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1 Geometrical Acoustics KLrfter Sebr-R§as. Propofitio L

in fealicher THonsverffender Windel ift gleich dern surficks
¢ w::l‘flcnzuf oa?wrubtgtben fovielift/ toie der Thon-AincPel

Sound wave and sound ray iﬁﬁonbcr@teﬂtzatggggé ::froiftaumwro
url L +

E
The path of a sound wave can

also be considered as a straight
line or sound ray.

D ¢

Angle of Incidence = Angle of Reflection
(Kircher 1684, p. 12-13)
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The path of a sound wave can

also be considered as a straight
line or sound ray.

So it is possible to describe the
path of sound rays with the laws
of optics.

D ¢

Angle of Incidence = Angle of Reflection
(Kircher 1684, p. 12-13)
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1 Geometrical Acoustics KLrfter Sebr-R§as. Propofitio L

€in jealicher THonsver fender Windel 1ft gleich dem surficko
foerffenden / oder ieldyes ebenfo viel ift/ fvie der ZThon-Winchel
Sound wave and sound ray iﬂﬁonbcr@teﬂti:egggrgﬁ ::;roiftau@neuro
Tl +

E
The path of a sound wave can

also be considered as a straight
line or sound ray.

So it is possible to describe the
path of sound rays with the laws
of optics.

. . ¢
The most basic law is here: b
angle of incidence = angle of elo of Incie rclo of Refloct
reﬂection ngle or incigence = Angle or keriecuon

(Kircher 1684, p. 12-13)
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1.1 Reflections on Straight Surfaces

Srepgebender Lebr-Sag. Propofitio XI1L.

Wann das Stim-centrum odey Sﬂittd-[éun& in die SRitteeines
Hohten BiersS b8 geflellet wird/fo fvitd bie aubgelapne Stimm oder

Xfon vicefad Dermefres ju iftem centro oder Mitedl-
punéten foiderfommen.

Reflections on
sound rays starting
from the center of
= a square-shaped
room
(Kircher 1684,
p. 24-25)

Beiter/ twann die Stimm oder Thon auf A. Fome/ und der wiberhallende Gegen:
Stand oder Fandfene BC. ein Thurn eines Berges ; So fag ich/ daf die Stimm auff
A in B. und von bannen in V {challe.  Die rfach ift eben twie m vorgehenden ; dann rerl
die @timm ober Thon {chrdg ober fehlemsin B fallet / fo muff nobtwendig die Stimm
o B I CV V oF gleidyvinclelicht in V. roiderhallen/ und Das turde eben aud gefchehen/ oann die Stims

i me aufsV. Edme/ fo tourde der ABider-Hallin A, gefcheben/ toie die Figur augtoeifet / auf
toelhem befagts und ertifenem roir folgende reguln machen,

Angle of Incidence = Angle of Reflection
(Kircher 1684, p. 15)
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1.1 Reflections on Straight Surfaces N ‘

In the case of a reflection on straight surfaces, one

/ >
. | A ¥
speaks theoretically about a mirrored sound ‘é - “K
.
AN

source behind the surface from which the sound >1
rays can be calculated.

1 Einfallswirkel
A Ausfallswinkel

Reflection on a straight surface
(Sy: original sound source,
S,: mirrowed sound source)
(Cremer 1948, p. 17; Cremer 1978, p. 21)
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1.1 Reflections on Straight Surfaces - ! ‘

3
N

/ >
In the case of a reflection on straight surfaces, one /7
speaks theoretically about a mirrored sound é P ‘*&
.
SN

source behind the surface from which the sound >1
rays can be calculated.

