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A
coustics: a crash overview
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A
coustics (from

 the greek:akouein
= to listen)

•
Study

of sound
and its

behaviorin the various
transm

itting
m

edia and environm
ents

–
Itincludes

effects
of absorption, diffraction, interference, 

reflection
and rifraction

•
In a w

idersense, acoustics
is

the physics
of sound, from

 all
standpoints
–

U
ntilthe beginning

of the 20th century, the term
s

sound and 
acoustics

referred
to audible

frequencies
–

Today
acoustics

also
includes

w
aves

thatare notataudible
frequencies

or w
hose

levels
are below

or beyond
hum

an 
audibility

lim
its

–
The term

sonic
w

as
recently

used
to referto acoustic

processes
thathave

nothing
to do w

ith auditory
processes

•
A

rchitecturalacoustics
refers

sound propagation
in closed

spaces
•

Applied
acoustics

is
also

defined
as

acoustic
engineering
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S
ound

•
Any

vibration
of the air or any

otherm
eans

thatis
able

to 
produce an auditory

im
pression

–
Typically

caused
by the vibration

of som
e body in the 

transm
itting

m
edium

•
Param

eters: frequency, am
plitude

(in relation to sound 
pressure and intensity

(dB)), envelope, spectrum
(tim

bre) 
and duration

•
C

haracteristics: period, w
avelength, (and propagation

speed), speed
of particles, superposition

of effects, 
absorption, interference, diffraction, reflection

and rifraction
(echo

and reverberation), stationary
w

aves
(frequency

response), sound propagation
•

Study
areas

–
Acoustics: behaviorof w

aves
in elastic

m
edia, irrespective

of 
the auditory

process
–

Psychoacoustics: auditory
stim

ula, including
the intellectual

process
of interpreting

such
stim

ula
–

Sonology: m
ind

process
thatextracts

sound characteristics
to 

im
prove

storage, intelligibility, etc.
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S
om

e pertinent definitions
•

Audio signal= function
–

D
om

ain ®
tim

e (continuous)

–
C

o-dom
ain ®

sound w
ave

m
agnitude

(air pressure)

•
P

eff =P
0 /Ö2 (R

ootM
ean

Square
of pressure variations), m

inim
um

 
perceived

(audibility
threshold) = 0.00002 Pa

(N
/m

2), pain
threshold

= 20 Pa

•
Acoustic

intensity: I= (P
eff ) 2/rc (r=density

of the transm
itting

m
edium

, c=speed
of sound in the m

edium
)

•
PL=20log(P/P

ref ), Pressure Level 
(m

edium
’s

deform
ation)

•
IL=10log(I/Iref ), Intensity

Level 
(energy

flow
)

•
SPL=20log(P/0.00002), Sound Pressure Level
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A
coustic w

aves
•

C
yclical change of air pressure

•
Acoustic w

aves can be
–

Longitudinal (solids, liquids, and gas)
–

Transversal (solids)

•
The duration of an oscillation is called 
period

(T) and the num
ber of 

oscillations per second is called 
frequency (f)
–

T = 1/f 
•

e.g., if f= 440 H
z, then T

= 1/440 s = 2.27 m
s

(* )



W
aves
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Types of w
aves

•
Longitudinal

•
Transversal

•
S

urface w
aves
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Interference P
atterns

•
Interference patterns
–

Anti-nodes: points w
here either thick lines m

eetor thin lines 
m

eet
–

N
odes: points w

here a thick line m
eets a thin line

–
N

odes group along nodal lines. 
–

Anti-nodes do the sam
e along anti-nodal lines. 

•
S

pacing betw
een such lines depends on w

avelength.
–

N
odal and anti-nodal lines get farther apart as the w

avelength 
increases
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Interference P
atterns

•
C

hanging frequency
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Interference P
atterns

•
C

hanging separation distance

(* )



Tw
o-P

oint S
ource Interference
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W
avelength

•
D

istance
btw

a pointon the w
ave

and the corresponding
pointin the 

nextperiod
(cycle)

•
C

an be thoughtof as
the distance

covered
by the sound in one

cycle
•

D
enoted

w
ith l.

•
The speed

of sound
in a m

edium
 is

v
= fl

Þ
l

= v
/ f

•
Speed

of sound in air: 344 m
/s

–
As

v is
constant,w

e
can derive 

l
from

 fand vice-versa

Substance! Tem
perature ( °C)! Speed (m

/sec)!
CO

2 !
0!

258!
CO

2 !
35!

274!
A

ir!
0!

331.5!
A

ir!
20!

344!
W

ater V
apor!

35!
402!

H
elium

!
20!

927!
H

ydrogen!
0!

1,270!
W

ater!
15!

1,437!
Steel!

-!
5,000!

