojené a pfi vychyleni pusobi jako jednotna paka.

(3-10) Stfedni ucho (schéma Sedlicek 1956)
Kladivko je upevnéno k bubinku a tfrminek je plosné
upevnen k ovalnemu okenku. Kladivko (malleus) 2222 Kovadiinka (incus)
Na kustky se upinaji dva stfedousni svaly, které
umoznuji snizit citlivost sluchu pfi vysokych 227 &7 Timinek (stapes)
hladinach zvuku : .
M.tensor tympani — napinac bubinku, tahne bubinek

smérem dovnitf a zvySuje jeho napéti. Kontrahuje se \
kolem 110 dB, stah je vSak jen kratky. t
Bubinek /

M.Stapedius — tfminkovy sval - pfes kratkou Slachu
se upina na kr€ek tfrminku. Stahuje se pfi zvucich =
nad 80 dB, zvySuje tuhost pfevodniho systému, Z QR
zhorSuje prenos zejmeéna nizkych rekvenci, trva tak

dlouho jako akusticky podnét. Palkova 1994, str. 91 E“tStab‘?ho"a
rupice

Ovalné okénko

Okrouhlé okénko



THE MIDDLE EAR

- In a cavity between the outer and inner ear.

- Filled by air and connected with the nasopharynx via the Eustachian tube. The Eustachian
tube equalizes the air pressure in the middle ear with the outside pressure.

- At the side of the outer ear the wall is created by the ear drum |[i.e., tympanic membrane] —
a conical membrane slightly pulled towards the middle ear.

- As the other side, in the bony wall of the labyrinth, there are two windows covered by
elastic membranes: upper oval window and the lower round window.

- Inside the cavity there is a chain of 3 bones: malleus [kladivko], incus [kovadlinka] and
stapes [tfminek]. These bones are firmly connected and when displaced they act together
as a single lever [pakal.

(3-10) Stfedn{ ucho (schéma Sedldcek 1956)

The malleus is fixed to the ear drum and the stapes is
fixed to the oval window.

There are two middle-ear muscles which are fixed to
the middle ear bones. These reduce the sensitivity of
the hearing at high sound levels :

M.tensor tympani [napina€ bubinku] — it tenses the
ear drum by pulling it inside the middle ear. It is
activated round the levels of 110 dB, the contraction is
only short, however.

M.Stapedius [tfminkovy sval] — it is attached to the
stapes via a short tendon. It contracts during sounds
above 80 dB, increases the stiffness of the middle ear
transmission apparatus, decreases the transmission
of low frequencies and lasts for the duretion of the Palkova 1994, p. 91 Eustachian
sound stimulus.13 tube

Malleus (kladivko) Z Incus (kovadlinka)

Stapes (tfminek)

Oval window

Round window



STREDNI UCHO

Ugelem stfedniho ucha je pfenést vibrace vzduchu ve vné&jsim uchu (p;) na
vibrace tekutiny ve vnitfnim uchu (p,)).

Zvukova vina ve vzduchu ma velkou vychylku a maly tlak, zatimco v tekutiné ma
malou vychylku a velky tlak.

Ma-li se prenos ze vzduchu do tekutiny dit beze ztrat energie, je nutno zvétsit tlak
na ukor vychylky.
Systéem kustek plini tuto funkci (akusticky transformator) — plocha pIotenky

trminku (ovalného okénka, A,y ) je znacné mensi nez plocha bubinku (A+),) ¢imz
umozni dosahnout vétsi tlak. [pressure is increased by the ratio p;/p, = E\TM IAoy]

Zaroven je délka paky kovadlinky L, mensi nez delka paky kladivka Ly, coz take
umoznuje zvétsit tlak. [pressure is increased by the ratio L, /L]

Pfi plném poruseni pfevodni funkce kustek
se zvysSi prah sluchu pfiblizné o 30 dB.
Plocha tfrminku vychyluje ovalné okénko a
tim stlaci tekutinu vnitfniho ucha — perilymfu.

Tlak v perilymfé se vyrovnava pres okrouhlé
okénko jeho vychylenim na opacnou stranu
oproti ovalnému okénku.

Okrouhlé”-
okénko

e~



MIDDLE EAR

The task of the middle ear is to transfer the vibrations of the air at the ear drum
(pt) to the vibrations of the fluid in the inner ear (py).

The sound wave in the ear has a large particle velocity and small pressure,
whereas in the fluid there is small particle velocity and large pressure.

To accomplish the transfer without energy losses the pressure needs to be
increased at the expenses of velocity (i.e. displacement).

The middle ear bones fulfill this function (acoustic transformator) — the area of the
incus (oval window, Agyy) is much smaller than of the ear drum (Aq,) allowing
achieving larger pressure. [Pressure is increased by the ratio p/py = Aty /Aoyl

Furthermore the lever of the incus L, is smaller than that of the malleus L,,: it
decreases the displacement and increases pressure. [pressure is increased by
the ratio L, /L]

When the transfer function of the bones
is damaged the hearing threshold
increases by about 30 dB.

2 Oval
g o window
o N

A .

The area of the stapes displaces the
oval window and compresses the fluid
of the inner ear — the perilymph.

The pressure of the perilymph is
equalized through the round window by
its displacement in an opposite
direction than the oval window.



VNITRNI UCHO

Vnitfni ucho (také nazyvano labyrint) je uloZeno ve skalni kosti.
Obsahuje 1) astroji sluchové — hlemyzd’ (cochlea) a 2) rovhovazné ustroji (vestibularni aparat).

Sluchové ustroji: Hlemyzd pfenasi tlak z ovalného okénka na tekutinu (perilymfu), ktera jej dale vede

prostorem scala vestibuli (,sv“) k vrcholu hlemyzdé (helikotrema) a poté prostorem scala tympani (,,st)
zpét k okrouhlému okénku.

Kmity tekutiny rozkmitavaji basilarni membranu, na které jsou umistény viaskové buriky (hair cells).

Vlaskoveé burnky jsou vlastnimi receptory zvuku, které prevadéji mechanické kmity na nervové impulsy.
Nervové impulsy jsou vedeny sluchovym nervem do mozku.

Rovno- : sv
vaziné . ‘ (0]
ustroji

)
[
]
"

sluchové-
rovnovazny
nerv

""""""

hlemyzd’

by : ;
db k st
Obr. 53. Schema kmiténi basialni membrany podle theorii vinovych.

— ' — bubfnek, db — dutina bubinkové, & — kulaté o_l;énko, o ——'ov:iln_é:
ozkénkgwskvof-décgla vestibuli, st — scala tympani, @ — kmitani basialni membriny p‘n
ténech ’mubok)"ch, b — pii ténech stiednich, ¢ — pIi ténech vysokych, A — helicotrema.

Mrazkova a kol., 2006 Sedlacek, 1956, str. 108

sluchova
trubice




THE INNER EAR

The inner ear (also called labyrinth) is placed in a hard bone of the skull (os petrosum —[kost skalni]).

It contains 1) the vestibular apparatus (responsible for balance) and 2) the hearing apparatus —

cochlea (hlemyzd).

Hearing Apparatus: In cochlea the pressure from the oval window is transferred to the fluid
(perilymph), which transfers the pressure further through the space of scala vestibuli (,sv*) to the apex
of cochlea (helicotrema) and thed through the space of scala tympani (,st“) back to the round window.

The fluid vibrations cause the basilar membrane to vibrate. Here the hair cells are located.

The (inner) hair cells are the receptors of sound, that convert the mechanical vibrations to nerve

impulses.

The nerve impulses are transferred via the auditory nerve to the brain.

Rovno-
vaziné
ustroji

sluchové-

rovnovazny

nerv

hlemyzd’

sluchova
trubice

Mrazkova a kol., 2006

sv

o)

db k st
Obr. 53. Schema kmiténi basialni membrany podle theorii vinovych.

— y — bubfnek, db — dutina bubinkové, & — kulaté o_l;énko, o ——'ov:iln_é:
ozkénkgwskvof-décgla vestibuli, st — scala tympani, @ — kmitani basialni membriny p‘n
ténech ’mubok)"ch, b — pii ténech stiednich, ¢ — pIi ténech vysokych, A — helicotrema.