Reflection in a right angle . )
(S,: original sound source, ~C_ Einfallswinkel
S,: mirrowed sound source) ﬁ winkel

(Cremer 1948, p. 19; ] '_qus'faus €
Cremer 1978, p. 24) Reflectlop on a straight surface
(Sy: original sound source,
X )
S,: mirrowed sound source)

(Cremer 1948, p. 17; Cremer 1978, p. 21)
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1.1 Reflections on Straight Surfaces

Reflection at an obtuse angle -> sound gets scattered
There are two sources of sound in each case,
rays are deflected outwards along the wall angle.
(Sy: original sound source, S;: mirrowed sound source,
y S,: 2nd order mirrowed sound source)
(Cremer 1948, p. 20; Cremer 1978, p. 24)

-_ - . e s I

Reflection at an acute angle -> Sound is concentrated
There are two reflected sound sources each,
rays are deflected inward along the wall angle
(Sy: original sound source, S,: mirrowed sound source,
S,: 2nd order mirrowed sound source)
(Cremer 1978, p. 24)
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1.1 Reflections on Straight Surfaces

All rooms limited by large straight surfaces
lead to an equal distribution of sound rays
after a few reflections (i.e. diffuse =
statistically distributed sound field).

en

Sound propagation and reflexions inside a rectangular room (Cremer 1948, p. 22; Cremer 1978, p._25)
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1.1 Reflections on Straight Surfaces

I el i i e

They also lead to an omnidirectional sound Reflections inside an

distribution, if opposed parallel walls with oblique-angled room
il f ided (-> b ti (Cremer 1948, p. 26;
similar surfaces are avoided (-> reverberation). Cremer 1978, p. 29)

ey

=7

Sound propagation and reflexions inside a rectangular room (Cremer 1948, p. 22; Cremer 1978, p._25)
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1.2 Reflection and Wavelength

b>A ; Op=0,
spiegelnde Reflexion

<
1.) Wavelength is smaller than the reflecting %ﬁﬁ | i "
surface: mirrowed reflection diffuse Reflexion

(angle of incidence = angle of reflection)
N <<

E’e H Ba

The type of reflection depends on the relationship
between wavelength and reflecting surface:

N

bc?\,;ﬂezﬁa

spiegelnde Reflexion

Reflexions on a surface with
structures having the width b,
dependent on the wavelength
(Fasold, Veres 2003, p. 104)
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1.2 Reflection and Wavelength

b>A ; Olg = Oy
spiegelnde Reflexion

The type of reflection depends on the relationship
between wavelength and reflecting surface:

1.) Wavelength is smaller than the reflecting ﬁﬁ' e

surface: mirrowed reflection s eleen

(angle of incidence = angle of reflection) S
N >N

2.) Wavelength corresponds approximately to Be 71 Pa

the size of the reflecting surface: non-directional, | e<aip -8,

spiegelnde Reflexion

diffuse reflection

Reflexions on a surface with
structures having the width b,
dependent on the wavelength
(Fasold, Veres 2003, p. 104)
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1.2 Reflection and Wavelength

b>A ; Olg = Oy
spiegelnde Reflexion

The type of reflection depends on the relationship
between wavelength and reflecting surface:

1.) Wavelength is smaller than the reflecting ﬁﬁ' e

surface: mirrowed reflection s eleen

(angle of incidence = angle of reflection) S
N >N

2.) Wavelength corresponds approximately to Be 71 Pa

the size of the reflecting surface: non-directional, | e<aip -8,

spiegelnde Reflexion

diffuse reflection
. . Reflexions on a surface with
. structures having the width b,
3.) Wavelength is larger than the reflectin
. . dependent on the wavelength
surfgce_. np reflec?tlon, or only at a larger surface (Fasold, Veres 2003, p. 104)
behind it (if there is one)
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1.2 Reflection and Wavelength D

Diffraction: Whether a sound wave is
reflected or diffracted at an obstacle
is determined primarily by the size of
the obstacle compared to the
wavelength of the sound wave.

Reflection and diffraction on a wall and on a gap
(Cremer 1978, p. 10)
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1.2 Reflection and Wavelength D

Diffraction: Whether a sound wave is
reflected or diffracted at an obstacle
is determined primarily by the size of
the obstacle compared to the
wavelength of the sound wave.

