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Acoustics

HTH

A The scientific study of sound, especially of its
generation, transmission, and reception

A Common units of measurement in Acoustics

Mass (M} M kilogram (kg) gram({g) Tkg=10'g
Time (t}) t second (s) s
Area (A) A m o’ 1 mi=10%cm?
Displacement (d) d meter (m) centimeter (em) 1m=10cm
Velocity (v) vedft mfs cmfs 1mfs=10° cmyfs
Acceleration (a) a=vt mfs! cmfs? 1mjfs? =107 cmfs’
Force (F) F=Ma kg - mfs* g-cmfs? 1N=10°dyne
=Mwit newton (N) dyne
Pressure (p) p=FlA Nim2 dynefem? microbar 2% 104 Njm? or
pascal (Pa} (ubar) 20pPa
{reference value)
2% 10~ dynefcm?
or pbar
(reference value)
Work (W) W= Fd N-m dyne -cm 1]=107erg
Joule erg
Power (P) P=Wjt joulefs ergfs Tw=1)fs
=Fdjt watt (w) watt (w) =107 ergfs
=Fv
Intensity (1) 1=P{A wim® wiem? 10 wim?
(reference value)
107 wjem?

(reference value)
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A Sound: air molecule pressure that sets the
eardrum in motion and leads to the
perception of sound.

A Noise: sounds that are unpleasant and
unwanted.
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A Most natural sound signals are
complex in shape. The signal
is composed of a number of

A Three examples of the . .
discrete frequencies at

relationship between the A

waveform of a signal in the individual levels present

time domain compared to its simultaneously.

spectrum in the frequency A The number of discrete

domain. frequencies displayed is a
function of the accuracy of the
frequency analysis.
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The human audible sound
pressure variations range
from about 20 ¢Pa to 100 Pa.

i 20 e¢Pa (0dB) is the quietest sound
that can be heard by an average 1
person, therefore is called the
threshold of hearing.

T A sound pressure of approximately
100 Pa (120dB) is so loud that it 0.001
causes pain, therefore is called the
threshold of pain. .

I The ratio between these two 0.000 01 —;@l
extremes is more than a million to 1.

Pressure, p A P
[Pa] o

100

10

0.1

0.01

0.000 1
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Facts

A The direct application of linear scales, in Pa, to
the measurement of sound pressure would
therefore lead to the use of enormous and
unwieldy numbers.

A Additionally, the ear responds not linearly but
logarithmically to stimulus.

A Therefore, it has been found more practical to
express acoustic parameters as a logarithmic
ratio of the measured value to a reference value
- a logarithmic ratio called a decibel or just dB.
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Decibels
Decibel Sound Pressure Level (SPL): o P
dB(SPL) =20LogE2-0Q
> 0
g ref —
Linear scale: Log. scale: Reference sound pressure: 20 [nPa]

Unwiedly numbers Managable scale

Sound Pressure, p &,y /7 4
a £

[Pal + hsound Pressure Level,
100 » P 140 [dB]
Lk
[y

120
10

1

80
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40
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0
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An increase of 3 dB in pressure (corresponding to 1.4
times) is just perceptible.

A change of 10 dB or 3.16 times is perceived as twice as
loud. There is no linear relationship between the
loudness level in dB and the perception by man.

Decibels (dB) Typical examples
140 Threshold of pain
130
120 Threshold of di fort
Change in Sound Changein ¢ T g e o7 pereme
Level (dB) Perceived Loudness "
100 Pneumatic breaker
g Just perceptible 90
5 Noticeable difference 8o Busy Areing
70
10 Twice (or 1/2) as loud - c .
oooooooooo
15 Large change 50
20 Four times (or 1/4) as loud “@ Living room
30
20 Quiet countryside
10
o Threshold of hearing
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A Young human beings can detect sounds
ranging from 20 to 20000 Hz
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Wavelenght and Frequency

The wavelength depend on:

1. the speed of sound
2. the frequency or period of interest

Table of Velocity of sound

Material Typical velocity
(o3
A=— (m/s)
f
air (0°C) 331
A =
1 | _" "_ L5 Air (20°C) 344
3 | IAEARANARA
/\/ 'HH'H'\'H“HHH“‘IH" Water (25°C) 1498
VVRVUVTVUY
Wavelength, 2 [m] Pine 3300
20 10 5 2 1 02 01 0gs
L1 TN A [ A Lol Glass 5000
I T T [T TTT T T[T T T TTTT
10 2‘0 5‘0 1c|)u zéo 500 1k 2k sk ook el 000
Frequency, f [Hz] Granite 6000
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ST SE S S

Objects placed in a sound field may cause diffraction.

But the size of the obstruction should be compared to the
wavelength of the sound field to estimate the amount of diffraction.

If the obstruction is smaller than the wavelength, the obstruction is
negligible.

If the obstruction is larger than the wavelength, the effect is
noticeable as a shadowing effect

Example Example
b=01m b=1m
%=0.344 m (~f=1kHz) 1=02344 m (~f=1kHz)
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A Diffusion occurs when sound passes through holes in
e.g. awall.

A If the holes are small compared to the wavelength of the
sound, the sound passing will re-radiate in an
omnidirectional pattern similar to the original sound
source.

A When the hole has larger dimensions than the

wavelength of the sound, the sound will pass through
with negligible disturbance.

~ T ~
~ 7-7.,.,___\;
A ) S Sy
A oK K |
’/\/v \"-l_ LN 2T\ N
_“’bT—'—.—’ .df\—* b—1—71|
Example Example.
b=0.1m b=05m
A=0.344m (~f=1kHz) 2 =0344 m (== 1kHz)
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A When sound hits obstructions large in size compared to
itdéds wavelength, reflection

A If the obstruction has very little absorption, all the

reflected sound will have equal energy compared to the
incoming sound.

Source ; Source

7 7T
i
I
Ve

5w

Imaginary Source
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A Near field: Locations close to the sound source between the source
and the far field. The near field is typically characterized by large
sound pressure level variations with small changes in measurement
position from the source.

A Far field: That part of the sound field in which sound pressure
decreases inversely with distance from the source. This corresponds
to a reduction of approximately 6 dB in level for each doubling
distance.

A Free field: An environment in which a sound wave may propagate
in all directions without obstructions or reflections. Anechoic rooms
can produce such an environment under controlled conditions.

A Diffuse field: An environment in which the sound pressure level is
the same at all locations and the flow of sound energy is equally
probable in all directions. L{_ Hewr , Farfed

field

Free field Reverberant field
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A Reverberation room: a room with hard reflecting
surfaces, all the energy will be reflected and a so-called
diffuse field with sound energy uniformly distributed
throughout the room is set up.

A Anechoic room : In a room with highly absorbent
surfaces all the energy will be absorbed by the surfaces
and the noise energy in the room will spread away from
the source as if the source was in a free field.
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Psychoacoustics
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A Psychoacoustics: deals with perception of
sound. How we perceive physical

attributes.
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E Psychoacoustics
A Pitch
A Loudness
A Timbre
ngjrg‘;g‘hﬁggg;egg;m]; Pitch vs Frequency
A Pitch: Term used to A Frequency: number of
describe the subjective cycles per unit of time.

impressions of the . soycles
Ahi ghnessii or Al ofwAheSshA of

a sound. . time
AASA: At hat at'&t‘LrJnftSbHuzte of

auditory sensation in
terms of which sounds

may be ordered on a /
musical scal %
A Pitch relates to / ; .

frequency. |
A Unit: mels.

10
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Pitch vs Frequency

A Subjective aspect of pitch
can be measured using a
unit called mel.

A 1000 mels is the pitch of
1kHZ tone at 40dB SL.