Sedlacek, 1956, str. 108

-



VNITRNI UCHO

1) SLUCHOVE USTROJI: Hlemyzd' (cochlea)



PRISPeP1

INNER EAR

1) HEARING APPARATUS: Cochlea
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VNITRNI UCHO - hlemyzd’ (cochlea)

Hlemyzd (cochlea) je kanalek sto¢eny do tvaru prostoroveé spiraly se 2 3/4 zavitu.
Je membranami rozdélen do 3. Casti:

Spatné nakresleno —
(priliSs mnoho zavitu)

Sluchovy nerv — |

Dar sluchu. www.cochlear.com. 2012.



THE INNER EAR - cross-section of the cochlea

Cochlea is a snail-like cannal folded into a shape of a spiral with 2 3/4 turns.
It is divided by membranes to 3 parts:

Wrongly drawn - (too
many coils)

Auditory nerve — |

Dar sluchu. www.cochlear.com. 2012.



VNITRNI UCHO - hlemyzd’ (cochlea)

Hlemyzd (cochlea) je kanalek stoceny do tvaru prostorové spiraly se 2 3/4 zavitu.
Je membranami rozdélen do 3. Casti:

1) Scala vestibuli — vyplnéna tekutinou (perilymfou)

2) Scala tympani — vyplnéna tekutinou (perilymfou)

3) Scala media - ductus cochlearis, blanity hlemyzd — vyplnén odliSnou tekutinou
(endolymfou). Blanity hlemyzd je oddélen od SV a ST dvéma membranami:

a) Basilarni membranou
b) Reissnerovou membranou

V blanitém hlemyZzdi je umistén smyslovy tzv. Cortiho organ, jehoz zakladni soucasti jsou
vlaskoveé buriky.

Reissnerova membrana

Scala media
Blanity hlemyzd’

Vlakna
sluchového nervu

Basilarni
membrana

- /:’2

i “
S

7 //-:f'f%f/

L 7
7 i s

Mrazkova a kol., 2006, str. 14



THE INNER EAR - cross-section of the cochlea

Cochlea is a snail-like cannal folded into a shape of a spiral with 2 3/4 turns.
It is divided by membranes to 3 parts:
1) Scala vestibuli (SV) — filled by a fluid (perilymph)
2) Scala tympani (ST) — filed by a fluid (perilymph)
3) Scala media - Ductus cochlearis, the membranous cochlea —filled in by a different fluid
(endolymph). The ductus cochlearis is separated from SV and ST by two membranes:
a) Basilar membrane
b) Reissner membrane

In the ductus cochlearis there is located the Organ of Corti, which is responsible for the sound
perception. The basic part of the Organ of Corti are the hair cells.

Reissner membrane

Scala media
Membranous cochlea

Fibers of the
auditory nerve

Basilarni
membrana

Mrazkova a kol., 2006, str. 14



VNITRNI UCHO - Cortiho Ustroji

_Cortilho ustroji (angl. The Organ of Corti) — stara se o pfevod zvuku na nervové
impulsy.

Hlavni €asti jsou :

-Bazilarni membrana (poskytuje oporu Cortiho ustroji)
Vnéjsi vlaskové burnky (Outer hair cells) (OHC, 3 rady)
Vnitrni vlaskové bunky (Inner hair cells) (IHC, 1 fada)

Tektorialni membrana (Tectorial membrane) (dotyka se shora vlasku
vlaskovych bunék)

Nervova viakna napo\jujici se na vlaskoveé buriky

c) Tectorial membrane IHC

‘ =@ h ‘
— e o .
Afferent and = \ Basilar

efferent fibers membrane

Young 2007, p.435



THE INNER EAR - the Organ of Corti

The Organ of Corti - responsible for the sound perception.

The main parts are:

Basilar membrane (provides the basis for the Organ of Corti)
Outer hair cells (OHC, 3 rows)

Inner hair cells (IHC, 1 row)

Tectorial membrane (touches the hairs of the hair cells)
Nerve fibers attaching to the hair cells

c) [HC + _OHC _
/

Tectorial membrane

Afferent and " \ Basilar

efferent fibers membrane

Young 2007, p.435




VNITRNI UCHO - Sifka basilarni membrany

Basilarni membrana je nejuzsi
(kolem 100 pm) u vstupu (baze)
hlemyzdé a rozSifuje se smérem k
vrcholu (apex) hlemyzdé (ve vrcholu
Sifka cca 500 pm).

Se Sirkou basilarni membrany
koresponduji mista kde jsou
registrovany ruzné frekvence zvuku.

Nejvyssi zvuky (20 000 Hz) jsou
registrovany u vstupu do hlemyzdé.

Ve vrcholu (apex) hlemyzdé (u
helikotremy) jsou registrovany tony
nejhlubsi.

Rozprostfeni tond o riznych frekvencich
na ruzna mista basilarni membrany a
potazmo na rlizna vlakna sluchového
nervu se oznacuje terminem ,, mistni
kédovani (angl. ,,place coding*’)

Obr.2.2.4.: Schéma zndzorfiuje S$ifku basilarni membridny v celém jejim
pribéhu. Je velmi jasné zndzornéno jeji postupné roz§ifovani smeérem
k vrcholu hlemyzd€. Zarovei jsou vyznaleny ptiblizné lokalizace maxim
amplitud vibraci na bazadlni membrané pti stimulacich riznymi frekvencemi.
Je patrné, Ze na pocatku bazdlniho zavitu je basilarni membrana nejuzsi a
nejtuzs§i, smérem k vrcholu se postupné roz§ifuje a jeji tuhosti ubyva. Ze
schématu je patrné, ze v bazalnim zavitu jsou natésnany frekvence od 20 000
Hz po 1 500Hz, ve druhém a vrcholovém zavitu se umistuji pouze frekvenéni
rozpéti mezi 1 500 Hz az 18Hz.

§itka u apexu 0,5mm
$itka u baze 0,04mm

priméma $itka v bazalnim zavitu 0,21mm

priméma $itka v stfednim zavitu 0,34mm

priméma $itka v apikalnim zavitu 0,36mm
celkova délka 32mm

Mrazkova a kol., 2006, str. 16




THE INNER EAR - Width of the Basilar Membrane

Basilar membrane is the narrowest (c.
100 ym) at the entrance (basis) of
cochlea and gets wider towards the
apex (there c. 500 um).

The different widths of the basilar
membrane correspond to the places
where different sound frequencies are
registered.

The highest frequencies (16-20 kHz)
are registered at the entrance of the
cochlea.

At the apex of the cochlea (near
helicotrema) the lowest frequencies
are registered.

The separation of tones of different
frequencies to different places of the
basilar membrane and consequently
to different fibers of the auditory
nerve is termed the _,place coding*

Fig. 2.2.4. The scheme shows the width of the basilar
membrane along the cochlea. It indicates the increase of
the width towards the apex (helicotrema). Als, it shows
the approximate localisations of the vibration maxima of
the basilar membrane when stimulated by different
frequencies.

§itka u apexu 0,5mm
$itka u baze 0,04mm

priméma $itka v bazalnim zavitu 0,21mm

priméma $itka v stfednim zavitu 0,34mm

priméma $itka v apikalnim zavitu 0,36mm
celkova délka 32mm

Mrazkova a kol., 2006, str. 16




VNITRNI UCHO - mechanismus sly$eni

Mechanismus slySeni kombinuje dva typy kddovani zvuku ve
sluchovem organu:

1) Prostorove (mistni) kodovani — hluboke a vysoke tony se lisi tim,
ze stimuluji Cortiho organ v ruznych ¢astech hlemyzdé. Ruzne
frekvence aktivuji rizna mista v hlemyzdi. Kazde frekvenci prislusi
urcita nervova vlakna, jimiz se zvuk promita do centralni nervove
soustavy.

— Frekvence zvuku je ,kédovana“ tim, kde v uchu (a nasledné v
mozku) dojde k aktivaci.