Time Wavelength  [Frequency
1s 340 m 1 Hz

0,1s (100 ms) 34 m 10 Hz

0,01 s (10 ms) 3,4 m 100 Hz
0,001 s (1 ms) 34 cm 1000 Hz
0,0001 s (0,1 ms) {3,4 cm 10000 Hz

Standard values for wavelengths at c=340 m/s
(c = speed of sound)

Reflection and diffraction on a wall and on a gap
(Cremer 1978, p. 10)
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1.3 Room Modes (Standing Waves)

In the rise of a diffuse sound field in rooms, standing
waves may occur at wavelengths corresponding to a
distance of two walls (or their multiples):

3 2
Axial
room mode

room mode



wigﬁrsnat Musicological Department

Reflection gives Satisfaction

1.3 Room Modes (Standing Waves)

7 >

In the rise of a diffuse sound field in rooms, standing

- Axial
waves may occur at wavelengths gorrespondlng to a oom mode
distance of two walls (or their multiples):
If walls (or floor and ceiling) are parallel facing each
other, sound waves are reflected several times between
them. Directly at the walls there is always a pressure
maximum. The pressure maxima and minima of these
sound waves always remain in the same place; the Tangenti
wave seems to stand.

room mode
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1.3 Room Modes (Standing Waves)

In the rise of a diffuse sound field in rooms, standing
waves may occur at wavelengths corresponding to a
distance of two walls (or their multiples):

If walls (or floor and ceiling) are parallel facing each
other, sound waves are reflected several times between
them. Directly at the walls there is always a pressure
maximum. The pressure maxima and minima of these
sound waves always remain in the same place; the
wave seems to stand.

Standing waves should be avoided as far as possible,
as they cause that in some places in the room the sound
is particularly loud and in other places very quiet.

room mode
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1.4 Reflections on curved Surfaces

For reflections on curved surfaces, Soinfiter Seebr-8§as. Propoficio V.

; Wann der widershallende Segensftand cine Hoble Srcful-Rundung
the copcavg mirror laws a'?ply' hat; fo foird in der Stimm:MNitce n?ber ccn:m??n?au(da) ve Jivculs
There is a risk of a focal point cencrum ift / der Echo am fdrcEien und Gellefien

. . . gepore fveeden,
formation here, i.e. an acoustic A
oversupply. ’

Reflection at the circular arc,
source is in the center of the circle
(Kircher 1684 p. 17)
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1.4 Reflections on curved Surfaces

For reflections on curved surfaces, Soinfiter Seebr-8§as. Propoficio V.

; Wann der widershallende Segensftand cine Hoble Srcful-Rundung
the copcavg mirror laws a'?ply' hat; fo foird in der Stimm:MNitce n?ber ccn:m???au% ve Jivculs
There is a risk of a focal point Centrum ift / der Echo am fldrctften und Gelefien

. . . gepore fveeden,
formation here, i.e. an acoustic A
oversupply. ,
|s the source exactly in the center of .
the circle, the focal point will be there =
as well. -

Reflection at the circular arc,
source is in the center of the circle
(Kircher 1684 p. 17)
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1.4 Reflections on curved Surfaces

For reflections on curved surfaces, Soinfiter Seebr-8§as. Propoficio V.

; Wann der widershallende Segensftand cine Hoble Srcful-Rundung
the concave mirror laws apply. Bat; fo oieD in ber Stimm Tisee o i Dol 2 ocE SiecEuls
There is a risk of a focal point ensrum ift / der Echo am fldrcften wnd elefen

) _ . geporet foerden,
formation here, i.e. an acoustic A
oversupply. ,
|s the source exactly in the center of .
the circle, the focal point will be there =
as well. -
If the source moves out of the center \
of the circle, then the focal point is Reflection at the circular arc,

shifted in the opposite direction. source is in the center of the circle
(Kircher 1684 p. 17)
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1.4 Reflections on curved Surfaces

Elliptical Reflection: Y

If the source is near the center of
the circle, the focal point is located
at the opposite side of the center

Elliptical Reflection at the circular arc,
source is between the circular wall
and the center of the circle
(Meyer 2015, p. 146)
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1.4 Reflections on curved Surfaces

Parabolic Reflection: /

If the source is exactly located
between the center of the circle \
and the circle, wall no focal point

formation will occur, the sound

rays proceed in parallels. /

Parabolic Reflection at the circular arc,
source is exactly between the circular wall
and the center of the circle
(Meyer 2015, p. 146)
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1.4 Reflections on curved Surfaces

Hyperbolic Reflection:

If the source is close to the
circular wall, there is no focal
point formation.

The rays behave like a
hyperbolic reflection on a
convex surface and split apart.

