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Greek amphitheater acoustics

Skene (SKAY-nay)
(Greek: tent) Building behind the orchestra;

corresponds to the Roman scaena or scaenae. Logeion (LOH-gay-on)
fj"f"':ff'T-'f' e e —— . (Greek: a speaking place)
f Greek stage. Latin: pulpitum.

Hellenistic Reconstruction

Proskenion (proh-SKAY-nee-on;
proh-SKEE-nee-on)

(Greek; Latin: proscaenium) Also called the okribas. Front wall of the stage; an acting area which projected

in front of the skene (proskenion literally means "something set up before the skene"); in Classical Greek theatre,
the ground-level portion immediately in front of the skene was used as an acting area; in Hellenistic period,

the proskenion was a raised platform in front of the skene; the skene eventually included two levels, a lower level
with a roof (the Hellenistic logeion or stage) and the second story skene with openings for entrances (thyromata).
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Winspear Concert Centre
Edmonton, Canada
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“Good” acoustics

Standards for "Good” Acoustics:

@ Clarity ..little overlap of sounds

® Uniformity ..everywhere the same
®Envelopment  ..sound from all directions
®Smoothness ..N0 echoes

®Reverberation ..appropriate length of time
@Performer satisfaction ..reflected to stage

®Freedom from noise ..no competition
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Cardinal principle

Cardinal Principle of Room Acoustics

The temporal, spatial, intensity and phase
relationships between the direct and reflected
sound ultimately determine the quality of the

acoustics in a room.

A room is an instrument that can dull the most
illustrious performance by the most
accomplished musician, or

it can increase the pleasure of listening.
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Haas effect

® The earliest sound that arrives determines the sense
of the origin of a sound, even if the later (<35 ms)
reflections are louder.

e When the same sound arrives several times within
about 1-35 ms, we hear ONE sound, located where
the FIRST arrival comes from, even if a later
reflection is louder (up to about 10 dB louder).

e Beyond = 35-50 ms the reflection is heard as a
separate echo. (Locating a source from the time
difference between the two ears is a different
mechanism, the interaural time difference).

(aka Precedence Effect, phenomena was first identified by
Helmut Haas at the University of Gottingen around 1949.)
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Reverberation

Raverozrdant Sound
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Reflected sound

Energy Lost in Reflections:

®The sound reflects many times, each time losing
energy to the reflecting surface.

®The quantity « is the absorptivity of the
surface.

® The intensity of the sound that is lost in a
reflection is AI_; = « I;.
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Absorption coefficient

The intensity of the reflected wave is
:[reﬂec’red= (1—0() Iin'

Values for «, the absorptivity, for many types of
surfaces have been measured and appear in
extensive tables.

Material o« (at 500 Hz)
Acoustic tile 0.6

Plaster wall 0.1

Concrete 0.02

Person 0.8 (X1 m2)
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Reverberation time

Woallace Sabine

(Harvard professor 1868-1919)
Asked: "How long will it take for the
sound to die down to 1 millionth (-60 dB)

of the initial value?”

The reverberation time is the
time for the intensity to decay
by a factor of 10 -6 (i.e. -
60dB) of its initial value.
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Sabine |

Typical loudest crescendo
of orchestra.

100 dB

60 dB drop used to
define the standard
reverberation time.

Y

Typical room
background level.

40 dB



| ~Lo I=1 - 10-(6t/Tg)

An f:%;TR~1/10 I,
Pressure I\ n “ A I\ Adnn ANV |
Amplitude UUVUUVUVUV F="Te

~1/100 I,

Time (ms)
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A pattern of echoes that

slowly dies away
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Effect of Echoes

¢ ASA demo 35 Speech in 3 rooms
and played backwards so echoes are
more clearly heard



Sabine’s equation
The Sabine Equation:

I=1I - 10 -6(/Tr)

o

T, = 0.161 V/S,

0.161 s/m = 24 |In10/v (v=343 m/s, V in m3, Se in m2 sabin)

V is the volume of the room.

S, is the "effective surface area” of the walls S, ,
floor S, and ceiling S; (in sabin) etc.

« is the absorptivity of the surface (in table)

S, =a; S; + a, S, + a3 S5+ o, S, +...
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Reverberation in a room &)

=

Se= S + @S, +23S; + 4, S, +asSg + S,

| o/
Y

TR - 0.161 Vlse
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 Where did this (magic) equation come from?

The time required to reduce the SIL by 60 dB is equal to the number of times the
sound reflects multiplied by the time it takes (on average) to make a trip across the

room: T, = N . KT

reflections

10 -6 = (1- o() Nreflections

-6 = Nreﬂec’rions Log(l- O()
N = -6/Log(1- o)

=13.8/a

reflections

N

reflections

The average time is the average distance traveled between reflections divided by
the speed of sound: <> = <d>/v,

the average distance traveled between reflections is the MEAN FREE PATH,
<d>=4V/S

For a cube with side d: d = 6V/S = 6d3/(6d?), so d) = 25 d = 4V/S

Tp = (13.8/a) - (%) (6 V/S)/v = (55.2/v) V/(«S) = 0.161V/(«S) = 0.161 V/S,
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What is the reverberation time for 500 Hz sound in a
concrete room that is 3 X 3 X 3 meters?