2) Casové kddovani — nervové impulzy v jednotlivych nervovych
vlaknech koduji frekvenci i fazi zvukove viny. Je také zname jako
fazove kodovani nebo fazove zamykani (phase locking) a oznacuje
zpusob, jakym nacasovani nervovych impulsu odrazi frekvenci
zvuku. Pouziva se predevsim pro nizsi frekvence (do cca 4-5 kHz
u lidi). Centralni nervova soustava ze vzruchu pfichazejicich
Jednoltllvyml nervovymi vlakny dokaze rozpoznat konkretni zvukovy
signa




INNER EAR - the Mechanism of Hearing

The mechanism of hearing combines two types of sound encoding
in the auditory system:

1) Spatial (place) coding — low and high tones differ in that they
stimulate the organ of Corti in different parts of the cochlea.
Different frequencies activate different locations within the cochlea.
Each frequency corresponds to specific nerve fibers through which
the sound is transmitted to the central nervous system.

— The frequency of sound is “encoded” by where in the ear (and
subsequently in the brain) activation occurs.

2) Temporal coding — nerve impulses in individual nerve fibers
encode both the frequency and phase of the sound wave. This is
also known as phase coding or phase locking and refers to the way
the timing of neural impulses reflects the frequency of sound. It is
primarily used for lower frequencies (up to approximately 4-5 kHz
In humans). The central nervous system is able to recognize
specific sound signals from the patterns of impulses arriving
through individual nerve fibers.




VNITRNI UCHO - Historie, vyvoj poznatk

Helmholtzova rezonan¢€ni teorie (Sedlacek, 1956, str.95):

Ma nejvétsi vyznam v historii vyzkumu o sluchovych vjemech.

Uverejnéna v letech 1857-63 v Helmholtzové slavné knize ,Die Lehre von den
Tonempfindungen®, ktera dlouho tvofila zaklad védomosti o vnimani zvuku.

Spojil znamy princip rezonance, Fourierovu poucku, Ohmuv zakon o analyze smeési zvukl a
podrobné anatomické nalezy Cortiho.

Princip rezonance: Objekty (rezonatory) se nejvice rozkmitavaji kdyz frekvence pfichazejicich
kmitd odpovida jejich vlastni (rezonancni) frekvenci.

Fourierova poucka — kazdy slozity zvuk Ize rozlozit na fadu Cistych ténda.

Ohmuv zakon — pro slySeni vice tonl je rozhodujici pomér intenzity jednotlivych slozek;
fazové poméry Ize ménit aniz se zméni charakter zvuku.

Helmholtz hledal rezonatory rozmisténé ve sluchovém organu — predpokladal, ze témito
rezonatory jsou transverzalni fibrily basilarni membrany, které jsou napnuty zejména v
priéném sméru. Tyto fibrily se chovaji jako fada izolovanych strun naladénych na rtizné
frekvence. Ruzné naladéni strun je dosazeno riznou Sitkou basilarni membrany (délka strun)
a riznym napétim.

Pfi zvuku se rozkmita basilarni membrana v prislusném misté a chveni pfenese na Cortiho
organ a vlaskové bunky. (Tzn. tato teorie je typickym zastancem prostorového kédovani)

Vstoupi-li do hlemyZzde Cisty ton, rozechvéje se basilarni membrana pouze v jednom miste.
(Vysoké tony se rozechvéji u baze a hluboké u vrcholu hlemyzdé)

Vstoupi-li slozeny tén, rozechvéje se vice mist a podle téchto mist se provede frekvenéni
analyza.

Helmholtzova teorie nevysvétluje vSechny jevy, ale jeji princip — mechanicka rezonance v
hlemyzdi a mistni rozvrstveni hlubokych a vysokych tonu plati dodnes.



THE INNER EAR - History, development of knowledge

Helmholtz resonance theory (Sedlacek, 1956, p.95):

This theory is of high importance in the history of research of hearing.

It was published during the years 1857-63 in the famous book of Helmholtz ,Die Lehre von
den Tonempfindungen®, which has, for long time, provided the basis of knowledge on sound
perception.

Helmholtz brought together the resonance principle, Fourier rule, Ohms law on analysis of
complex tones and detailed anatomical findings of Corti.

Resonance principle: Objects (resonators) vibrate the most when the frequencies of the
iIncoming vibrations are the same as the inner resonance frequency of the objects.

Fourier rule — every complex sound can be separated into a series of pure tones.

Ohms law — for perception of more pure tones, the relations of their intensities are important;
the phase relation changes do not change the perceived sound characteristics.

Helmholtz searched for the resonators in the hearing apparatus — he assumed that these
were the transverse fibrils of the basilar membrane, which are tensed in transverse direction.
These fibriles would act as a series of isolated strings tuned to different frequencies. The
different tuning is achieved due to the different widths of the basilar membrane (string lengths)
and via different tension.

During a sound the basilar membrane starts vibrating at the corresponding place and the
vibration is transferred to the organ of Corti and to the hair cells. (So this theory is a typical
representative for place coding)

When a pure tone enters the cochlea, the basilar membrane will vibrate at only a single place.
(The high tones will cause vibration at the basis and the low tones at the apex of the cochlea).

When a complex ton enters, the vibration will occur atmore places and based on these places
a frequency analysis occurs.

The Helmholtz theory does not explain all the phenomena, but the principle — mechanical
resonance in the cochlea and spatial organization of the low and high tones — have remained
valid.



VNITRNI UCHO - Historie, vyvoj poznatk

Békésyho vinova teorie (Sedlacek, 1956, str.99):

Vychazi z experimentalnich méfeni na modelech i preparatech zvifecich a lidskych labyrinta.
Publikovana od roku 1928 v nékolika pracich.
Békésy za svij vyzkum obdrzZel v roce 1961 Nobelovu cenu.

Beékeésy zjistil, ze basilarni membrana ma jen velmi malé napéti v pficném smeéru a jeji
elasticita je mala — vyvratil tak Helmholtzovu teorii izolovanych strun.

Scala vestibuli do niz vstupuji zvukovée viny prostfednictvim trminku, mize byt povaZzovana za
trubici s pevnymi sténami, jejiz jedna sténa je poddajna. Touto sténou je ductus cochlearis
(blanity hlemyzd).

Po této sténé se Sifi tlakova vina jejiz rychlost je znacné mensi nez rychlost Sifeni zvuku v
tekutine.

Békésy zjistil, Ze tato rychlost je na zacatku hlemyzdé asi 30 m/s, pfi vrcholu sotva 10 m/s.
Tak mala rychlost umoznuje vznik rezonance i v malych rozmérech hlemyzdé.

Békeésy vyplnil preparat labyrintu tekutinou, v niz byly ¢astice kovu, do kosténého labyrintu
vytvoril pozorovaci okénka, do nichz zatmelil sklicka. Pohyby kmitajicich ¢asti pak pozoroval
a méfil ve stroboskopickém svétle.



THE INNER EAR - History, development of knowledge

Wave theory of Békésy (Sedlacek, 1956, p.99):

The theory is based on experimental measurements on models as well as on excised
cochleas of animals and humans.

It was published since 1928 is several publications.
In 1961, Békésy has received for his dicoveries the Nobel prize.

Békésy found that the transverse tension of the basilar membrane is very low and its elasticity
is also low — he has disproved the Helmholtz theory of isolated strings.

Scala vestibuli, through which the sound waves enter the cochlea, can be considered as a
tube with rigid walls in which one of the wals is pliable. Ductus cochlearis (membranous
cochlea) serves as this pliable wall.

The pressure wave travels along this wall with a speed, which is much smaller than the speed
of sound in the fluid.

Békésy found that this speed is at the entrance of the cochlea c. 30 m/s, while at the apex it is
only 10 m/s. Such a small speed allows the occurrence of resonances in a relatively small
space of the cochlea.

Beékesy filled in the excised labyrinth by a fluid in which there were metallic particles. He drilled
windows in the bone surrounding the labyrinth and covered them with glass to watch the
events in cochlea. He watched the movements of the vibrating metallic paticles and measured
them in stroboscopic light.