0%
%

Hyperbolic Reflection at the circular arc,
source is close to the circular wall
and far away from the center of the circle.
(Meyer 2015, p. 146)
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1.4 Reflections on curved Surfaces

How to avoid focal points?

schluckend aufgerauht transparent

® ® ©

Avoidance of focus point formation at curved surfaces
(Cremer 1978, p. 48)
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1.4 Reflections on curved Surfaces

How to avoid focal points?

a) Covering the curved surface
with sound-absorbing materials.

schluckend aufgerauht transparent

® ® ©

Avoidance of focus point formation at curved surfaces
(Cremer 1978, p. 48)
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1.4 Reflections on curved Surfaces

How to avoid focal points?

a) Covering the curved surface
with sound-absorbing materials.

b) Covering the curved surface
with convex structures.

schluckend aufgerauht transparent

® ® ©

Avoidance of focus point formation at curved surfaces
(Cremer 1978, p. 48)
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1.4 Reflections on curved Surfaces

How to avoid focal points?

a) Covering the curved surface
with sound-absorbing materials.

b) Covering the curved surface
with convex structures.

c) Permeable concave curved

. schluckend aufgerauht
surface (wire mesh, perforated A transparent
walls) with a straight, roughened, ® ® ©
convex and / or absorbent
surface behind. Avoidance of focus point formation at curved surfaces

(Cremer 1978, p. 48)
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Take Home Message

The path of a soundwave can be considered as a sound ray.
Angle of incidence = Angle of reflection

Reflection is dependent of the wavelength and the size of the reflecting
surface:
Wavelength is smaller than the reflecting surface: reflection
Wavelength is larger than the reflecting surface: no reflection

Room modes (standing waves) = Room resonances, where the wavelength
(or multiples of it) fits into a room distance, should be avoided

Concave mirror laws apply for reflections on curved surfaces.
Focal points should be avoided.
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1.5 Interfering vs. Useful Reflections

Interfering Reflections = Echo
Strong audible and dominant single
reflection which occurs with delays
of more than 100 ms between direct
sound and reflected sound
(corresponding to a path difference
of more than 34 m or 17 m forth and
17 m back).

kil
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1.5 Interfering vs. Useful Reflections

Interfering Reflections = Echo
Strong audible and dominant single
reflection which occurs with delays
of more than 100 ms between direct
sound and reflected sound
(corresponding to a path difference
of more than 34 m or 17 m forth and
17 m back).

An echo is perceived separately
from the original sound (as above
our perception time smear of 50
ms) and therefore usually perceived
as interfering sound.
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1.5 Interfering vs. Useful Reflections

Interfering Reflections = Echo Useful Reflections = Amplification
Strong audible and dominant single Early reflections (less than 50 ms) are
reflection which occurs with delays perceived as blended with the original
of more than 100 ms between direct sound, which gives a reinforced
sound and reflected sound impression of the sound
(corresponding to a path difference (corresponding to a path difference of
of more than 34 m or 17 m forth and less than 17 m or 8,5 m forth and 8,5 m
17 m back). back).

:::zﬁf; Transit-time difference At [ms] Eﬁr:smld
An echo is perceived separately o 10 20 % 40NA 60 70 80 % 1% 120 130 140 150

from the original sound (as above |

our perception time smear of 50 '
0 5 10 15 20 25 30 35 40 45 50

ms) and therefore usually perceived 17 34

Transit-distance difference Al [m]

as interfering sound. Time and path differences in room acoustics
(after Fasold, Veres 2003, p. 53)
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1.5 Interfering vs. Useful Reflections

Echoes arise preferably:

Gibender Seepr-g§aB. Propofiio VIL
Wann fich mehreve gegen+Hallende objecta und Borfidnde finden /

daf imitter einer toeiter Won dem andern/ und derofvegen die gerade Stumme oder
0on / langfamer su den pinderffen Fommet 3 fo foird dannenfer cin biclflimmiger
Echo fidy foren laffen/ fo den Thon oder Stimun nad) und nad
immer mefr foiver:fallen wird,

Echo effect at different distances
(Kircher 1684, p. 19)
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1.5 Interfering vs. Useful Reflections

