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Outline of the lecture

ARiI&t:8IF %~ Measuring Human

8%~ Human Vision System
\EE T Visual Sensing
1BET1RTL A~ Visual Display

B, BERA 2 4271—X /Auditory Interface
A, BB A 271—2X Tactile Interface
HE. hEALFT7—X Haptic Interface
BB (> 47— ~Locomotion Interface
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TODAY’s TOPIC

1. Ear Mechanism
2. Auditory Perception
3. Interactive System
1. Auditory Devices
2. 3D Audio
3. Synthesis of Auditory and other sensations
4. Auditory sensation and welfare engineering

Ear Mechamsm

meatus

S EE

External Ear Middle Ear  Internal Ear
SNE HhE WE

4V E .~ External Ear

nurceEFAT | « H4r./Auricle
— #& ~Collection of sound
- AL Directional sensation

+ 5\ Eifi~External Auditory Meatus
— I8~ A resonating pipe.
— 2.5-3.5cm = 1/4}
— Lowest resonant freq. = 3-4kHz

B “Middle Ear
« &g Tympanum
— [E#./Thickness 0.1mm
— Ef&Diameter 8-9mm
- HEARER/NMRIZ
/Min. Amplitude 0.12 um

E/\E ./ Ear ossicles (tiny bones)

- Db, ENf HAHE
Malleus, Incus, Stapes

— 1418, Amplification

- BANHE: BUVE TEED R (R

R§) >{zE%HE Connected

muscle modulate transfer efficiency
(attenuation reflex)

Ll
o

E % Eustachian tube
i/ - SE#%.Connected to throat and
| B keeps air pressure

i H#% ~Examination of Middle Ear

(O

WE’
-0 BOdE’ 80dB’ Hﬂda

BEANBRORFEREN DA VE—F 2 RERA

Impedance measurement by reflected sound

— T4218) AR)—Tympanometry
« HREEFEHSLBOBBORBMOLOT((VE—F L R)ERE
Measure tympanum's impedance while changing external air pressure

- B/VBERSHRE stapedial reflex
© BRICAECEEANLLLZOBBRHERBORBOL LT E((VE—F V) TRE
Measure tympanum’s impedance while inputting very large sound

WE /Internal Ear

.  Anterior
SHBE | vercal “ ( \
SemiclfeUar | o\ \ | Utricle  vestibulr nerve
anals vertical Saccule Modiolus
(
Jorzontal
l
Ampul 4
SFI.~Oval Window > B ,(Swgem
3 d P 3
EMERound Window A\ CQCh\earCana\ el

Sensory Complex:
Angular Acceleration, Acceleration, and Sound.

{5E D LLH .~ Mechanical Transmission

Air Vibration
Tympanum Vibration

3 Bone Conductions
Oval Window Vibration
(Lymph) Fluid Vibration
(Basilar)Membrane
Vibration

FEIIETDHIEE
Lever Mechanism at Middle Ear

FIRE: ERIRB THRIAZERT) 2
Problem: How to drive Fluid by Air?

Fluid has 4000x more impedance
than Air(Most energy is reflected)

Tympanum size is 17x larger
than Oval Window.

3 Bones has 1.3x mechanical
lever

In total, Force is magnified 22x,
while amplitude is reduced.

184 %~ Cochlear Canal = Snail Shape Tube
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BEELIEERCE N-XUbNE
The Tube is divided by Basilar Membrane

HEEDIRSE. Vibration of Basilar Membrane

8 33mm
S—
Tympa
men Oval Basilar Helicotrema
window  membrane
Compression
" f ) |
BAF &~ Oval Window L
- \ Rarefaction
BABMSASN. EAEHEILD = (i
4 7 (KIFABEAEL B =8) T —
Input from Oval Window, T
22X terminated at Round Window.
(Water volume does not change)
IEFAE.~Round Window A550T T BHithiR
HEBETORRES EEELOFEMR
Frequency Analysis by the Membrane Hair Cell on the Membrane
A S
. e —

) s e

« Lower Frequency = Go Deeper
« Frequency is Converted to Spatial Pattern

HEMBOEES
Hair Cell is Driven by the Membrane

il

A EMACHERA T v LB
Mechanical Channel on the Hair Cell

.Y/

&\

NE EMiaLs A EHME
Inner and Outer Hair Cell

*Inner Hair Cell: Single Line
-Sensory Nerve is Connected

+Outer Hair Cell: 3 Lines
~Actuating Nerve is Connected -
*The role is still mystery.