VNITRNI UCHO - Historie, vyvoj poznatkd

Békésyho méreni (Sedlacek, 1956, str.100):

Békeésy zjistil, Ze hluboké tony rozechvéji Cortiho organ
nejvice pfi vrcholu hlemyzdé, zatimco vysoké hned pfi bazi
hlemyzdé. (Dukaz pro prostorové kodovani).

Maxima vychylek jsou v§ak pomérné Siroka a vzdy je
rozechvéna pomerné Siroka ¢ast basilarni membrany. Na
zakladé téchto plochych kfivek nelze vysvétlit velkou
rozliSovaci schopnost lidského sluchu pro rizné frekvence.

Maxima vibraci nejsou zpusobena rezonanci fady pfiénych
elementd jak uvazoval Helmholtz, ale tim, Ze se vina Sifi po
basilarni membrané zpomalujici se rychlosti.

Pfesny mechanismus vzniku vrcholu na bazilarni membrané
neni doposud do detailu objasnén (Young 2007).

Z anatomického hladiska je délici Castici kochlearniho
kanalku cely ductus cochlearis. Reissnerova membrana je
vSak velmi tenka, jeji hmota a pruznost nepatrna, takze
neklade odpor vibracim tekutiny. Odpor zvukovym vinam
klade teprve basilarni membrana, na niz je ulozen Cortiho
organ.

T
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THE INNER EAR - History, development of knowledge

Békésy measurements (Sedlacek, 1956, p.100):

Békésy found that low tones cause vibrations of the organ of
Corti mostly at the apex of the cochlea, whereas high tones
cause vibrations near the base of the cochlea. (A proof of the
place coding theory).

The maxima of the displacements are rather broad, however,
so that a rather long part of the basilar membrane vibrates.
These rather flat maxima cannot explain the fine frequency
resolution of the human ear.

Maxima of the vibrations are not caused by the resonance of
the transversal elements as considered by Helmoltz, but by
the fact that the velocity of the wave on the basilar
membrane decreases.

The exact mechanism of the creation of the peak on the
basilar membrane has not yet been fully explained in detail
(Young 2007).

From the anatomical point of view, the ductus cochlearis acts
as the speparator of the cochlear canals. Reissner
membrane is very thin, however, and its mass and elasticity
is negligible so that it does not resist the fluid vibrations. The
resistence is provided by the basilar membrane on which the
organ of Corti is located.
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Obr. 49. Rozkmity basidlni

membrany pii drazdéni to-

ny rizné frekvence podle
Béleésyho.

Relativni rozkmity basidlni mem-
brany pfi riznych frekvencich vy-
mifené ve stroboskopickém sviétle,
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Aktivni mechanismus (http://www.cochlea.org/en/spe/cochlea-function.html):

Teorie postupujici viny a mechanicke filtrovani frekvenci se ukazuje pfilis jednoducha na to,
aby vysvétlila vybornou schopnost kochley rozliSovat jednotiveé frekvence.

Na konci dekady 1990 ukazali Johnstone a Boyle na Zivych zvifatech Ze kmitani basilarni
membrany je vétsi a vice soustfedéné do jednoho mista, nez jak ukazal Bekesy.

Tento objev pomohl objasnit rozliSovaci frekvenéni schopnost kochley. V sou€asnosti je
zfejme, ze rozdil mezi pozorovanimi Bekesyho a Johnstona jsou vlivem aktivnich biologickych
mechanismu, které pusobi na kmity basilarni membrany u Zivych bytosti (viz dale).

Pro Cisté tony, aktivni mechanismus zesiluje kmity bazilarni membrany az o 50 dB v uzkeé
vyseci Cortiho organu, ktery zesiluje citlivost kochley v tomto misté (dalSi mechanismus pro
prostorove kddovani). To umoznuje od sebe odlisit dva Cisté tony s blizkymi frekvencemi (tato
vlastnost se nazyva frekvencni selektivita).

Distance from base
‘Base 4 8 12 16 _hpex
.‘ Toto uzké naladéni frekvenci je uzce
‘t r spojeno s elektromotilitou vnéjSich
— 50 dB _ . vlaskovych bunék (OHC), a je
- PClive mechanism definovano vlakny sluchového nervu
| | ‘ CHC a vnitinimi viaskovymi burikami
Pazsve mechanism (IHCs) které generuji nervové
/’N vzruchy.
“\.

http://www.cochlea.org/en/spe/cochlea-function.html
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Active mechanism (http://www.cochlea.org/en/spe/cochlea-function.html):

The theory of a progressing wave and mechanic filtering of the frequencies appears too simple to explain
the excellent ability of the cochlea to differentiate different frequencies.

At the end of the 1990s Johnstone and Boyle showed at live animals that the basilar membrane
vibrations are larger and more focused to one place than what Bekesy showed.

This discovery allowed explaining the frequency differentiation abilities of the cochlea. Presently it is
clear, that the difference between Bekesy and Johnstone observations are due to active biological
mechanisms which are acting on the basilar membrane in alive creatures (see further).

In pure tones, the active mechanism amplifies the basilar membrane vibrations by up to 50 dB in a
narrow location of the organ of Corti and increases the sensitivity of cochlea at this location (another
mechanism of place coding). This allows distinguishing two pure tones with only slightly different
frequencies (this ability is called frequency selecivity).

Distance from base
‘Base 4 8 12 16 _hpex
.‘ The narrow tuning of the frequencies
‘t r is directly linked with the
— 50 dB _ . electromotility of the outer hair cells
4 Dclive mechanism (OHC), and it is defined by fibers of
_ . ‘ S auditory nerve and inner hair cells

Fasave mechanism (IHCs) which generate neural
/’N &- impulses.

http://www.cochlea.org/en/spe/cochlea-function.html
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Cinnost vlaskovych bunék:

Vnitrni vlaskové bunky funguji jako receptory zvuku a pfevodniky
mechanického kmitani na akc¢ni potencialy nervu.

Ukazuje se, ze vnitini viaskové bunky maji uvniti zabudovan rezonator —
reaguji na tony o pouze urcitych frekvencich. Tento rezonator umozruje

zUzit mistni rozliéenl'_frekvence ze_éir_okého vrcholu kmitd basilarni
membrany. (DalSi evidence pro princip prostorového kddovani).

Vneéjsi vlaskové bunky funguji jako aktivni frekvencné selektivni
mikrozesilovaCe kmitani. Jsou schopny pfi stimulaci aktivné ménit svou
délku. Brownell a kol. (1985) zjistili, Ze elektricka stimulace vnéjSich

vlaskovych bunék pusobi prodlouzeni a zkraceni jejich bunécnych tél. Tato

vlastnost je frekvencné selektivni — rizné vnéjsi viaskové bunky jsou
podobné jako vnitini vlaskové buriky naladény na urcité frekvence.

Pri poSkozeni vnéjsich viaskovych bunek vyrazne vzroste prah sluchu.

Pri poSkozeni vnitrnich viaskovych bunék se poSkodi vnimani prislusnych

frekvenci.

C. Kros. Hearing: aid from hair force. Nature 433 (7028, Feb 24): 810-811, 2005.

b, Cross-section through part of the organ of Corti. Shearing between tectorial and
basilar membranes opens channels in the bundles of outer hair cells, causing K+
and Ca2+ ions to flow in. The cochlear amplifier in these cells (green arrows, force
generator in the hair bundle and/or prestin protein in the cell membrane) enhances
the vibrations in different parts of the organ of Corti (blue arrows, no amplification;
red arrows, amplifier active). This boosts the membranes’ motion and, via fluid
coupling, the hair bundles of the inner hair cells. Afferent nerve fibres contact the
inner hair cells and signal sound reception to the brain; efferent nerve fibres allow the
brain to control outer hair cells. Arrows indicate motion in the excitatory direction.

From: Kros
a Lowdsauensy (Nature, 1995)
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a Low-frequency From: Kros

THE INNER EAR - History, development of knowledge snd (Nature, 7995)
Activity of the hair cells:

Inner hair cells [vnitfni vlaskové bunky] work as sound
receptors and convertors of the mechanical vibrations to nerve
action potentials.