Echoes arise preferably: Gibender ebr-RFas. Propofitio VIL
Wann fich mehreve gegen+Hallende objecta und Borfidnde finden /

daf imimier einer eiter on dem andern/ und derofvegen die gerade Stumimie odew

= OutdOorS (aS there are nOt many Xpon / langfarmer su den pinderffen Eommet 5 fo foird dannenfer ein dici{timmiger
. . . Echo fidy foren laffen/ fo den Thon oder Stimm na:s und nad
other reflections, so a reflection is immet mer foider:Hallen toird.

more often easy to hear individually)

Echo effect at different distances
(Kircher 1684, p. 19)
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1.5 Interfering vs. Useful Reflections

Echoes arise preferably: Gibender ebr-RFas. Propofitio VIL
Wann fich mehreve gegen+Hallende objecta und Borfidnde finden /

daf imimier einer eiter on dem andern/ und derofvegen die gerade Stumimie odew

= O Utd oors (aS th ere are n Ot ma ny Xpon / langfarmer su den pinderffen Eommet 5 fo foird dannenfer ein dici{timmiger
. . . Echo fidy foren laffen/ fo den Thon oder Stimm nats und nad
other reflections, so a reflection is immet mer foider:Hallen toird.

more often easy to hear individually)

- In rooms with partially sound-
absorbing or concavely curved
walls (focal points)

Echo effect at different distances
(Kircher 1684, p. 19)
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1.5 Interfering vs. Useful Reflections

Echoes arise preferably: Gibender ebr-RFas. Propofitio VIL
Wann fich mehreve gegen+Hallende objecta und Borfidnde finden /

daf imimier einer eiter on dem andern/ und derofvegen die gerade Stumimie odew

= O Utd oors (aS th ere are n Ot ma ny Xpon / langfarmer su den pinderffen Eommet 5 fo foird dannenfer ein dici{timmiger
. . . Echo fidy dren laffen/ fo den Thon oder Stimm nady und nad
other reflections, so a reflection is immet mer foider:Hallen toird.

more often easy to hear individually)

- In rooms with partially sound-
absorbing or concavely curved
walls (focal points)

- In theaters, often in case of strong
reflections on the back wall or the
ceiling (so-called theater echo)

Echo effect at different distances
(Kircher 1684, p. 19)
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Flutter echo (or timbre echo):

Periodic echo caused by alternating
reflections between two parallel walls.

Flutter echos under a roof ledge on the grounds
of the University of California in Santa Cruz
(Pierce 1999, p. 27)
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1.5 Interfering vs. Useful Reflectig|

Flutter echo (or timbre echo):

Periodic echo caused by alternating
reflections between two parallel walls.

This occurs often in tunnels or
stairways, when two highly reflective
walls face each other in parallel or
between floor and ceiling.

Impulse response in the Schliuterhof of the
German Historical Museum (DHM) in Berlin

Youtube 360°-Video: Flutter echo in the Viennese
Gasometer

Flutter echos under a roof ledge on the grounds
of the University of California in Santa Cruz
(Pierce 1999, p. 27)
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1.5 Interfering vs. Useful Reflections ©
- cps sy - Distance Sensor Laser Pointer
Generation of artificial interfering { \\} L )

echoes with via a Speechjammer

The talk of a speaker can be picked up
from a distance via a directional
microphone and, after a short delay,

returned to him/her with pinpoint - \(
accuracy via a directional (Directional Speaker]
loudspeaker, so that only he/her can P xv[sec] Speaker

xv[sec]

ué) 2)3333)3)2))))

hear these artificial, confusing echoes, & ccccecccccccee 4
which causes him/her to stop talking. é

x[m] 1

Speechjammer
(Kurihara, Tsukada 2012, p. 6)
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Take Home Message

Interfering Reflections (perceived as echo) occur with delays of more than
100 ms (£ more than 34 m) between direct sound and reflected sound,
should be avoided.

Useful Reflections (perceived as amplification) occur with delays of less
than 50 ms (£ less than 17 m) between direct sound and reflected sound,
should be aimed at.

Flutter Echo = alternating reflections between two parallel walls, should be
avoided.