 



S
trings

•
S

tanding W
aves on a S

tring
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Velocity of particles
•

In the presence
of a sound w

ave
the m

olecules
of 

som
e m

eans
alter theirrandom

 m
otion

and oscillate 
atthe frequency

associated
to the w

ave, m
oving

ata 
speed

thatdepends
on the sound pressure p

according
to 

p
= r

v  u

W
here

r
= density

of the m
edium

, 
v = speed

of sound,
u

= speed
of particles

•
The m

agnitude
d

of the oscillations
depends

on u
according

to 
d

= u
/ 2pf

–
Sm

all m
agnitude

(10
-8m

 for the sound of speech
at10m

)
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S
ound pressure

•
A vibrating

surface
produces

changes
in the air pressure. 

The m
axim

um
 m

agnitude
P

0
of such

changes
is

the 
sound pressure
–

M
easured

in pascal [Pa] = [N
/m

2] = 1 m
illibar

•
The sound w

aveform
is

describes
the pressure changes

•
The R

ootM
ean

Square
value

of a sinusoid
is

0.707 
tim

es
P

0 
–

P
eff = P

0 /Ö2 



A
coustic pow

er
•

A
coustic

pow
er: energy

per unittim
e

–
M

easured
in w

att [W
] = [joule/sec]

•
Examples of max power of typical sound 
sources (W)

Speech
10

-5

Quarrel
10

-3

Bass singer
0.03

Clarinet
0.05

Trumpet
0.3

Piano
0.4

Trombone
6

Symphonic orchestra
60



A
coustic pow

er



Intensity
•

Total average pow
er that goes through a given surface

•
Intensity

I = (P
eff ) 2/rc     [w

att/m
2] 

(r=density of the m
edium

, c=speed of sound)
•

D
ue to the ear’s extrem

ely w
ide range of intensities (from

 10
-12

w
att/m

2to 1 w
att/m

2) it is convenient to express such values in dB 
•

Pressure Level
PL = 20 log(P/P

ref )



Intensity



Intensity
•

Acoustic
pressure level

PL = 20 log(P/P
ref )

•
W

hen
P

ref = 2 10
-5  N

/m
2   (audibility

threshold): Sound Pressure 
Level

SPL = 20 log(P/ 2 10
-5) = 20 log P

+94

•
Sound Pow

erLevel:
PL = 20 log(W

/W
0 )    w

here
W

0 =10
-12w

att

•
Intensity

LevelIL = 20 log(I/I0 )    w
here

I0 =10
-12w

att/m
2

•
0 dB internationally

represents
the audibility

threshold

•
In som

e situations
(sound recording) 0 dB corresponds

to the 
desired

level
E.g. 6 dB descending

ram
p

follow
ed

by a 3 dB descending
ram

p



Intensity

•
D

ynam
ic range 

of som
e m

usical 
instrum

ents



Intensity: m
ultiple sources

•
Tw

o incorrelated sources of the sam
e intensity

–
+ 3 dB Pow

er Level
–

+ 3 dB  SPL
•

S
ources w

ith different intensity: exam
ples of increm

ents 
of IL
–

Source a) IL= 60 db
–

Source b) IL from
 0 to 120 dB
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E
nvelope

•
Tem

poral evolution of the m
acro-level of the sound pressure (w

aveform
)

•
Envelope phases: 

–
attack

(dall’istante iniziale, all’istante in cui l’inviluppo raggiunge il suo m
assim

o)
–

transients (initial fluctuations)
–

stationary state
(“sustain”, from

 the and of the attack to the beginning of the 
decay)

–
decay

(w
hen w

e have loss of sound energy)

•
Transients help localize the source and recognize the tim

bre
•

Envelope generators are used in electronic m
usic and synthesizers

(* )



S
ound propagation

•
Transm

ission of acoustic energy through a 
soundw

ave
•

P
ropagation facts

–
G

eom
etric diffusion –

energy decay due to w
avefront 

expansion
•

Spherical diffusion -6 dB reduction per distance doubling
•

C
ylindrical diffusion -3 dB reduction per distance doubling

–
A

tm
ospheric efffects

–
S

urface effects

(* )



A
bsorption

•
Loss

of energy
through

som
e m

aterial
•

W
hatis

notabsorberis
transm

itted
or reflected

•
Absorption

coefficient( a, 0÷1): percentage
of absorbed

energy
(as

a 
function

of frequency) 
–

C
an be accurately

m
easured

–
Im

portantin the design of concerthalls, theaters, recording
studios, etc. 