It shows up that the inner hair cells have an embedded resonator
inside — they react on tones of only specific frequencies. This
resonator allows narrowing the spatial resolution of frequencies
from the raher broad peak of the basilar membrane. (Another
evidence for the place coding)

Outer hair cells [vnéjsi vlaskové bunky] work as active
frequency-selective microamplifiers of the vibrations. They are
capable of changing their length actively. Brownell et al. (1985)
found that electric stimulation of the outer hair cells causes
elongation and shortening of their cellurar bodies. This property is
frequency-selective — the outer hair cells are, similarly as the inner r/_\ membrane
hair cells, tuned to specific frequencies.

Damaged outer hair cells - the hearing threshold rises
considerably.

Damaged inner hair cells — perception of specific frequencies is
lost.

C. Kros. Hearing: aid from hair force. Nature 433 (7028, Feb 24): 810-811, 2005.

b, Cross-section through part of the organ of Corti. Shearing between tectorial and
basilar membranes opens channels in the bundles of outer hair cells, causing K+

and Ca2+ ions to flow in. The cochlear amplifier in these cells (green arrows, force
generator in the hair bundle and/or prestin protein in the cell membrane) enhances
the vibrations in different parts of the organ of Corti (blue arrows, no amplification;
red arrows, amplifier active). This boosts the membranes’ motion and, via fluid
coupling, the hair bundles of the inner hair cells. Afferent nerve fibres contact the
inner hair cells and signal sound reception to the brain; efferent nerve fibres allow the
brain to control outer hair cells. Arrows indicate motion in the excitatory direction.
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VNITRNI UCHO - otoakustické emise

Pfi zavedeni kratkého zvukového impulsu do ucha, ucho odpovi také zvukem, ktery je mozno
registrovat mikrofonem umisténym v uchu. Jev byl popsan v roce 1978 Kempem. Tento zvuk
vznika aktivitou vnéjSich vlaskovych buriek (vnéjsi vlaskové bunky aktivné zakmitaji jako
odpovéd na zvukovou vinu) a nazyva se otoakusticka emise.

Evokované emise jsou vybavné u 98% populace a jsou vyuzivany pro objektivni audiometrii
(objektivni vySetfeni sluchu).

Pokud se vybavi otoakusticka emise, znamena to, ze vnitfni ucho je v poradku.
Otoakustické emise jsou s vyhodou pouzivany pro vySetfeni sluchu kojencul (screening).

Moznost zjisténi sluchové vady / hluchoty ve velmi ranném veku s tim, Ze je zde moznost
nastoleni sluchu pomoci kochlearniho implantatu.

Stimulated acoustic emissions from within the human

auditory system J. Acoust. Soc. Am. 64(5), Nov. 1978
D. T. Kemp
. . , , Auditory Perception Research Laboratory, The Raoyal National Throat, Nose and Ear Hospital, Gray's
Existuji i spontanni Inn Road, London, England WCIX 8DA

. , . (Received 5 April 1978; revised 10 July 1978)
otoakustické emise
A new auditory phenomenon has been identified in the acoustic impulse response of the human ear. Using

— ZVU ky, Vznlka,“CI a signal averaging technique, a study has been made of the response of the closed external acoustic

iev s meatus to acoustic impulses near to the threshold of audibility. Particular attention has been paid to the
ve Vn”_:rn Im UChU waveform of the response at post excitation times in excess of 5 ms. No previous worker appears to have
beZ StImU|ace_ extended observations into this region. The response observed after about 5 ms is not a simple extension

of the initial response attributable to the middle ear. The oscillatory response decay time constant was
found to change from approximately 1 ms to over 12 ms at about this time. The slowly decaying response

Tyto Véak nejsou conponent was present in all normal ears tested, but was not present in ears with cochlear deafness. This
. , component of the response appears to have its origin in some nonlinear mechanism probably located in the
tak CaSte. cochlea, responding mechanically to auditory stimulation, and dependent upan the normal functioning of
the cochlea transduction process. A cochlear reflection hypothesis received some support from these
results.

PACS numbers: 43.66.Ba, 41.63.Kz, 43.63.Rf



THE INNER EAR - otoacoustic emissions

When a short sound impulse (click) is inserted in the ear, the ear responds also by a
sound (click), which can be captured by a microphone placed in the ear cannal. This
phenomenon was discovered in 1978 by Kemp. This sound is produced by the activity of
the outer hair cells (OHCs — they actively respond to sound by their own vibrations) and it
is called an otoacoustic emission.

The emissions are evoked in 98% of the population and are used for objective audiometry
(objective examination of the hearing).

If the otoacoustic emissions are evoked, it means that the inner ear is working well.

Otoacoustic emissions are particularly advantageous for screening of hearing in newborns
and small children.

It offers the opportunity of finding out about the hearing loss / deafness at an early age and
inserting the hearing implant to assure normal development of hearing and speech.

Stimulated acoustic emissions from within the human

auditory system 4. Acoust. Soc. Am. 84(5), Nov. 1978
Besides evoked
. . D. T. Kemp
otoacoustic emissions
udito erception Researc ory, The Ro ationa Foid ose and Ear Hospital, Gray's
Auditory Perception Research Laboratory, The Ropal National Throat, Nese and Ear Hospital, Gray"
there are also Inn Road, London, England WCIX 8DA
otoacoustc emissions A new auditory phenomenon has been identified in the acoustic impulse response of the human ear. Using

_ . . a signal averaging technique, a study has been made of the response of the closed external acoustic
sounds arising in meatus to acoustic impulses near to the threshold of audibility. Particular attention has been paid to the
inner ear without an waveform of the response at post excitation limes in excess of 5 ms. No previous worker appears to have
. . . extended observations into this region. The response gbserved after about 5 ms is not a simple extension
obvious stimulation. of the initial response attributable to the middle ear. The oscillatory response decay time constant was
found to change from approximately 1 ms to over 12 ms at about this time. The slowly decaying response

These are not as conponent was present in all normal ears tested, but was not present in ears with cochlear deafness. This
component of the response appears to have its origin in some nonlinear mechanism probably located in the

common, thOUQh cochlea, responding mechanically to auditory stimulation, and dependent upan the normal functioning of
the cochlea transduction process. A cochlear reflection hypothesis received some support from these
results.

PACS numbers: 43.66.Ba, 41.63.Kz, 43.63.Rf



KOCHLEARNI
TRANSDUKCE

Fig. 12.6 (a) Souhrn kroku v pfimém kochlearni
transdukci (zesileni a pfevod zvuku kochleou).

(b) Schematicky diagram ukazujici bazilarni
membranu v napfimené kochlei a podstata
frekvencni analyzy. Momentka vychyleni bazilarni
membrany (znacné zvétSena) pfi tonu s frekvenci
kolem 3 kHz.

Frekvencni stupnice vlevo ukazuje mista
maximalnich vychyleni membrany pfi riznych
frekvencich pro kochleu kocky. Pro lidskou kochleu
frekvencni stupnice bézi od 20 do cca 15kHz.

Rada sluchovych nervovych vlaken (Auditory nerve
fibers) je ukazana paralelnimi ¢arami vpravo.
Kazdé vlakno inervuje vlaskovou bunku v jednom
misté bazilarni membrany, takze citlivost vlakna ja
maximalni na frekvenci odpovidajici tomuto mistu.
Jinymi slovy, separace frekvenci uc¢inéna bazilarni
membranou je uchovana v nervovych vlaknech.
(DalSi poznatek o prostorovém kédovani).
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COCHLEAR
TRANSDUCTION

Fig. 12.6 (a) Summary of the steps in direct
cochlear transduction.

(b) Schematic diagram showing the basilar
membrane in an uncoiled cochlea and the nature of
cochlear frequency analysis.

A snapshot of basilar-membrane displacement
(greatly magnified) by a tone with frequency near 3
kHz is shown.

The frequency left scale shows the location of the
maximum membrane displacement at various
frequencies for a cat cochlea. For a human
cochlea, the frequency scale runs from about 20
Hz to 15 kHz.