*One Hypothesis:
Outer Hair Cell works as Actuator to Adjust Hair Cell &
Membrane Relative Position.
vIt vibrates with high frequency, and one cause of “noise in the ear”
(buzzing)

NA E#iaL s H EHR Inner & Outer Hair Cell
y 3 e Vil : .

7 -

44F E£HK.~ Outer Hair Cell (magnified)

[y -

HZE M5t~ Otoacoustic Emission, OAE

(

\ W~ N
\

‘ [IRV*ES,

J

=it

MRENELEERT D MBFICHTIRIGELTH, HMEHITH
B /12~ Cochlea emits sound by itself, both as a reaction to
external sound, and without external sound.

S\ EEMROZEEILSEEN S, Itis due to outer hair cells
ERROBREDOOIZALGN S, Itis used as an examination
tool for auditory system.

FEDWZ: B OES) (Yv7r—R) IS CTHEIC
B FEE 2

Vibrations aro ransmited back t cardrum as wol s forward
1o cochiea

Cochies, unfured

Outer harcots expansion and contraction
create viratons of basiar membrane,
ransmitid t eardrum via ossices

The eardrums move when the eyes move: A multisensory effect on the mechanics of hearing

hitp://www.pnas.org/content/115/6/E1309

TODAY’s TOPIC

1. Ear Mechanism

2. Auditory Perception

3. Interactive System

. Auditory Devices

. 3D Audio

. Synthesis of Auditory and other sensations
. Auditory sensation and welfare engineering

-

AW N




Ak %58~ Frequency Range

¢ 20Hz~20kHz (Higher than 20kHz = ultrasound)
Become worse with aging
— especially upper limit becomes lower.
+ “Mosquito Noise” : Children can hear, while Adults cannot.
+ Used for Cellphone ring

BIIRRENESNTHRENS S
Sound is analyzed by Frequencies.

Amplitude —-

Second Formant Frequency [Hz]

h

Frequency e BITHLTAARER FI (o]
First Formant Frequency [Hz]

» Ex. Formant

+ Vowel is analyzed by “two major peaks”.
— First Formant: 500~ 1000Hz
— Second Formant:1500~3000Hz

ARG LT FH54Y
Spectrum Analyzer

0 Windows Media Player

u (iee ‘@ )

€ CEE3 (]
Low Frequency High

Lo~ 3BE7 /.~ Speaking Piano

http:/lwww.youtub 2v=muCPj

SV T IR AR ILEZ/ Missing Fundamental

HEEENECTH. EERS OB TRAET MR TES

Without basis frequency, we perceive it by harmonic structure.

http://www.brl.ntt.co 1pr’\Hus\onFOfUlﬂ‘Jér’mwss\ngFundamema\Ua/m
dex.html
1EDR—VIEER - RISV TRLELFOTVSDTF VY

SV VT ITURE AR DA
Application of Missing Fundamental

o
o

sl 100

INBRE—HIFEE K Z H LIZ<LY. Small speaker can't output low freq.

200HzBLE T, 100HzDEEZEMA B 5E, 100HzDREHEZZ 5.
BRTLE BICRBRE—hORENEIIYHS) TRA.

Outputting 200,300,... frequency sound, we perceive 100Hz basis freq.
Thin TV (which has small speaker) applies this method.

http://www.kumikomi _1.php

EERIEDIS A
Application of harmonic structure

0 }mm/‘wwl

MP3% 0 EMTIEEERMAEAVN->BRICHIZABWNEEHD.
BAR. [RBETICIEETRENHDICEERA. BRKELRE.
As compression such as MP3 cuts off high freq., harmonic
structure of musical instrument is utilized for compensation.

p kumikomi php?page=1

MR ERE (S /S—Fk—>)/ Shepard Tone

http://www-
antenna.ee.titech.ac.jp/~hira/ho
bby/edu/sonic_wave/sh_tone/in
dex-j.html

’

AEDERBBEZHNEL TS EEFA, THMIC
FERICERTHEEEHENTED
Utilizing human perception of spectrum structure,

infinitely rising (falling) sound can be generated.