–
Itdepends

on the levelof  acoustic
insulation

of the m
aterial

•
Total absorption

is
m

easured
in Sabines, and is

calculated
by m

ultiplying
the coefficientof absorption

by the area of m
aterialin square

feet

(* )



A
bsorption
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A
bsorption
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A
tm

ospheric effects
–

A
bsorption

due to air
D

epends
on tem

perature and hum
idity

of the atm
osphere

(25 
dB/100 m

 at2 kH
z for 30%

 of relative hum
idity

and 20
°

C
)

–
Tem

perature gradients
Propagation

speed
increases

w
ith tem

perature. 
•

Iftem
perature increases

w
ith altitude

(sunny
w

interdays), sound is
reflected

dow
nw

ard
and propagation

follow
s

the earth
curvature 

•
D

ue to turbulence, w
aves

propagating
in the direction

of the w
ind

tend
to be deflected

dow
nw

ard. Those
againstthe w

ind
go upw

ard

(* )



S
urface effects

–
Terrain

absorption
D

ipends
on surface

•
R

ock surfaces
absorb

very
little

•
S

oft dirtcan cause the signalto drop
up to 100dB

 per 100m
 at2 kH

z
•

H
igherfrequencies

are m
ore absorbed

than
low

erfrequencies
–

G
round effect
W

hen
the source and the receiverare close

to the ground, the reflected
w

ave
can interfere

w
ith the incidentone

in a destructive
w

ay

–
A

ttenuation
due to barriers

(trees, buildings, hills)
•

B
arriers

can be used
to reduce ground

effect
•

They
w

ork betteron higherfrequencies
(low

erfrequencies
are diffracted

atthe borders
•

U
p to 40 dB

 reduction
(the restis

propagated
by the atm

osphere). 
•

M
ore effective

nearsource or receiver
•

W
ind or tem

perature gradients
m

ake
them

ineffective
•

C
anyon effect. R

everberation
due to m

ultiple reflections. M
akes

itdifficultto localize
source. Increases

environm
entalnoise.

(* )



Interference
•

S
ound w

aves
com

ing
from

 
differentsources

(sam
e

frequency)
–

W
here

w
ave

m
axim

a
m

eet
w

e
have

constructing
interference

(C
)

–
W

here
w

ave
m

axim
a

m
eet

w
ith w

ave
m

inim
a w

e
have

destructive
interference

(D
)

(* )



D
iffraction

[a]: D< l
-isotropic source

•
[b]: D

> l
-directional source

(* )



R
eflection and rifraction

•
E

xam
ple

–
M

ultiple echoes
recorded

under a parabolic
bridge in 

S
tanley P

ark, Vancouver. The sound source is
a stick

hitting
a m

etal pipe
•

E
cho

•
R

everberation
•

P
arabolic

reflector

(* )



R
eflection

•
Im

pulse reflection at a fixed term
ination

•
Im

pulse reflection from
 a less dense m

edium
 to 

a denser one

(* )



R
eflection

•
Free term

ination
•

From
 higher to 

low
er density

(* )



Transm
ission
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Transm
ission

•
w

avelength is alw
ays greater in the least dense m

edium
•

the frequency of a w
ave does not change w

hile crossing 
a boundary

•
the reflected pulse is inverted w

hen a w
ave in a less 

dense m
edium

 travels tow
ard a boundary w

ith a denser 
m

edium
•

the am
plitude of the incident pulse is alw

ays greater than 
the am

plitude of the reflected pulse

(* )



D
iffraction

•
D

iffraction is the bending of 
w

aves around obstacles and 
openings 

•
The am

ount of diffraction 
increases w

ith increasing 
w

avelength.

(* )



D
oppler effect
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E
cho

•
S

ound repetition due to reflections (outdoor)
•

In order to be called an echo (insted of a 
reverberation) there have to be at least 50 m

s 
(usually 100) of pause betw

een original sound 
and reflection

•
E

cho at the R
olley Lake

•
Ferry blast (0.25 s echo)

(* )



R
everberation

•
M

ultiple reflections indoor or in a sem
i-open environm

ent
•

Sim
ilar to an echo, but repetition rate is too fast to perceive sounds 

as separate
•

R
everberation tim

e: tim
e that it takes to achieve sound attenuation 

of 1.000.000 tim
es (IL = –60 dB w.r.t. original sound)

•
R

ev. tim
e is proportional to volum

e of propagation, and inversely 
proportional to the sum

 of all reflecting surfaces m
ultiplied by their 

absorption coefficients
•

It constitutes an im
portant clue to hum

an sense of balance and 
orientation (greatly dim

inished in an anechoic cham
ber)

•
It increases the environm

ent noise, therefore it needs to be kept 
under control in the design of Lo-Fi environm

ents (w
orkplace, 

classroom
s, industrial spaces, etc.)
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R
everberation