The array of auditory nerve (AN) fibers is shown by
the parallel lines on the right. Each fiber innervates
a hair cell at one place on the basilar membrane,
so the fiber’'s sensitivity is maximal at the frequency
corresponding to that place, as shown by the left
scale. In other words, the separation of frequencies
done by the basilar membrane is preserved in the
AN fiber array. (Place coding)
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Casové kddovani zvuku ve sluchovém organu

Bylo zjiSténo, ze sluchoveé nervy jsou
schopny prenést komplexni Casovy
prubéh zvukoveé viny az do sluchového
centra v mozkovém kmeni (auditory centre
in brainstem).

Obrazek vpravo (A,B) ilustruje modre

o ) . . 0 50 100  150mS
puvodni zvuk a Cervené signal
zaznamenany elektrodami z mozkoveého >
kmene.
Je evidentni, Ze signal z mozkoveého | |ﬂ#ﬂm J'L/
kmene reprodukuje periodu ptvodniho 10 mg
signalu. Jsou zde pfitomny i pfislusné pitch
harmonické slozky, i kdyZ jen do urgité R
frekvence (vysoké harmonicke frekvence C N
jSOU zde odfiltrovény)_ brainstem response lo “da”
Jakym zpUsobem dochazi k takovému
casovému kédovani ve sluchovem _
organu? harmaonics

N. Kraus and T. Nicol. The musician's auditory world. Acoustics D 200 400 600 800 1000Hz

Today 6 (3):15-25, 2010. Fig.3.



Temporal coding of sound in the hearing organ

It was discovered that auditory nerves
can transfer the complex waveform
into the auditory centre in brainstem.

The figure on the right (A,B) illustrates
the original sound in blue and the

signal detected by the electrodes 0 5 00 iEome
placed in the brainstem in red. B

It is evident that the brainstem signal h

reproduces the original sound period. ||'u'|

There are also harmonic components |W| H"L/
present up to some frequency (the 1omg :
highest frequencies are not present = - - ”F:;tﬂh
anymore).

G _Hdﬂ'
brainstam responsa o “da”

How is this temporal coding done in
the hearing organ?

harmonics

N. Kraus and T. Nicol. The musician's auditory world. 0 200 400 600 800 1000 Hz
Acoustics Today 6 (3):15-25, 2010. Fig.3.



Casové kddovani zvuku ve sluchovém organu

Fig. 3. Timing, pitch and harmonics describe
complex acoustic signals: the acoustic waveform
of “da” (blue) and its evoked brainstem response
(red) on different time scales. A. Prominent timing
landmarks of the stimulus, e.g., the onset, offset,
and events during time-varying portions (arrows),
evoke precisely synchronous and replicable
electrical deflections in the auditory brainstem. For
illustration purposes, the stimulus waveform in this
figure has been delayed in time by 9 ms, to 0 50 100 150 MS
approximate the neural propagation time. This

permits better visual coherence between stimulus B

and response. B. Several repeating periods of 10

ms each are shown. This imparts a pitch percept

of 100 Hz, and this periodicity is mirrored in the

]
response. I|'u1
C. Stimulus and response spectra in the frequency | |
domain. Here, the stimulus has been filtered to 10 mg

mimic the response’s low-pass characteristic. pitr_:h
Spectrum peaks for the stimulus and its evoked 100 125 150 Ms
auditory brainstem response are exactly aligned,

representing their similarity in harmonics. (Artwork Cc N

by Judy Song.) brainstam responsa o “da”

harmonics

N. Kraus and T. Nicol. The musician's auditory world.
Acoustics Today 6 (3):15-25, 2010. Fig.3. 0 200 400 600 800 1000Hz



Vyjadreni zvuku ve sluchovem nervu

VlIakna sluchového nervu (AN fibers) vyjadfuji tvar viny zvuku (jeho jemnou
strukturu) fazovou synchronizaci (phase-locking) s podnétem. Dochazi tak k
tzv. Casovému koédovani.

Obr. 12.8c : Sinusoidni vina (Cisty ton) a priklady impulznich fad ve 4 vlaknech
sluchového nervu jako odezva na tento podnét.

Odezvové impulsy se neobjevuji nahodné ale ve specifické fazi podnétu — v
tomto prikladu v blizkosti kladného vrcholu podnétové viny.

Fazova synchronizace neni naprosto presna — impulsy se nevybudi pfi kazdém
cyklu a vyrovnani impulsu lehce kolisa.

Impulsy jsou vybuzeny vice vlaskovymi bufikami
a prenaseny vice nervovymi viakny. Poté se
jednotlivé neuplné fady impulsu sectou a
vykompenzuji. Fourierova transformace rady
| | impuIsE"J ma obecn§ nejvévtéi vrchol na frekvenci
| | shodné s frekvenci podnétu.

l 1 Fazova synchronizace nervovych vliaken (AN phase-
) locking) je dulezita pro percepci lokalizace zvuku.
From: Young 2007, p.442 Relativni doba mezi vyskytem impulsu z obou usi je
pouzivana pro vypocet doby zpozdéni zvukové viny pfi

Young 2007, Fig.12-8(c, Inset): The phase-locked él’Fer)i kolem hlavy a tak poskytuje informaci o uhlu
spike trains. zdroje zvuku.




Representation of Sound in the Auditory Nerve

AN fibers represent the waveform of sounds (the fine structure) by phase-locking
to the stimulus.

Fig. 12.8c shows a sinusoidal acoustic waveform (a tone) and four examples of
AN spike trains in response to the stimulus.

The spikes in the responses do not occur at random, but rather at a particular
stimulus phase, near the positive peak of the stimulus waveform in this example.
In this way the temporal coding is done.

The phase-locking is not perfect, in that a spike does not occur on every cycle of
the stimulus, and the alignment of spikes and the waveform varies somewhat.

The Fourier transform of the spike train
generally has its largest component at the
frequency of the stimulus.

AN phase-locking is essential for the perception of
I | sound localization. The relative time of occurrence of
| 1 spikes from the two ears is used to compute the delays
l l | in the stimulus waveform across the head that provide
| 1 information about the azimuth of a sound source.

) Young 2007, Fig.12-8(c, Inset): The phase-locked




Vyjadreni zvuku ve sluchovem nervu

Synchronizace faze se vyskytuje pfi frekvencich do nékolika kHz (rizné u

riznych zivo€ich).

Obr. 12.8c ukazuje miru fazové synchronizace prostfednictvim synchronizacniho indexu
(definovan nize) v zavislosti na frekvenci ténu.

Data jsou od ko¢ky — zde je fazova synchronizace nejsilnéjsi pod 1 kHz a zmizi kolem 6 kHz.

¢) Synchronization index

&
0.9
° ° “.0.‘,' /\/\/\/
® .‘;“ Et-l.g. :.‘ S E—
0.8 NPy
%% o e
0.6 . g
' %
03 ®
0 NE HEFE
0.1 0.3 1 3 10

Frequency (kHz)
From: Young 2007, p.442

Fazova synchronizace vzdy vykazuje
dolnopropustnost: Je silna na nizkych frekvencich
a neexistujici na vysokych frekvencich.

Nejvyssi frekvence pfi které |ze pozorovat fazovou
synchronizaci je riizna u ruznych zZivoc€icht — je
niZ8i u hlodavcl nez u kocCek [12.83].

Young 2007, Fig.12-8(c): Strength of phase-locking in a
population of AN fibers to a BF tone plotted as a function of
BF. Phase-locking is measured as the synchronization
index, equal to the magnitude of the Fourier transform of
the spike train at the stimulus frequency divided by the
average rate. The inset illustrates phase-locked spike
trains.



Representation of Sound in the Auditory Nerve

Phase-locking occurs at stimulus frequencies up to a few kHz (depending on the
animal).

Fig. 12.8c shows the strength of phase-locking in terms of the synchronization index (defined
in the caption) plotted against the frequency of the tone.