By changing the tilt of walls/ceiling/reflectors etc. it is possible to direct
interfering sound rays to useful reflections.
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2. Statistical Acoustics

All rooms limited by large straight surfaces
lead to an equal distribution of sound rays after
a few reflections (i.e. diffuse = statistically
distributed sound field).

They also lead to an omnidirectional sound

I A i i e

Reflections inside an

distribution, if opposed parallel walls with oblique-angled room
il f ided (-> b ti (Cremer 1948, p. 26;
similar surfaces are avoided (-> reverberation). Cremer 1978, p. 29)

>_1h—] fﬁﬂ@
=

Sound propagation and reflexions inside a rectangular room (Cremer 1948, p. 22; Cremer 1978, p._25)
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2.1 Audibility and Reverberation

Audibility: Suitability of a room for music

and voice performances is determined by the ®

nature and duration of the reverberation
(other factors are: type of sound sources,

style of music, location, subjective hearing).

rel. Schallpegel

— Abschalten der Schallquelle

757
60. ]iili'llu 50&
—HE
45 7 E||-.Iﬁ‘illlf \\\'\
30 \q\q‘ -
15 T H
il 2 |l| ..
- g
| I [ 1
0 i 2 8 3

Measurement of the reverberation time

RT30 on a level recorder
(Meyer 2015, p.149)
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2.1 Audibility and Reverberation

— Abschalten der Schallquelle

Audibility: Suitability of a room for music 75
and voice performances is determined by the ® . —

nature and duration of the reverberation 0 s
(other factors are: type of sound sources, 3 —
ic, | ' jective hearing). § - —
style of music, location, subjective hearing) % e
Reverberation time (RTg,) = time after % - i
switching off the sound source until the
sound level has decreased by 1 million times - — =
(i.e. -60 dB). s =
0- — A
Mostly the decreasing time to 30 dB gets 0 ; 2 .
measured and the result is doubled Measurement of the reverberation time
(RTs,, from -5 dB to -35 dB) " (Meyer 2015, p.140)
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2.1 Audibility and Reverberation

As a sound source for attaining the
reverberation time, pistol shots or
bursting balloons or a flap are very
suitable.

 Balloon burst caused by a needle
 Balloon burst caused by to
much blowing up
« Pistol shot
« Slap of a flap

Highspeed videos with 5000 frames/s,
playback speed: 5 frames/s
(recording: Jorg Muhlhans)

Emerging of a reverberation
from a lot of individual reflections
(Meyer 2015, p. 156)
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2.2 The Sabine Formula

The reverberation time and its nature is influenced by the rooms volume (V) and the
absorption (A) of the different surfaces in the room.
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2.2 The Sabine Formula

The reverberation time and its nature is influenced by the rooms volume (V) and the
absorption (A) of the different surfaces in the room.

Equivalent Absorption Surface (A) = Model surface, which indicates how much
sound energy is absorbed in a room.

The Reverberation time (T,) can be calculated (at low absorbance values) using the
Sabine reverberation formula over the equivalent absorption surface:

T.=0,163*V/A

(Reverberation time (T) = 0,163 * room volume (V) divided by equivalent absorption surface (A))
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2.3 Critical Distance

Critical Distance: distance from the sound
source, where the reverberation intensity is
just as large as the direct sound intensity.

-0 -
D
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g
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.2 / Schallfeld im Raum
g _______ o == = \1_ ————
i statistisches Schallfeld
-30 4 i
i Direkischall
a <
dB -
i
.4_0 -

; AR
Hallabstand Abstand von der Schaliguelle

Sound level as a function of the distance in the

diffuse and free sound field

(Meyer 2015, p. 152)
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2.3 Critical Distance

Critical Distance: distance from the sound
source, where the reverberation intensity is
just as large as the direct sound intensity.

Inside critical distance: Original sound level
decreases by -6dB per doubling distance (like
in a free sound field).

10 -

=20
Schallfeld im Raum
~

relativer Schallpegel

<30 1
- Direktschall

dB

; AR R
Hallabstand Abstand von der Schallquelle
Sound level as a function of the distance in the
diffuse and free sound field
(Meyer 2015, p. 152)



Musicological Department

Reflection gives Satisfaction

2.3 Critical Distance

Critical Distance: distance from the sound
source, where the reverberation intensity is
just as large as the direct sound intensity.