•
In sym

phonic
m

usic reverberation
increases

the sound blend. 
S

uitable
rev. tim

e: btw
1s and  2s

•
In H

i-Fi room
s, w

e
often

try
to boostreflection

in orderto achieve
rev. tim

es
of atleast1s. A good

design seeks
a type

of reverbaration
thatadds

spatiality, w
arm

th
and coverage

to sounds
•

G
oal: good

balance btw
clarity/definition

and spatiality
–

Storkyrkan
church, Stockholm

, Sw
eden

–
C

anadian Pacific train
station, Vancouver

–
M

arble hallw
ay, Parliam

entBuildings, O
ttaw

a
–

Footsteps
in covered

bridge, C
hatham

–
Keys, locks

and heavy
doors

in the vaults
of the N

ational Library, 
Vienna, Austria

•
D

igital techniques
allow

us
to control reverberation

in a post-
production phase

or in realtim
e (live-electronics) to sim

ulate 
differentenvironm

ents
–

4 exam
ples: bright, dark, w

arm
and closed

environm
ents
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Tim
bre

•
D

eterm
ined

by
–

Frequency
content

–
Transients

–
P

resence
of and relation btw

partials, w
hich

can 
be in 

•
H

arm
onic

ratio
–

H
arm

onic
series

(up to the16th) synthesized
w

ith 
sinusoids

•
Inharm

onic
ratio (non-m

ultiple relations, e.g. 
percussions)

–
C

hinese
chau

gong (tam
-tam

)
–

P
hase

relations
•

Tw
o

sinusoids
are in phase

ifthey
sim

ultaneously
arrive

atthe sam
e

pointof theircycle

•
W

e
perceive

itas
a gestaltic

perception
of the w

hole
sound 

ratherthan
as

a function
of som

e of its
feature

or com
ponent

(* )



Elem
ents

of 
Psychoacoustics



P
sychoacoustics

•
Psychoacoustics

is
the scientific

study
of sound perception

and audiology
•

Itstudies
the psychologicaland physiologicalresponses

associated
w

ith sound 
•

Itcan be furthercategorized
as

a branch
of psychophysics

•
Psychoacoustics

ow
es

its
nam

e
from

 a field
w

ithin
psychology

(recognition
science) w

hich
deals

w
ith hum

an perceptions
•

Itis
an interdisciplinary

field
of m

any
areas, including

psychology, acoustics, electronic
engineering, physics, 

biology, physiology, and com
puter science



O
verview

•
Source
–

Exciter(ham
m

er, reed, …
): provides

the energy
–

R
esonator: w

here
vibrations

reside, characterizes
the fundam

ental
•

V
ibrationalelem

ent(string, pressure w
aves, …

)
•

R
esonator(soundboard, body)

•
Transm

ission
m

eans
–

Environm
ent: sound propagation

–
“boundaries”: reflections, reverberations, absorption

•
R

eceiver(ear)
–

Transform
ation

in m
echanicaloscillations

–
C

onversion into
electricalsignals

–
Processing -identification



The sound pipeline...
•

Source
–

Exciter(ham
m

er, reed, …
): provides

the energy
–

R
esonator: w

here
vibrations

reside, characterizes
the fundam

ental
•

V
ibrationalelem

ent(string, pressure w
aves, …

)
•

R
esonator(soundboard, body)

•
Transm

ission
m

eans
–

Environm
ent: sound propagation

–
“boundaries”: reflections, reverberations, absorption

•
R

eceiver(ear)
–

Transform
ation

in m
echanicaloscillations

–
C

onversion into
electricalsignals

–
Processing -identification



The auditory
system



The auditory
system

•
E

arA
natom

y: "H
ow

 the E
arFunctions" 1940 

(K
now

ledge B
uilders)*

–
https://youtu.be/6-izelfgxm

w

•
H

ow
 the earw

orks
(Javitz)

–
https://youtu.be/qgdqp-oP

b1Q

•
H

ow
 yourearw

orks
-Inside the H

um
an B

ody: 
B

uilding Your B
rain (B

B
C

 O
ne)

–
https://youtu.be/r-c5G

poD
8w

I

* O
ld

butreally
good!





The ear
•

O
uter ear

–
Earlobe

(pinna)
–

H
earing

duct
•

M
iddle ear

–
The eardrum

transm
its

the vibrations
to the

–
Earbones, w

hich
am

plify
the pressure (and reduces
the m

otion)and pass itonto
the ovalw

indow
Inner ear

–
O

valw
indow

–
C

ochlea
= converts

vibrations
into

electricalsignals
•

Filled
w

ith liquid
(perilym

ph), the cochlea
is

divided
by the basilar

m
em

brane
•

The liquid
passes

through
an aperture (helicotrem

a) in the m
em

brane
•

Throughoutthe basilarm
em

brane are 30.000 haircells
(neural

receptors), w
hich

convertthe w
ave

m
otion

into
neuralpulses

•
Each

region
of the basilarm

em
brane is

m
axim

ally
sensitive to a different

frequency
•

R
esonance

frequency
doubles

every
3.5 m

m



S
tructure of the cochlea



Superposition
of pure tones: 

first-ordereffects
•

First-orderbeats
(originated

in the choclea)
–

2 sounds
atf1 and f2

–
Iff2 is

slightly
higherthan

f1 (up to f2 = f1 +15 H
z), w

e
perceive

a single sound atfrequency
f= (f1 +f2 )/2, w

hose
am

plitude
is

m
odulated

athalfthe frequency
deviation

Tone frequency
M

odulation
(beat) 

fequency

sin
(2⇡

f
1 t)