T, = 0.161V/S,
V is the volume of the room= 3x3x3 = 27.0 m3.
Walls S; = 4 (3x3 m2 )= 36. m2),
floor S, = 9.0 m2
ceiling S3 = 9.0 m?

a=0.02
S, = (0.02)(36.) + (0.02)(9.0) + (0.02)(9.0) = 1.08 mzsabin

Ty= 0.161V/S,=0.161(27)/(1.08) = 4.0 sec
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Why have reverberation (re-speaking)?

To even out the sound intensity throughout the
audience.

To permit the sound to reach greater intensity.

To give a "fullness” or "presence” to the sound.

The downside? Clarity and precision.
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Reverberation evens out the sound:

Beyond r, (aka “critical distance” or “room radius” )the

sound intensity is much more uniform than it would be if
there were no reverberation.

ry is the distance beyond which the reverberant sound
intensity is greater than the direct sound intensity.

100 1
— =~ direct only (1/r? law, no reverb)
----- reverberant field
95 - w total, with reverb
r = ry: direct = reverberant,
90 - total = +3 dB
m 85 -
Z
= ~
n Y0 R L L i
75 1
70 A
0.1 0.2 0.5 1 2 5 10

r/rq
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Intensity vs. time

First reflected
sound

_Direct
sound _—*@

A long delay between the

direct sound and the first
reflected sound makes the
listener feel a degree of isolation.

reverberant
7 sound

) LS
direct / first reflected
sound sound

Intensity

less reverberation

more reverberation

-

Time
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Presence

® Reverberation gives to sound “presence”.

¢ The tail of every note is overlapping to the next one
creating an harmonic chain...

Source
Room sound

Background

Intensity

Acoustics-Room acoustics



Clarity

®¢Too much reverberation reduces the clarity of the
sound

Source
W '/
Dry” sound

"Boomy” sound

/

Intensity

Time
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What happens to the sound after many reflections?
Does sound go on forever?
Where does the sound energy go?

Heat is "disorganized” motion of the air
molecules.

When the sound intensity drops below the
ambient it is masked and lost for ever.
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Recommended reverberation

Depends on the use and on the size! Design Equations:
Trccornmcndcd =R VYV,

R = 0.06 s/m for lecture, 0.07 s/m for music

Lecture Hall Room, V =1600 m3, T .= RVV = 0.7s (speech) or 0.9s (music)

w

N

b

Reverberation Time (s)

100 1000 10000
Volume (m3)
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Room Volume (cubic feet)
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Quality factors

® Liveness: rich sound for the various frequencies
® Fullness: high ratio between reflected and direct sound

® Clarity: good comprehension of the sound message

8 55 Notre Dame. Dramatic for the big

f ’ pipe organ, but don't make a speech.
. . "Muddy ", severe loss of articulation,
Highly reflective 9.5 S can't understand speech.
surfaces lengthgn f Good nogs Bad oS
the reverberation 3 § g | Fuller, richer musical Some loss of articulation,
time. i s.oun.d. The organist would more difficulty
j like it. understanding speech.

For a general purpose

auditorium for both 1.5to 2.5 seconds
speech and music:

%, Good news Bad news
Absorbing surfaces Clearer articulation of Loss of richness and
shorten the ls speech. Desirable for fullness, not a desirable
% lecture halls, speech only. place for music.

reververation time.
2 5 "Dead" sound, difficulty hearing in back,
% loss of bass in back.

No reverberation gives pure
S inverse square law behavior.
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Quality factors

eWarmth: solve the loss of basses (different T))

\\ N | Equal loudness in phons r |
‘ ||
Assume that the close listener Although the dB levels of the 120 | . 110 4
hears both the low bass at 30 Hz two sounds will drop by the o N — 7
and the midrange frequency 2000 Hz same amount. the loudness © 100 \ Low frequency sound 100 et i
at the same loudness of 80 phons. - of the low frequency drops Ee) N\ drops 20dB but ’
Because of the difference in hearing | By the inverse |56 than than of the high 8 30 phons because of 20 \
sensitivity, the dB levels required square law, each frequency because of the ear's ear's discrimination. 80 -\L
are 30 Hz, 103 dB, 80 phons \';f“}hderso; 'sy"e's discrimination against bass. c 80 mue- : f
= 70 |\, High frequency
2000 Hz, 76 dB, 80 phons 20 dB at 200 ft. 30 Hz, 83 dB, 50 phons ‘? ) sound drops by
<~ 2000 Hz, 56 dB, 60 phons  “® g ’ 50 20dB and 20 phons.
201 200 f & \ === L=
N a \;g o | 50 —~ I}
: - c ‘ ’,.\v
Bass and treble perceived Bass perceived to be only half as — 40 ~ 40 \ ~— ]
as equally loud. loud as the treble by the rule of thumb. E N ~ -'-‘30 :rEl ,ﬂﬂ
, . (-
8 Distance increases by a -
factor of ten. o
4 o
g
22 Royal Albert Hall, London
@ 1 : :
£ 3 |- Kennedy Center, : :
'E Washington : 5
S : :
§ . .
Q2 |- : : :
£ Symphony Hall, Boston "
°>> ' N ' N .-I
) i L i ' Q
T ' 'S 'O
[ 10 | HA |
100 1000 10000
Frequency (Hz)
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Quality factors