A Frequencies can be
adjusted:
i Twice as high: 2000 mels
i Half as high: 500 mels

A dass6 = |l ow pitec

3500

3300 [=omr ot - 3300 Mel§ ------mrm-mrmrmemmmmeeeees -

Pitch in Mels
8
8
==

1500 | X2

1000.|

16,000 Hz

500

0

K= X3=

10 20 50 100

200

500 1000 2000 5000 10,000 20,000
3000 16.000

Frequency in Hertz

A dreble6 = high pitch
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The ear is more sensitive to F, differences in the low
frequencies than the higher frequencies. This means that:

300vs. 350 |

3000 vs. 3050

That is, the difference in perceived pitch (not F;) between
300 and 350 Hz is NOT the same as the difference in pitch
between 3000 and 3050 Hz, even though the physical

differences in F, are the same.

g
300-350:

<
3000-3050:

11
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Pitch of Complex Tones: Missing
Fundamental Frequency

A The pitch of complex tones depends to a large extent upon the
perception of the harmonics in the sound as opposed to the place of
maximal displacement along the cochlea.

A It would seem that it is the harmonic structure that determines our
perception of pitch, rather than simply the frequency of the lowest
harmonic that is physically present in the signal.

A ltis as though our brains calculate the difference in Hertz from one
harmonic to the next to decide what the real "pitch" of the tone is.
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200 Hz
Missing
Fundamental

Amplitude

200 400 1600 1800 2000 2200 2400
Frequency (Hz)

Pitch of complex tones: Missing
Fundamental Frequency

A The pitch the ear and brain "hear" is in each case not
based on the lowest frequency component.

A 1t can be "hear" rather the tone as having the pitch of the
original fundamental frequency, even when it is not
physically present in the signal!

Amplitude

Amplitude

FO

!

<l

W Normal Fj: <&

No FO

Same sighal, but with the fundamental
(and several harmonics) missing

F, Removed: <=

<

Frequency (kHz)
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Loudness vs Intensity

A Loudness: the A Intensity: amount of
subjective impression sound energy per unit
of the power of a of area. | . gy Power
sound. Area

A Term to relate
intensity of a sound.
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A Sounds of different frequencies are not equally audible.

A Loudness depends on frequency: Equal Loudness Contour
curves

A The unit for loudness level is phon. Sone refers to the
comparison of the loudness of a 1000Hz tone at different

intensities. 40 phons curve: All the
Equal-loudness-contour sounds on this curve
N N LT L 110 - sound equally loud, i.e.,
100 NN TR 100~ i~ they have the same
.~
" NN T~ ] 50 NI, loudness level.
< w0 \\‘ N ::\‘ 11180 N, The phon corresponds to
2 | NI 70 af.ainN the number of decibels at
S ol DN 2 T~IAARY 1000Hz
R\ SRS ~
§ 3
£ N 20 TSN LAATN — 40 Phones
% = NN 30 1/ vi
& TN 20 ekt A
- 20 ..". 10‘\_/ .v""
o A e e P, 4 H
100 1000 ~+" 10,000

Frequency {Hz)
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At hat atribute of auditory
listener can judge that two sounds similarly presented
and having the same | oudnes

A Different voices and instruments are recognised as
having a different quality when making the same note.
This individual timbre results because different
instruments produce different mixtures of overtones that
accompany the fundamental.

Fundamental

Harmonics (overtones that produce Timbre)

INTENSITY
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A Timbre differences are partly related to
differences in spectrum envelope- differences in
the relative amplitudes of the individual

harmonics.

% 4

2 A Vialin z Trumpet X

g / = .-"\___//\\, \

S e =LY

LI |

Frequency -= Freguency -=

é Clarinet ™ é French Hern

N e
| | | [ 11T
Frequency -= Freguency -=
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Source Localization
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A Source localization: Ability to determine
the specific location of a sound source.

A Binaural hearing: general term used to
describe the nature and effects of listening
with 2 ears, instead of one.

A Binaural fusion:separated signals received
by the 2 ears are perceived as a single
fused auditory image.