+
sin

(2⇡
f
2 t)

=
2
sin

✓
2⇡

f
1
+

f
2

2
t ◆

cos ✓
2⇡

f
1 �

f
2

2
t ◆

<latexit sha1_base64="DqcKl7onNU58+qtdAqN4kKF3Jpw="></latexit><latexit sha1_base64="DqcKl7onNU58+qtdAqN4kKF3Jpw="></latexit><latexit sha1_base64="DqcKl7onNU58+qtdAqN4kKF3Jpw="></latexit><latexit sha1_base64="DqcKl7onNU58+qtdAqN4kKF3Jpw="></latexit>



•
C

om
bination sounds

(originated
in the cochlea)

–
Perceived

even
ifthey

are note presentin the stym
ulus

–
Arise

from
 N

L distortions
in the m

iddle ear
–

Frequencies: f1 , f2 , f1 +f2 , f1 -f2 , 2f1 , 2f2

Tw
o sounds at 100 e 110 H

z
H

igher tone’s frequency gradually 
decreases to 100 H

z

S
uperposition

of pure tones: 
first-ordereffects



M
usical beats  (C

ook 2)
•

R
isset’s m

usical beats

•
100 H

z sound w
ith 7 harm

onics of m
agnitude 1/f

•
7 of such sounds w

ith fundam
entals 100, 100.1, 100.2, 

100.3, 100.4, 100.5, 100.6 H
z

•
7 such sounds w

ith fundam
entals 700.0, 700.7, 701.4, 

702.1, 702.8, 703.5, 704.2 H
z

synthesize the seventh partial of the previous exam
ple



S
uperposition

of pure tones: 
second-ordereffects
•

They
originate in the neuralsystem

–
2 sounds

atf1
and f2

–
S

e f2 is slighly
off 2f1 , then

the phase
difference

is
not

constant
–

W
e

perceive
a tone

beat atf2 -2f1
–

These
are no longeram

plitude
m

odulations
(first 

order), butcyclic
changes

in the w
aveshape



•
R

econstruction
of the fundam

ental
–

Sound w
ith f1 , 2f1 , 3f1 , 4f1 , …

 ®
perceived

pitch
= f1

–
Sound w

ith 2f1 , 3f1 , 4f1 , …
 ®

perceived
pitch

= f1

Tw
o

soundsat100 and 201 H
z

(beat frequency
= 1 H

z)

S
uperposition

of pure tones: 
second-ordereffects



C
onsonance

•
Sam

e frequence (pt. 1)
•

About a fourth: m
ax dissonance

•
About ½

 critical band: 40%
 

consonance im
provem

ent 

•
¾

 critical band: 80%
consonance im

provem
ent

•
1 critical band: 100%

 consonant



P
itch

Subjective
im

pression
of frequency

•
The frequency

corresponding
to the perceived

pitch
could

be m
issing

•
B

eing
a psychoacoustic

variable, itdepends
on 

subjective
sensitivity

(e.g. perfectpitch)
•

The pitch
of a tone

allow
s

us
to identify

the note on a 
m

usical scale 
•

Itis
generally

possible
to discrim

inate btw
1400 different

levels
of pitch, am

ong
w

hich
120 are com

m
only

used
in 

occidentalscales



P
itch

•
The Just N

oticeable D
ifference (JN

D
) is the sm

allest variation of frequency 
that w

e can perceive. It depends on sound intensity and frequency range
•

The ear is m
axim

ally sensitive in the 1-4KH
z range (speech) and this ability 

increases w
ith sound intensity

•
Low

est perceivable frequency: 20-30 H
z

•
H

ighest perceivable frequency: 15-20 kH
z (depends on how

 long an individual 
w

as exposed to noises and loud sounds)
–

Pure tone
–

C
om

plex tone (triangular w
aveshape) at the sam

e frequency
–

1 kH
z repeated tone that initially lasts 40 m

s and then it gets gradually 
shorted, dow

n to 2 m
s (w

e lose the ability to discrim
inate its pitch)

–
C

ello tone (harm
onic spectrum

) 
–

G
am

elan tone (inharm
onic tone)

Df/ f
(norm

alized
JN

D
) 

asa function
of f.

The N
o. O

n the curve 
denotesthe levelabove
hearing

threshold



P
itch

A sim
plified

m
odel for the JN

D
•

For m
edium

-intensity
sinusoids: 

–
At least3H

z for f< 600 H
z

–
About0.5%

 for f> 600 H
z   =   about2.5 m

el
•

Ifw
e

com
pare com

plex
sounds, w

e
obtain

ratherdifferent
results

(up to one
tenth)



P
itch

•
Structure. A

lm
ost all sounds that give a sensation of pitch 

are periodic. Their spectrum
 consists of harm

onics that are 
integer m

ultiples of the fundam
ental. 