NY
N \% YMO LOOM(1981)

Yanny-Laurelf1%8

20184, FICEMEDHSAlLYanny, BIOAlELaureltMERNDEL\S"ETIRIS.
https:/iw, /2018/may/16/what-do-you-hear-in-
this-audio-cli laurel-takes-int by-storm-video

&S H#EDHNE ~Perception of Harmonic Structure

AT

¢ ¢ ¢
1. In..
kit g 3¢ bt g

ChBEANE TEREESTAERLILEZS
We Perceive these sound as the same pitch, altough tone is
different.

HIRE L Sound Position Localization [}qrij

mE N2 Difference of two ears
— 20~2kHz B¥ffZ . {48Z ~Temporal (Phase) Difference
— 2kHz~ 382 ~Amplitude Difference

ETFAMOEML: ENIESEREL
Earlobe filters the sound, so that sound tone changes
with vertical position.
Sound from Front: f1-0.9, f2-0.6, f3—0.5,
Sound from Back: f1-0.7, f2-0.9, f3-
Sound from Top:  f1-0.5, 2-0.5, 3
- MEOEEETALE, RIFROFOEMEHLL
Pure tone localization is impossible. Inexperienced sound is
also difficult

L

BREMEMEI—T 1V (BERK)
Sound localization and nerve coding (low frequency)

EE \

ZnENOR |

(®) 1

FHAEESNEY > BREMICHBEOLI1I0TMEZD
Nerve activity is phase-locked so that “timing” can be used for
localization.




BREMEHEI—T 07 (AR~

Sound localization and nerve coding (High Frequency)

RO EH

frifEES AT
(N7

—BAHOEMAMEOTEH LY E
WSV H LIEH 2130 hiE
ABVDOTHRSEZTAEY D

As one cycle is shorter than nerve’s
resting period, nerve activity is
random and only intensity can be
used for localization.

BEEMEEER(HRTF)
Head-Related Transfer Function

Anechoic oom ===

« Head Filtering Charactenstlcs are measured.
— Parameters:
— Sound Source Direction (8, y)

— Frequency f

(%) KFE@mAE—H/ Large plane speaker

. E-AHIEZR#ESES / Vibrates front plane of the monitor
- BRETFELTEEBRTFENALSNS / Piezo-electric
actuator is used.

(8%)L—H¥—<4A7% [ Laser microphone

7 THRAE =7
A Loy

Window

Beam Spliter

Zm

I> 177 FHRF (R {2003,
oust rise waseda.ac jp/publicatio
/2-2003march.pdf

Detector

e appyoulasjasi-takiz

+ L—Y—RTORE: Y1V BRI FEEREI L.
Detecting by laser. Ideally no “microphone”
- FYTS—HRARK MBLLEAE
Doppler effect. Measures density change
- FHHAR ABREIENE

Interferometer. Measures distance change

Dummy Head

+ Head Dummy, which has the
same HRTF as human.

« Expensive ones

— Not only shape, but surface
textures and softness is the same
as human.

« Microphone is inside the ears.
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(BE)BERE—H
Thermo Speaker
c BUNMERTRBELSE
Heat transfer is fast enough
in a small world.

. 'E,ﬁl FUTI— L REEL
é?(‘ TEBWIRTEERES

Joule heat expands air
around the device H. Shinoda, T. Nakajima, K. Ueno, and
N. Koshida: Thermally Induced
Ultrasonic Emission from Porous
Silicon , Nature, 400, 853 - 855, August

HB 14, BiF#0.1kHz-100kHzD K
Wi/ B RE—H—%B1$(2010.6.25)
http://www.nikkan.co jp/news/photogra
phinkx_p20100625.html

L—EVTaMVBRE—h&I(Y
Moving coil type speaker & microphone

BHEFHEOFI A Utilizing electromagnetic induction.
ZLRE—HIZALBN S Frequently used for speaker.
BEGBAEZEE, 2/LERE

Ordinary, magnet is fixed, coil is vibrated.
aMVIFIEEICE, EEKEBA AL

As the coil is very light, it can be driven very fast

O

AVTUYRAY-RE—D
Capacitance type microphone & speaker,:

« aYFTUY A4/ Microphone
- 2ROBEBIREMO LI LIHETEL TR/
Detecting distance between two plates by measuring
capacitance
- RREEMAEV O ARSI T ISy MaE, — ik
=& 1% 4L, / High resonant frequency means flat
frequency charactestics.
« AVTUYRE—H
- 2BOBBIRICMASBED LIS BB DAL
=&Y ZE 5% EEH)/ Distance between two plates is alteredil
by applying voltage
- FELHKERBARELTD, FEERE—DGEITALD |
%/ Large plane is driven, enabling large thin speaker

RE—hRyIZDEE
Role of speaker box
T aEpAB(+)ag

B EEDAN(-)0E

c2s

+ RE—ARBCTELDEMBDEFEICLDITEHELREIMH
Positive & negative pressures are sumultaneously
produced by speaker. Box avoid the effect
RyIZO{EHUEF AL TEFRET 28

Box has resonant frequency — Enhance low frequency
NRALTEAT HEDRRBDOEEHR

Bass-reflex type: Enhance certain frequency

FHOTAT /A XFvo12)0T
./ Active Noise Cancelling (Active Noise Control)

Niss ’\/‘/\f"" % :
By

NANLDFEFMDOEEHT CETHRI(EEHRE
Negative sound cancels external sound.

ERRIFE. SARTEF

Low frequency components are easy to cancel.

RS EBEZRAEVESARICER AV T+
VISR

Microphone and speaker should be closer. Headphone is ideal

INTAN) Y RE—D/
Parametric Speaker

- < g
N m W wmw swn

« AEEEAMFMZEL. BE KERKICHED
Audible sound is translated to high freq. sound by AM/FM

- EREMEORBETHRIE. AEFIIRD
Demodulation at boundary between air and object.

- BAEABOHTHENSAUETIT1IT VAT LIZAEK

Beam can be very narrow—applications for interactive systems




http://lwww.youtube.com/wat
ch?v=|D2VU1VLFX4

LRAD (Long Range Acoustic Device)

SEA SHEPHERD
CONSERVATION SOCIETY

OPERATION MUSASHI
Media Reel 6

Sea Shepherd confronts Japanese Whaling Fleet

TR.T: 00:59

o NFAN Y RE—HDRE
ERAL. BIRLF—EEC
elEd
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Ordinary Recording and Playing

Record: by two microphones

WHY is it OK?

Play: by two speakers

quit to Listen gh two holes on the wall”.
Limited Naturalness, but almost OK.

Money solves the problem

My,

Recording: N microphones

Analysis of the situation

i A

+“Holes” on the wall become numerous.
+Sufficient number of holes destroy the wall

{25507 (T itk

What about Headphone?

i 4
P

Normal Recording

Playing by Headphone

*Many information about Sound Source Position is Lost.
*Sometimes, Sound is Perceived as “Sound from Inside Head.

Playing: N speakers

L5507 T thilithih

Binaural Recording

Head
Phone

Dummy Head

Perfect Sound Localization,

Because All Three elements are replayed.
«Temporal Difference
«Amplitude Difference
*Frequency Change by Earlobe.

Vice Versa

Speakers

We've heard of something similar...

+ Headphone=HMD
« Speakers=Ground Fixed Type Display

=

Review: HMD and Camera for it.

10




Head Tracking

+ Robot head should move according to the user’s motion.

+ Headphone system with gyro(angular velocity sensor) is
already commerc|ally available.

Do gl rron, IS
~| iy / - / £ Trol
4 & ) ) 0Ee
o |t N\ O O ¢ O
OFLHow | > &® e ®

Zen A K34 7R

Sound Field Reproduction

* Auditorium’s sound characteristics is
measured, just like HRTF

Impulse, or chirp
signal (that contains
all frequencies)

Put Point source speaker ¢ Microphone is
on the stage. put on the seat.

Sound Field Reproduction

Recording at anechoic room

Add the auditorium’s transfer function

Anechoic Room Expenence

‘We do not have an experience of “truely no noise” situation.
We hear heartbeat of ourselves, and sometimes feel dizzy.