15
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o e Y
Localization Cues: NN i - Ay
A Interaural Difference Cues |
(Binaural): “
i ITD &%=t
T ILD T Y
ADupl ex -Bdnatbr y i ayd : :' \\\\\ &
A Directional Filter of the External /-~ | AN
Ear - Elevation \
A Active Head Movements
S 71 TN
o —=w [ )
——— i\ L J
(2707

. Medial Plane (Elevation)
Horizontal Plane (Azimuth)
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Head-Related Transfer Function (HRTF) or Anatomical Transfer
Function (ATF).

A HRTF: reflects accum_ulated Azimuth effect: HRTF are different for the R ear
effects of factors that influence when the loudspeaker is at an azimuth of 45° to
the sound tra\/e"ng from the the right compared with when is 45° to the left
sound source to the eardrum (45°vs 315°), morphology of curve also changes.
including acoustical shadows, ®
reflections, and difraction due =l oy R

to the head and body, as well
as the ear canal resonance.

15 - LOB
Naar Ear

Gain at the Eardrum (dB)
@
T

A HRTF is an individual function ) —_— —t
for every person and every s @ ~ N
sound source location. ol \

LORFZ’EEI \I

2000
3000
4000
5000
6000

000

1000

000

300

4000
5000
6000
8000
10000 - €

Frequency (Hz)
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Pinna Transfer Functions

A Useful to determine elevation
and front-back direction of a
sound.

A The Pinna effectively adds a
directional earprint to the
sound spectrum.

A The Pinna-induced
amplification pattern is
direction dependent as the
underlying acoustic depend on
the angle of incidence of the
sound waves to the Pinna.
(specially for frequencies
above 3-4 KHz)

‘
A Spectral cues are of major Frequency (kHz)

Ior? 28523 Ceelef\?;tﬁgre‘l gﬁacﬁg?]?r] Figure 4 Directional spectral earprints of the author's right pinna. Top: Ampli-
tude of the pinna transfer in the frequency range 1-20 kHz for sound elevations

back angle- [—40, —35, .., +-55] deg in the vertical median plane (curve thickness increases with
elevation). Note that the pinna can cause a substantial amount of amplification
and attenuation, and that these effects depend on sound direction for frequen-
cies above 4 kHz. Bottom: The same data shown in the elevation-frequency
plane. Amplitude now increases with intensity. Nete that peaks and valleys vary
systematically with elevation at the high frequencies.

&
3

Magnitude transfer (dB)

Elevation (deg)
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A Head shadows: occur for frequencies that can be obstructed by the head,
i.e., wavelenghts that are shorter with the size of the head, specially fover
1.5kHz.

Acoustic shadow

®)

X \ \

200 Hz \ “ é (
o | |

| | |

(@
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Interaural Difference (Binaural) Cues:

ITD

A Difference between the times
sounds reach the 2 ears.

A Robust and powerful for
horizontal localization.

A When distance to each ear is
the same, there are no
differences in time.

ITD for different directions:

Interaural time difference (msec)
e o
\\

,n"/ \

o

€ 20" 40 60" 80" 100 ”‘2(- x (\ 160" 180°
Straight  Direction of sound source  Directly
ahead behind

A When the source is to the side

of the observer, the times will
differ.

A ITD: It constitutes a localization

cue for low frequencies (up to
about 1.5 KHz). The auditory
system apparently chooses to
ignore this cue for higher
frequencies.
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‘ ‘Firure L1 Rayaigh’s spbacical boad model i herizoenl lass

\ m="(g+smg)  —gl2<6<ni2 )
c
vl
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Interaural Difference (Binaural) Cues:

ILD

A Difference in sound pressure
level reaching the two ears.

A Second important cue for
horizontal localization.

A Reduction in sound level
occurs for high frequency
sounds for the far ear.

A The head casts an acoustic
shadow.

A ILD: Intensity differences serve
as a localization cue for high
frequencies (above
approximately 1.5-2 KHz).
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