The pitch of a com
plex periodic tone is close to the pitch of a sine 

w
ave at the fundam

ental. H
elm

holtz claim
ed that the pitch is heard at 

the fundam
ental since the fundam

ental frequency gives the low
est 

frequency peak on the basilar m
em

brane.

S
ound (the fundam

ental frequency of 200 H
z is present)  



M
issing fundam

ental
•

Seebeck
(and later Schouten) show

ed that com
plex periodic sounds w

ith 
N

O
 energy at the fundam

ental m
ay still give a clear pitch sensation at the 

fundam
ental (cftelephone speech -the telephone acts as a high-pass filter, 

rem
oving energy below

 about 300 H
z).                                                       

•
sound w

hich has N
O

 fundam
ental  

•
previous sound W

ITH
 the fundam

ental 



B
and-suppression 

m
ask centered on 

fund. freq.
Intensity

(dB
)

Is
the fundam

entalreally
m

issing?
•

E
ffect of m

asking on “virtual”pitch

M
asking does not elim

inate the pitch!
100

200
400

500
600

700



H
elm

holtz's place theory
•

H
elm

holtz suggested that the ear reintroduces energy at the 
fundam

ental frequency through a process of distortion that produces 
energy at frequencies corresponding to the difference betw

een tw
o 

com
ponents that are present in the spectrum

 (i.e. at the harm
onic 

spacing). Any pair of adjacent harm
onics w

ould generate energy at 
the fundam

ental
•

H
elm

holtz's explanation is w
rong because: 

–
a pitch at the fundam

ental is still heard in low
pass filtered 

m
asking noise that heavily m

asks its frequency 
–

a com
plex sound consisting of enharm

onic frequencies (eg
807, 

1007, 1207) gives a pitch that is slightly higher than the 
difference of 200.

–
the distortion only occurs at high intensities but low

 intensities 
still give the pitch. 

(* )



S
chouten's tim

ing theory 
•

Schouten proposed that the brain tim
es the intervals betw

een beats 
of the unresolved (see next diagram

) harm
onics of a com

plex 
sound, in order to find the pitch

•
Schouten's theory is w

rong because: 
–

pitch is determ
ined m

ore by the resolved
than by the unresolved

harm
onics 

–
you can still hear a pitch corresponding to the fundam

ental w
hen 

the tw
o consecutive frequency com

ponents go to opposite ears

(* )



P
itch

O
utput of 200 H

z filter

O
utput of 1600 H

z filter

The follow
ing diagram

 show
s the 

excitation pattern that w
ould be produced 

on the basilar m
em

brane separately by 
individual harm

onics of a 200 H
z 

fundam
ental. N

otice that the excitation 
patterns of the higher num

bered 
harm

onics are closer together than those 
of the low

-num
bered harm

onics. This is 
because the filters have a bandw

idth 
w

hich is roughly a tenth of their center 
frequency (and so is constant on a log 
scale), w

hereas harm
onics are equally 

spaced in frequency on a linear scale. 
M

ore harm
onics then get into a high-

frequency filter than into a low
-frequency 

one. The low
-num

bered harm
onics are 

resolved by the basilar m
em

brane (giving 
roughly sinusoidal output in their filters); 
but the high-num

bered harm
onics are not 

resolved. They add together in their filters 
to give a com

plex vibration w
hich show

s 
beats

at the fundam
ental frequency



P
attern recognition theories 

•
G

oldstein's theory states that pitch is determ
ined by a pattern recognition 

process on the resolved
harm

onics from
 both ears. The brain finds the best-

fitting harm
onic series to the resolved frequencies, and

takes its 
fundam

ental as the pitch.
•

G
oldstein's theory accounts w

ell for m
ost of the data, but there is also a 

w
eak pitch sensation from

 periodic sounds w
hich do not contain any 

resolvable harm
onics or from

 aperiodic sounds that have a regular envelope 
(such as am

plitude m
odulated noise). A theory such as Schouten's m

ay be 
needed in addition to G

oldstein's in order to account for such effects.
•

Evidence for there being tw
o separate m

echanism
s for resolved and 

unresolved harm
onics is:

–
pitch discrim

ination and m
usical pitch labeling (eg

A#) is m
uch w

orse for 
sounds consisting of only unresolved harm

onics;
–

com
parison of pitches betw

een tw
o sounds one having resolved

and the 
other unresolved harm

onics is w
orse than com

parison of pitches 
betw

een tw
o sounds both w

ith unresolved harm
onics. 