The data are from the cat ear where phase-locking is strongest below 1 kHz and disappears
by about 6 kHz.
Phase-locking always shows the low-pass

c) 5;-‘"““‘""0“'2““0“ index property: It is strong at low frequencies and
0.9 /\/\/\/ nonexistent at high frequencies.
Sr—— The highest frequency at which phase-
0.8 N o ————L locking is seen varies in different species,
- . . ]
being lower in rodents than in cats [12.83].
0.6
0.3 . ) .
o, Young 2007, Fig.12-8(c): Strength of phase-locking in a
0 o) i population of AN fibers to a BF tone plotted as a function of
0.1 0.3 1 3 10 BF. Phase-locking is measured as the synchronization

index, equal to the magnitude of the Fourier transform of
the spike train at the stimulus frequency divided by the
From: Young 2007, p.442 average rate. The inset illustrates phase-locked spike
trains.

Frequency (kHz)
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Lokalizace zvuku u savcu

1) Binauralni vjemy
1
a) Rozdily v Case - l.a |
poCatek zvuku mezi f Front
obéma usima (pro ff A
S\

zvuky na nizkych |
frekvencich i komplexni
|

zvuky na vysokych AN
L
N ]

frekvencich)
I

Back _—

b) Rozdily intenzit mezi

usima (Stl'nénl' hIavy _ A: Binaural cues B: Pinna cues

pro vysokeé frekvence)
Heffner HE and Heffner RS. The evolution of mammalian

sound localization. Acoustics Today 12: 20-27, 2016.

2) Monauralni vjemy — vliv smérovosti boltce

c) Smérovost boltce — dulezité pfi pouZziti pouze jednoho ucha — rozliSeni sméru zdroje

zvuku (vepredu/vzadu, nahore/dole).
Pro smérovou informaci musi mit zvuk komplexni spektrum (kliknuti, Sum) a musi

obsahovat frekvence dostateCné vysoke, tak aby jejich intenzita byla modifikovana boltcem



Localization of sound in mammals

1) Binaural sensations

a) Differences in time of |
the sound start between |
the two ears (for sounds ,f J\
at low frequencies as ; .

. P A
well as complex sound fﬂ Front

at high frequencies) J

____-——f

7
b) Differences of sound ngc_k__f__
intensity between the
two ears (the sound

shading by the head —
for high frequencies) Heffner HE and Heffner RS. The evolution of mammalian
sound localization. Acoustics Today 12: 20-27, 2016.

A: Binaural cues B: Pinna cues

2) Monaural sensations — influence of the directional effect of the pinna

c) The directionality of pinna — important when using only one ear — distinguishing the
direction of the sound source (front/back, above/below).

To carry directionality information the sound should have a complex spectrum (click, noise)
and should contain sufficiently high frequencies so that their intensity is modified by the

pinna.



KONEC DILU / END OF THE PART



ZKRESLENI ZVUKU V PREVODNIM APARATU

Prevodni aparat ucha neni linearni a vykazuje zkresleni amplitudy.
U linearni soustavy ma kmit vystupujici stejny tvar jako kmit vstupuijici.
Linearni pfenos je dan funkci y = kx.

U nelinearni soustavy se tvar kmitu méni — ze sinusového se stane nesinusovym

Nelinearita mize byt rizného radu, napf. kvadraticka (s funkci y = k,x + k,x? ). Pfi zkresleni
2.stupné (kvadratickém) se objevuje kromé zakladniho tonu i druha l‘uarmonické frekvence.
Kmity jsou pak nesymetrické vUci ose x (toplati obecné pfi zkresleni sudého stupné). (Obr.

PFi zkresleni 3.stupné (y = kx - k3x3, obr. 44) - a obecné lichého stupné - jsou naopak
vysledné kmity symetrické vuci ose x. Toto zkresleni odpovida Casté situaci, kdy vychylka
je omezovana pfi pfekroCeni urc€ité hodnoty.

y=kix

Obr. 42. Lineérni pienos.

Obr. 44. Skreslenf tietiho stupng (syme-

Prenosovd kfivka je tut trické).

Neskreslujicf systém prendsf vychylku propor- mit, vag
ciondlng, Sinusovy kmit, ystupujicl do pfenosové .\kxv,s.ivu Pfencsovou funkef je ¢ira, ktera obsahuje i sloZku tietfho
soustavy (zezdola), vychdzi z ni (doprava podle kit so skiddd ze zdkladntho b stupné (—kyx?), sSkreslenf je symetrické, vysledné kmity

$ipky) zase jako sinusovy. harmonické slozky (& maji nahoru! dold oplostélé vrcf:ol,\'.

Sedlacek, 1956, str. 88-91



ZKRESLENI ZVUKU V PREVODNIM APARATU

Ucho vykazuje zkresleni pri tonech na hladinach vyssich nez 40 dB nad prahem.
Vychylky bubinku i sluchovych klustek nejsou na obé strany symetrické.

Bylo zjisténo, ze pfi zavadéni Cistych tonu do sluchoveho organu vznikaji v ném
sude i liché harmonické tony — tzv. auralni harmonické tony.

Cim vétsi je intenzita zavad&ného ténu tim vétsi je zkresleni a relativni obsah
auralnich tonu.

Pfi zavedeni dvou Cistych tonu vznikaji vliivem amplitudového zkresleni vedle
auralnich harmonickych tonu i tzv. tony kombinacni.

Jejich frekvence je dana souc¢tem nebo rozdilem frekvenci zakladnich téna — tzv.
tony sumacni a diferenéni.

Kombinacni tony 1.fadu (a+b, a-b) vznikaji pfi zkresleni 2.stupné.

Pfi zkresleni vysSich stupnd vznikaji kombinacéni tény i vysSich fadu.
(Kombinacni tony 2. fadu pfi zkresleni 3.stupné jsou 2a+b, 2b+a, 2a-b, 2b-a).



DEMONSTRACE VZNIKU KOMBINACNICH TONU

Acoust. Sci. & Tech. 27, 6 (2006)

INVITED REVIEW
Combination tone: Absent but audible component
Kaoru Ashihara”

National Institute of Advanced Industrial Science and Technology, AIST,
I-1-1 Higashi, Tsukuba, 305-8566 Japan

Primarni tony Primarni tony a kombinacni tony vznikajici v uchu
3000 ; : . . : 3000 . . ' ;
primary tone B
2500 | / / / / ] 2500 / / / /
é T wav file % .
> primary tone A E 1500 | T “a .
E 1500 | 7 E“ pf‘liﬂ'ﬂry tones VLC media file
g & weel e A, 1 (.wav)
il | +f """ 5K
500 |-
N | A
O 2 q 6 8 10
0 : . : : . VLC media file -
0 2 4 6 8 10 (.wav) time (s)
time (s)

Fig. 3 Combination tones that ame supposed 1o be
inducad by the primary tones are shown, The primary
tones are represented by solid lines, The broken lines
and dotted lLines represent the 2f) - 5 and f — f
compangnts, respectively.

Fig.2 Two primary tones are illustrated on a time-
frequency plane. Primary tone A is a continuous pure
tone. Primary tone B consists of ascending sweeps.

http://www. stage.jst.go.jp/browse/ast/27/6/ contents (5 Ashihara2006a_files)




Representation of Sound in the Auditory Nerve (AN)

The AN consists of an array of fibers tuned across the range of frequencies that

the person can hear.

The properties of AN fibers derive directly from the properties of the basilar
membrane and the transduction process in Inner hair cells.

The tuning of the basilar membrane is reflected in the tuning of AN fibers as is

shown by the tuning curves in Fig. 12.8a.

The perceptual sense of sound frequency, of the highness or lowness of a
simple sound like a tone, is strongly correlated with stimulus frequency and,
therefore, with the population of AN fibers activated by the sound.

Fig. 12.8a Basic properties of responses
to sound in AN fibers. (a) Tuning curves,
showing the threshold sound level for a
response plotted versus frequency. the
dashed line shows the lowest thresholds
across a population of animals.

a) dB SPL
A

- - -

&
0 05 1 2 5 10
From: Young 2007, p.442 Frequency (kHz)




Representation of Sound in the Auditory Nerve

The intensity of a sound is conveyed by the rate at which fibers respond. AN
fibers increase their discharge rates as sound intensity increases (Fig. 12.8Db).
When not stimulated, the fibers fire with the spontaneous discharge rate (SR).