When you have time, go to ICC
(NTT Inter-Communication Center @ Hatsudai)

http://www.ntticc.or.jp/

YS9V RYRT L/ Surround system

ﬂ]m f‘juﬂ_‘ﬁ

L] 37“(W‘TCE

» 5.1ch, 7.1ch...
- BRE—HDMBYRZVT RO L3V ETOHERE (F0F
ZRZ) ISIECTAIER T HEEA TR
+ NHKE#022.2ch

http://www.gizmodo.jp/2006/09/nhk222_1.html

R—=F )L Y5 K Virtual Surround

(poseived ngs tocadon) (D
\
wnor O
- ——
-

image coordinstes
. 0.6)

HRIR database.

B0 .
(dry source) x,(0

ER2ECEEOSHNSDEEER
Present locational sound by only two speakers

« RE—H2{ DB EIFVARMIBRENDE

2 speakers case. cross-talk should be eliminated

1

HHUSI A E B/ Pseudo 3D sound?

BRBIENS fE 0T BF v T RN EoT EFwL R
 B/SLEREYIVIRDIFITE

From mon-sound, pseudo surround sound can be generated

- WHERER, EEELLADFroRILEFRE—HDRERELIC
Phase reversal by miss-connecting one line

- 2T XL TR IRTHL) . EEELONDF v RILEITEE
BZ%EESE S (Bms~ % +ms)
Phase shift by delaying one line
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AW N

RREBEORME
Synthesis of visual and auditory sensations

c BRETEAOR—ILOBENEDLD
Click signal produces collision-reflection feeling

(BE)IH—UHRMcGurk effect

KEEEEOME
Synthesis of gustatory and auditory sensations

. :1'57‘—H‘v?’xw*f’?ﬁ’?‘é(iﬂ*ﬁl-ﬁ’ﬂﬂ’é
Crisp sound of potato chips alters taste
« 1G Novel Prize for Nutrition 2008

Zampini, M., & Spence, C. (2004) The role of auditory cues in modulating the perceived
crispness and staleness of potato crisps. Journal of Sensory Studies, 19, 347-363.

'

—

>

R EHEEORME(1/2)
Synthesis of tactile and auditory sensations

Parchment-skin musmn(i&m“ﬁ) FOBMOELoTEL. BEECTYR
bt‘( B%lkg * Lt THBREICRT=>EEHIBETTFORMIED

N
B B, s o cur. i 1330

12




R EEEORME(2/2)
Synthesis of tactile and auditory sensations

(b) 1

s

Perceived consonance

-2

PRSP ESFE P LSS
Frequencies of stimuli {Hz)

EEEEOBRARERKMA-DERBIIFHBINEASND
By modifying sound, tooth-brushing became more satisfactory.
e Roancar ? B Kapmant e,

R EERERNIC2R-THE 84T SEREEROISLKYITE
“Consonance” relationship is found between tactile and audio sensation.

Okazaki, T. Hachisu, M. Sato, S Fukushirma, V. Hayward, and H. Kajimolo: Judged Consonance of Tactle and
Audiory Frequencies. IEEE World Hapios Conference, Apr 14-17, 2013,
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FE4EHE TS Sound in Welfare Engineering

B E D 7R—b.Supporting deaf and mute

- ATIWE.Atificial inner ear

~ ATOREA Atificial pharynx

BEEEH OY7R—b.~Supporting visually impared

— EE1{£47.~ Sensory substitution

- RREEEOEEFMEK. Obstacle avoidance ability of the blind

Bt DY 7R—b.~Supporting elderly

— ##E838~Acoustic aid

- BREHRE—H

- BEBTEEOERETAHORERYISHEDADELIIZ. ZhEYTIL
BALIZES)

ANIRE . Artificial Inner Ear

HRTHEK BS R AHRAIZ50VE B REDIC
Mitte. History: Volta first applied
01 749 50V inside ear (around 1800).

- A4, AE—FT Ok,
#{§34)L/External body:
microphone, speech processor,

02~y KE=27-70 transmission coil.

- RRE:REL, TUT B
1 Internal body: receive coil, amplifier,
electrodes

BAB($8~22%F. 1)
HEEEESRM
TEEL 3,8 to 22 electrodes are
inserted to cochlea, stimulating
sensory nerves directly.