(* )



P
itch and intensity

•
P

itch as
a function

of the 
intensity
•

the pitch
of a 150H

z 
sinusoid

goes
dow

n of 
about12%

, (abouttw
o

half-
tones) as

the intensity
increases

from
 45dB to 

90dB
•

A descending
curve 

m
eans

thatfrequency
m

ust increase
in orderto 

keep
the perceived

pitch
constant



P
itch and frequency

tone
height(m

elscale)
doubling

m
els

m
eans

doubling
perceived

pitch



C
ategoric perception

•
Intervals

•
R

hythm
ic sequences

•
Voiced sounds

(* )



C
ritical band

•
Itis

the range
of frequencies

thatactivate
the sam

e
haircell

•
Itis

the range
of resonance

frequencies
thatcorrespond

to the 
haircells

of the sam
e

portion
of the basilarm

em
brane that

responds
to the sam

e
frequency

–
Itcovers

about1.2 m
m

 of basilarm
em

brane (about1300 
haircells)

•
Itdescribes

the ear’s
ability

to separate sim
ultaneous

sounds
–

N
otto be confused

w
ith the JN

D
 of the pitch

–
Itdoes

notdepend
on intensity

•
24 criticalbands

of about1/3 octave
cover the w

hole
audible

spectrum

Tw
o

sinusoids, one
fixed

at400 H
z, the othergoing

from
 400 

to 510H
z, w

hich
is

the lim
itof the criticalband (separation)



The critical band
•

The w
idth of an internal auditory filter

SensitivityB
andw

idth of frequency-specific auditory filter

Frequency



A
coustic intensity m

easurem
ents

•
Loudness

= subjective
im

pression
of sound 

intensity
•

Pure sounds, w
ith the 

sam
e

SPL and 
differentfrequencies
produce different
sensations

of intensity
•

Fletcher and M
unsen’s

isophonic
curves

•
Phon (Loudness

Level)
–

suono atx Phon = 
isophonic

curve atx 
SPL (1000 H

z)



•
P

hone scale is not a perceptive easurem
ent  (doubling phones does not correspond to 

doubling perceived intensity
•

S
on: every 10 S

on perceived intensity doubles

A
coustic intensity m

easurem
ents



Intensity
thresholds



Loudness in sones
•

H
alf sones correspond to half loudness 

•
Equal Loudness Exam

ples
•

W
hich sounds Tw

ice Louder? 5 or 10 dB
•

C
om

plex Sounds com
posed of partials



Threshold S
hift

•
E

nvironm
ental noise causes hearing loss (hearing 

threshold alteration)
•

D
epends on age and gender

–
M

ales are m
ost sensitive at low

 frequencies
–

Fem
ales are m

ost sensitive at high frequencies
•

The m
ost dam

aging noises are betw
een 2 and 4 kH

z.
•

C
auses

–
The noise causes blood vessels to shrink, w

hich reduces 
blood intake to hair cells

–
This causes tem

porary hearing loss
–

S
im

ilar to w
hat happens w

hen going from
 a brightly lit 

room
 to a dim

ly lit room



Threshold S
hift

•
Tem

porary Threshold S
hift (TTS

)
–

From
 24 hours to a w

eek
•

P
erm

anent Threshold S
hift (P

TS
)

–
Afterbeing

exposed
to the noise

for a long tim
e

•
C

hronic Threshold S
hift

–
W

hen
frequently

exposed
to noise

w
ithouthaving

tim
e to recuperate, 

TS can turn into
PTS (jack-

ham
m

eroperators, etc.)

•
D

am
age

assessm
ent(A) and 

recovery
tim

e (B) afterexposure
to a 

4 kH
z noise

•
C

urves
are estim

ated
for young

healthy
m

ales, based
on the results

reported
in

M
iller, "Effects of N

oise on People", 
Journal of the A

coustical S
ociety of 

A
m

erica,vol. 56, 1974, p. 734-5]

(A
)

(B)



C
ritical bands



C
onsonance

•
A

s a function of average 
frequency

•
D

issonance increases at 
low

er frequencies
–

D
ue to critical bands

D
egree of consonance of sim

ultaneous sounds



A
daptation

•
S

ensitivity
loss

due to the persistentexposure
to a sound

–
The sound seem

s
to gradually

dim
dow

n
–

D
ue to neuralcell’s

state of fatigue

•
Perceived

loudness
reduction

due to exposure
to a constanttone

(sinusoid), m
easured

in a 3 m
inute

interval[F.W
inckel, M

usic, S
ound 

and S
ensation,D

over, 1967, p. 104]
(A): constantSPL
(B): SPL doubles

after2 m
inutes

(C
): SPL halves

after2 m
inutes



Frequency
m

asking

•
G

enerate a 1 Khz
m

asking
tone

at60dB and a test tone
at

a differentfrequency
(e.g. 1.1Khz) and increase

the 
volum

e untiltest tone
becom

es
audible

•
C

hange
the test tone

frequency
and repeatthe 

experim
ent

•
Plot the result

•
The loudertone

m
asks

the test tone
atlow

erfrequencies
in the close

spectralproxim
ity, butitm

asks
the test tone

even
m

ore athigherfrequencies



Frequency
m

asking

•
Ifw

e
repeat

the 
experim

ent
w

ith m
asking

tones
at

various
levels

of loudness
w

e
obtain:



Tem
poral m

asking

•
After having been exposed to a louder sound, the ear needs 
som

e tim
e to be able to perceive a softer sound (of sim

ilar 
frequency)
–

Experim
ent: 

•
generate a 1 Khz m

asking tone at 60 dB together w
ith a 

1.1Khz, 40dB test tone
•

Interrupt first the m
asking tone and then the test tone

–
The louder tone w

ill m
ask softer adjacent tones w

ithin a certain 
variable tim

e threshold



Tim
e-frequency

m
asking



M
asking

•
H

igher frequency tone m
asks low

er frequency 
tone
–

500 H
z at 0dB

 w
ith –40dB

 tones at 300, 320, 340, 
360, 380, 400, 420, 44, 460, 480 H

z

•
Low

er frequency tone m
asks higher frequency 

tone
–

500 H
z at 0dB

 w
ith –40dB

 tones at1700, 1580, 1340, 
1200, 980, 860, 740, 620 H

z



A
uditory

S
cene A

nalysis
R
eferences

•
A.S. Bregm

an, P. Ahad, «D
em

onstrations
of Auditory

Scene 
Analysis: The PerceptualO

rganization of Sound»
•

Bragm
an’s

auditory
scene analysis

w
ebsite, including

com
m

ented
audio exam

ples
–

http://w
ebpages.m

cgill.ca/staff/G
roup2/abregm

1/w
eb/dow

nloadstoc.htm



M
usic theory

advanced
-https://youtu.be/K1zor-rq--A



A
uditory S

cene A
nalysis 

•
The brain needs to group... 
–

sim
ultaneously, i.e.separating out w

hich frequency 
com

ponents that are present at a particular tim
e have com

e 
from

 the sam
e sound source

–
successively, i.e.deciding w

hich group of com
ponents at one 

tim
e is a continuation of a previous group

•
A

uditory stream
ing is the form

ation of perceptually 
distinct apparent sound sources

•
Tem

poral order judgem
ent is good w

ithin
a stream

 but 
bad betw

een
stream

s
•

E
xam

ples
–

im
plied polyphony

–
noise burst replacing a consonant in a sentence

–
click superim

posed on a sentence or m
elody



G
rouping P

rinciples 
•

Proxim
ity 

–
Tones close in frequency

w
ill group together, so as to

m
inim

ize 
the extent of frequency jum

ps and the num
ber of stream

s
–

Tones w
ith sim

ilar tim
bre w

ill tend to group together
–

Speech sounds of sim
ilar pitch w

ill tend to be heard from
 the 

sam
e speaker

–
Sounds from

 different locations are harder to group together 
across tim

e than those from
 the sam

e location
•

C
om

m
on fate 

–
Sounds from

 a com
m

on source tend to start and stop at the 
sam

e tim
e and change in am

plitude or frequency together
•

V
ibrato

•
E

nvelope
–

A single com
ponent is easy to hear out if it is the only one to 

change in a com
plex



G
rouping P

rinciples 
•

G
ood continuation 

–
Abrupt discontinuities in frequency or pitch, can give the 
im

pression of a different sound source
•

C
ontinuity Effect 
–

Sound that is interrupted by a noise that m
asks it, can appear to 

be continuous. Alternations of sound and m
ask can give the 

illusion of continuity w
ith the auditory system

 interpolating across 
the m

ask



A
uditory scene analysis (31-37)

•
G

rouping by tim
bral sim

ilarity
•

B
regm

an S
tream

ing E
xam

ple
•

Yodeling (FranziLang)
•

S
tream

ing: Interleaved M
elodies

•
W

arren-style Loop
•

W
essel Loops

•
Interleaved m

elodies from
 m

usic

(* )



E
ffects

•
C

ocktail party
–

Tw
o speakers, one location

–
Tw

o speakers, tw
o locations

•
P

recedence effect
–

S
am

e voice on both loudspeakers
–

S
am

e voice, w
ith reversed phase, on both 

loudspeakers

(* )



Tim
bre

•
D

epends
on 

–
S

pectralcontent
–

Transients
–

R
elations btw

partials
•

H
arm

onic
ratio (frequencies

are m
ultiple of the fundam

ental)
•

H
arm

inic
series

(up to the16
°

) synthesized
w

ith sinusoids
•

Inharm
onic

ratio (frequencies
are notm

ultiple, e.g. 
–

Percussions
–

C
hinese

Tam
Tam

•
R

elations btw
phases

–
Tw

o
sinusoids

are in phase
ifthey

arrive
atthe sam

e
pointof 

the cycle
atthe sam

e
tim

e
–

Tim
bre is

perceived
as

a gestaltic
im

pression
of the w

hole
sound ratherthan

a function
of som

e of its
com

ponents

(* )