Very sensitive fibers, those with the lowest thresholds, have relatively high SR
and less-sensitive fibers have lower SR.
Fibers are broken into three classes, low, medium, and high, using the somewhat arbitrary

criteria of 0.5—1 spikes/s to divide low from medium and 15-20 spikes/s to divide medium
from high, depending on the experimenters.

b) Rate (spikes/s) In high-SR fibers, the dynamic range, the range
A over which sound intensity increases produce
300 - : rate increases, is narrow and the saturation of
high SR YV discharge rate at high sound levels is clear.

In low- and medium-SR fibers, the saturation is
gradual (sloping) and the dynamic range is wider.

200 med.i LN
SR /™

Young 2007, Fig.12-8(b): Rate versus sound-level plots
for responses to BF tones in three AN fibers. Rate in

100 response to a 200 ms tone is shown by the solid lines
- and SR by the dashed lines, which actually plot the SR
P/ T =l s NN O o0 e, b during the 400 ms immediately preceding each stimulus.
0 o L Medium SR . Ll L The fibers had similar BFs (5.36, 6.18, and 5.74 kHz) but

0 20 40 60 30 different_spoqtaneous rates anq were recorded .
, successively in the same experimental preparation. The
Sound level (db SPL)  fyctuations in the curves derive from the randomness in
From: Young 2007, p.442 the responses remaining after three-point smoothing of
the curves.




Sound localization in mammals

1) Binaural cues

a) Comparing the time
of arrival of the sound to

the two ears (used for
both low-frequency and
high-frequency complex

sounds)

\) —
b) Difference in intensity LEEE_'LJJ———#’

at the two ears (shading
of the sound by head —
used for high-frequency

sounds)

2) Monaural pinna cues

A: Binaural cues B: Pinna cues

Heffner HE and Heffner RS. The evolution of mammalian
sound localization. Acoustics Today 12: 20-27, 2016.

c) Pinna directivity — important when only one ear is used - distinguishing the sound from

different angles (front/back, upper/lower) due to pinna directivity pattern..
For directional information the sound must have a complex spectrum (clicks, noise) and

must contain frequencies high enough to be modified by pinna.



Flow of energy and information
in the auditory system ent 1997, p. 223)

K

sound vibrations from the inner | | cells cells
outer world towards the hair ear /LQI
o iy s

The acoustic energy (dark Auditory
arrows) as well as the -
information (light arrows) ﬁ_ 0
flow in two directions: | BrainStem |
forward as well as = 0 e
backward. ' : ]

g Nerve fibres ('_: 2
ENERGY FLOW: . _ﬂ — 2 li&
Forward flow — transfers the "1 Inner hair | outer hair i 2

Backward flow — sound 1
traveling in the hearing organ | Middle ear  k—
in opposite direction. Caused |~

by K R I

1) Reflections from the Outer ear | R. D. Kent. The

. A |
surfaces of the outer, middle T‘_] Zgiegiezzl,ences
and inner ear CA:Singular

Publishing Group,
1997. (Redrawn from

2) Activity of the outer hair P. Dalas 1988)
cells [\/\/v

: : Fig. 6-14: FI f inf tion in th it
R. D. Kent. The speech sciences, San Diego, S;,%tgm_ ow of energy and information in the auditory

CA:Singular Publishing Group, 1997. (Redrawn
from P. Dalas 1988) The dark arrows represent en.ergy rovy.
The unfilled arrows represent information flow.




Flow of energy and information
in the auditory system ent 1997, p. 223)

The acoustic energy (dark
arrows) as well as the
information (light arrows)
flow in two directions:
forward as well as
backward.

INFORMATION FLOW:

Forward flow — starts in
hair cells and transfers the
information on the sound
via nerve fibers to the
central nervous system
(i.e. to the Brain Stem and
Auditory Cortex of the
brain).

Backward flow — causes:

1) An acoustic reflex in the
middle ear

2) Cochlear amplification,
otoacoustic emissions,
other complex phenomena

Auditory
cortex
P Brain Stem
Center :
e o
{} 5
! 2
g Nerve fibres (‘_: &
S >
- Poi
i 0
Inner hair [ Outer"halr | “é
(o]
O
<

|
|

Inner | i cells cells
L
;ﬁ““”{_

Middle ear ;Lj

t ¥

Outer ear ' R. D. Kent. The

speech sciences,
San Diego,
CA:Singular

Publishing Group,

1997. (Redrawn from
[\/\/\, P. Dalas 1988)

Fig. 6-14: Flow of energy and information in the auditory
system.

The dark arrows represent energy flow.
The unfilled arrows represent information flow.




Slyéeni pf‘i kostnim vedeni zvuku (Sedlacek 1956, str. 165)

Nejucinnéjsi slySeni je dosazeno standardni cestou — pfevodem vibraci pres bubinek a
sluchové kustky do tekutiny vnitfniho ucha.

K sluchovému vjemu dochazi ale i kdyZ dojde k rozkmitani tekutiny vnitfniho ucha pfimym
pfevodem zvuku lebe€nimi kostmi — tzv. kostnim vedenim.

Kostni vedeni umozni sluch pfi poruse prevodniho aparatu stfedniho ucha. Prah sluchu je
vSak vyrazné zvySen o cca 40 dB. (Zvuky jsou vnimany o 40 dB slabéji).

Kostni vedeni byva vyuzivano pro diagnostiku vad sluchu.
Pfi kostnim vedeni se zvukova vina projevi jako stfidava koncentricka komprese labyrintu.

Cely labyrint méni periodicky svij objem. Tlak se vyrovnava pres obé okénka — pfi kompresi
se obé okénka vyklenou ven, pfi dilataci dovnitF.

- To je rozdilné od vzdudného vedeni, kdy obé okénka kmitaji v protifazi.

.Ovélvnvé’ oke;nko’s trminkem DILATACE KOMPRE SE

je tuzsi nez okenko T Ty By At « FONSTTRIN, S U el o)

okrouhlé a vychyluje se r\é ~ : \
o LSCAUL VESTIBYL wenpp gasil

meéneé. To vede k rozkmitani =
tekutiny a basilarni T& - SCALA TYMPANI
membrany. eSS
Pfi zvySeni tuhosti ovalného
okénka (napf. vlivem
zvysSené tuhosti pfevodniho
aparatu pfi onemocnéni
stfedniho ucha) dochazi k
vétSim vychylkam tekutiny
a zesileni kostniho vedeni.

€ § — ouatace

. Obr. 78. Kompresni sloZka kostniho vedeni.
Sedlacek, 1956, str. 166 Nahofe: piehledné schema, dole: pohyby obou okénck ve fizi komprese a dilatace.



Hearing via Bone Conduction (Sedlacek 1956, str. 165)

The most effective hearing is accomplished in a standard way — by transfering the vibrations
via the eardrum and ear bones into the fluid of the inner ear — so called air conduction.

The hearing sensation however occurs also when the inner ear fluid is excited to vibration
through the skull bones — so called bone conduction.

The bone conduction allows hearing also when the middle ear transfer of vibration is damaged.
The hee)\ring threshold is however c 40 dB higher than normal. (Sound are perceived 40 dB
weaker).

The bone conduction has been used for diagnosis of voice disorders.

In bone conduction, the sound wave presents as an alternating concentric compression of the
labyrinth.

In tones, the whole labyrinth changes its volume periodically. The pressure is equalized
through both the windows — during compression they bulge out, during dilatation they bulge in.

- This is different from the air conduction when both windows vibrate in opposite phases.

The oval window with stapes is DILATACE KOMPRE SE

stiffer than the round window and f}\é/; ___________________ A . i
shows less displacement. This o __SCALA VESTIBUL rypp BAS”")\‘
leads to vibration of the fluid and T& S—"SCALA TYMPANI
of the basilar membrane. 1L Z

When the stifness of the oval
window is increased (e.g. due to
increased stifness of the transfer
mechanism due to middle ear
disease) the fluid vibrates more
and the bone conduction hearing
gets stronger.

Obr. 78. Kompresni sloZka lkostniho vedeni.
Sedlacek, 1956, Stl’. 166 Nahofe: prehledné schema, dole: pohyby obou okénck ve fizi komprese a dilatace.