03 957 K7aEsy

AIAE.Artificial Inner Ear

AIARREROHALNBLNERDhET,
CH12ZBRORDFIE, HHELSCHATERM DT, N—=>TERH .
RABBHDING &S(TB2TEEL,

A TIHEEE ~Artificial pharynx

S

CM:S} NCa CM:S} &7 \
A =

W = ) - S

s TECATRE s;) .L

\§
\
=5
BRORS BETATIBRETORS

- BEES S TIRED FH-FEOTELHRBEENLN
Pharynx is removed for cancer—Vibration cannot be generated
o ALIEEE:REBICKUBEDOTEFS.
Avrtificial pharynx: Generate vibration, as a source of voice

13

A TIHEE.~Artificial pharynx

http:/lwww.secom.co.j i ice.html

REHE 171,/ Sensory Substitution 1

Ed

camera

Ki[ catiil

o L:cﬁ-nght Scanusing e
Sonic Guide Binaural Earphone

Frequency

BRICKDERRT
Substitute visual sensation by auditory sensation

BREEZEOEENNE
Obstacle sensation of the visually impaired

o PUT4T Y /Active Sensiong
REFOHMEILDIEM (TaRr—ay)/
Perceive location by sound “echo” (echolocation)

1\ Tt /Passive Sensing

ARME DRSS, FROEICKYEM
[GEANE=¢J:oF A0

Perceive obstacle by noise reduction (acoustic
shadow) and change of tone color

REART2 MEICKDEER KT Sensory Substitution 2
Substitute audotory sensation by tactile sensation

Tactile Vocoder

BMETEEM EATATT  BRE
NELTEEICHHIRT

Listening by tactile sensation.

Basic idea: Frequency components
G.v. Bekesy(1955) Human Skin  @re presented to different position of

Perception of Traveling Waves the skin, just like cochlea.
Similar to Those in the Cochlea

IaR%4—3i3> . Echolocation

@.co.

) htto:/wW-youtuBe.comivg
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FEOR ORI DEE YR BEEQHR—h 1: RSB EE
Obstacle avoidance by presenting acoustic shadow Supporting elderly: hearing aid and bone conduction
b

, 3 ———
« BERBSETEEEADS
Inner ear is directly vibrated by bone conduction

« BICHE, PEICHBENHIHBBTHNEHE
Effective if problems are in external ear or middle ear.

BEEDOYR—k 2: REOERE
Supporting elderly: speed reduction

INF AR Mini Test XEIRAAET

BT O£ TIZ100F L WIZE THE &~ Answer all questions within 50 words

1. BROBHI=OVWTEHAE & Explain role of auricle

2 B3t KExplain role of external auditory meatus
3 DUVTHA t KExplain Tympanometry

4. BABHRAISOVTEBE & Explain Stapedial Reflex

5. WERKEBOBE(OLTHIE & Explain role of basilar membrane.
6

7

8

9

—
== et
== <

—

~

. WEAZMAOEEIZOL T & Explain role of hair cells on the basilar membrane.

=
=T !
== EFEHAICOLVTHYAE & Explain otoacoustic emission
— THLTUMZDNTHBE & Explain formant

. HEREERT YLV ITUE AU BNBERITOVTEBE & Explain missing fundamental phenomenon
htp://www.kumikomi.net/archives/20 http://www.human.rcast.u- 10. MIRE I DL\ THIBI € & Explain shepard tone
09/08/ds, ? tokyo.ac.jp/?p=2&pp=0&I=1&r=1114 N AEFREOERERLDAAIZDLTIRII & Explain localization by low frequency sound.
OEEEREELE D (LELIESDEYFIREZLLY) 12, BEREOEREL D H (DL TR & Explain localization by high frequency sound.
Ordinary, speed reduction changes pitch. By signal processing, 13 ETABOSRIE= DU THFE & Explain localzation of vertical sound positon.

d reduction while preserving pitch is possible 14. EMEEBIMIS DL\ THI € & Explain head related transfer function

Speed reduc! p g pl p - 16. 185 ARy H RE—HI= DU\ TBIEHE & Explain parameric speaker

16. IH—HHBIZDOLN T & Explain McGurk effect
2 A
DEEFYT IS LRE 17. AT LTI & Explain artificial inner ear.

For mobile phone, the signal processing is done real-time. 18. Ta—0%—avIZDLVTHIBI & Explain echolocation
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