® Intimacy: feeling "near” to orchestra. Room is said to be
“intimate” when the first reverberation arrives within 20
ms of the direct sound

"Cloud”
: First reflected

".'_.l-""..'“'.'. . \s\.\\\ Sound
ﬁr— Direct TN,
sound —"l@

A long delay between the
Added direct sound and the first
reflection reflected sound makes the
] listener feel a degree of isolation.

reverberant
/" sound

LS
direct / first reflected
sound sound
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Quality factors

Homogeneity: avoid echoes, acoustic shadows, focalizations

Echo can be defined as a reflected sound whose intensity is louder than
normal reverberations, and can be caused by focusing surfaces or too
reflecting ones. One can then use anti-focusing elements.

Ellipse . Parabola
Highly reflective flat Angled side walls Sometimes the side walls

parallel walls are to spread the sound are broken into angled

be avoided since they and contribute to seqments or anti-focusing

produce a "flutter echo” surfaces are used for dispersion.
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Echoes & Resonances

Highly reflective flat or
parabolic wall shapes

Flutter echos from ,
parallel walls e

between parallel walls
Axlal Tangentlial Oblilque




Each room mode is a damped resonance:
amplitude decay rate 5 = 3 In10/T, = 6.9/T, (energy falls 60 dB in T)
= half-power width Af = 8/m = 2.2/T, (Hz)

Number of modes per hertz (modal density) grows as f° (Weyl):

dN/df = 4V f2NV°
leading term; rigid walls add S f2/(4v?) + L_ f/(8v) to N(f): important at low f

Schroeder (1954): the field is diffuse when = 3 modes fall in one width:

(dN/df)-Af = 3
3
Fs :\/ am 22 V= 2000 F e

Below f.: a few separate modes, level changes from seat to seat and note fo note —

modal picture (bass “boom")

Above f.: many overlapping modes, smooth and uniform response —
diffuse field: Sabine/Eyring, rays and T, make sense

Longer T, = narrower resonances = more modes needed = higher f,
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Schroeder frequency: examples ‘&)

8 Room 6 X 4.5 X 3 m, Tg = 0.8 s: every mode drawn as a resonance of width 2.2/Tg 15
E separate peaks : fs = 199 Hz overlapping ~
< A 10
S S
- MM”M ‘ “h ll | H'|
; + Mm* il!u' :
g ;.1 , ) \ * ‘ ’ ‘ 6 =
[ - , -
c | ‘ | ‘ ’,',u! “”/‘ “H‘i‘ ‘l‘ll." 4 8
o B A A ” 1 I lth;l'lH'! O
§ | ) \ “ ‘ \"W \“w'\ “\ N ) ‘\"U " l‘ ‘ H “ " “ “ '.* ‘,' “ . ’o'm'o r*” ' T > 3
o |/ LA /uﬁ ,,}‘..,,wu.s‘ m ‘ by ) AR o1 RPN . S
g 50 100 150 200 250 300 350 400
frequency (Hz)
room volume V reverb. time Schroeder freq.
Small room 6 x 4.5 x 3 m 8l m’ 0.8 s ~ 200 Hz
Concrete cube 3 x 3 x 3 m (our example) 27 m? 4.0 s ~ 770 Hz
Lecture hall 1600 m’ 0.7 s ~ 40 Hz
Concert hall 15 000 m? 2.0 s ~ 23 Hz

Seismology preview: the Earth too has separate free oscillations at low f and a diffuse coda at high f.
M. R. Schroeder, Acustica 4, 594 (1954); J. Acoust. Soc. Am. 99, 3240 (1996), "The 'Schroeder frequency' revisited".
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. Counting modes: 1-D, 2-D, 3-D

string (1-D)

circular membrane (2-D

room6 X 4.5 x 3 m (3-D)

0 1 2 3 4 5 6 7 8
frequency / fundamental
dimension number of modes N(f) dN/df consequence
1-D: string, pipe N =~ 2L f/v constant evenly spaced, harmonic: melody
2-D: membrane N = A f2/v? « f crowding, inharmonic: drums
3-D: room N =~ 41V £3/(3v°) « f2 crowding fast: diffuse above Schroeder f

Leading terms (Weyl 1911): they depend only on length, area, volume, not on the shape.

Next: the Earth, a 3-D elastic body: free oscillations at low f, travelling waves and a diffuse coda at high f.
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