Inside critical distance: Original sound level
decreases by -6dB per doubling distance (like
in a free sound field).

At critical distance: sound level is as high as
the reverberation level.

10 -

=20
Schallfeld im Raum
~

relativer Schallpegel

<30 1
- Direktschall

dB

; AR R
Hallabstand Abstand von der Schallquelle
Sound level as a function of the distance in the
diffuse and free sound field
(Meyer 2015, p. 152)
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2.3 Critical Distance

Critical Distance: distance from the sound
source, where the reverberation intensity is
just as large as the direct sound intensity.

Inside critical distance: Original sound level
decreases by -6dB per doubling distance (like
in a free sound field).

At critical distance: sound level is as high as
the reverberation level.

Outside critical distance: Reverberation
level gets higher than the level of the original
sound. The sound source becomes more and
more incomprehensible.
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-20 4
Schallfeld im Raum
~
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relativer Schallpegel

307 Direktschall
/
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v
]

0 s 10 5 om 20
Hallabstand Abstand von der Schallquelle
Sound level as a function of the distance in the
diffuse and free sound field
(Meyer 2015, p. 152)
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2.4 Further Characteristics of Audibility
2.4.1 Speech and Music Clarity Indices

Speech Clarity Index C;,

measures the intelligibility of syllables,
logatoms, and sentence for speech and
vocal performances, described by the

speech clarity index Cg,.
(Measurements are mostly between 500 and 4000 Hz)

¢ 50ms ™,

p*(t)dt
Cy, =10%| 1g-2—— |dB

el

P’ (t)dt

Y Stim.a Vi

The sound energy arriving within 50 ms
Is compared with the sound energy arriving later.
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2.4 Further Characteristics of Audibility
2.4.1 Speech and Music Clarity Indices

Speech Clarity Index C;, Music Clarity Index Cg,
measures the intelligibility of syllables, measures the transparency or
logatoms, and sentence for speech and clarity for musical performances,
vocal performances, described by the described by the music clarity
speech clarity index Cg,. index Cg,

(Measurements are mostly between 500 and 4000 Hz)

[ 50ms A [ 80ms N
p*(t)dt p>(t)dt
c;, =10%| 1g-2— |dB Cg =10%| lg—2—— |dB

x o

P’ (t)dt (02 (t)dt

L 50ms J \. 80ms J

The sound energy arriving within 50 or 80 ms
Is compared with the sound energy arriving later.
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2.4 Further Characteristics of Audibility
2.4.1 Speech and Music Clarity Indices

Speech Clarity Index C;,

measures the intelligibility of syllables,
logatoms, and sentence for speech and
vocal performances, described by the

speech clarity index Cg,.
(Measurements are mostly between 500 and 4000 Hz)

s

Cy, =10%

\

lg——————

Sﬂr'ns

p> (t)dt
0
p’(t)dt

Stim.a

A

/

dB

Optimum:
-2 to +4 dB

Musicological Department

Music Clarity Index Cg,

measures the transparency or
clarity for musical performances,
described by the music clarity
index Cg,

Cgo =10

s

\

g |dB

E{]Eus
p’(t)dt

0

p(t)dt

S0ms

The sound energy arriving within 50 or 80 ms
Is compared with the sound energy arriving later.

A

J

Optimum:

-1 to +3
dB
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2.4 Further Characteristics of Audibility
2.4.2 Bass Ratio and Strength

Bass Ratio (BR) (Beranek 1962)
Frequency response of reverberation
(ratio of high to low frequencies in
reverberation). The Bass Ratio
describes the timbre of room
reverberation. It increases with
increasing audience (high frequencies
get more absorbed then)

T o5 + Doson,
Ty, + 1

500Hz 1000Hz

BR =

Ratio of the reverberation times at frequencies at 125
Hz and 250 Hz to frequencies at 500 Hz and 1000 Hz.
(Ahnert, Tennhardt in Weinzierl 2008, p. 191)
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2.4 Further Characteristics of Audibility
2.4.2 Bass Ratio and Strength

Bass Ratio (BR) (Beranek 1962) Strength G (Lehmann 1976)

Frequency response of reverberation Strength describes the ampilification
(ratio of high to low frequencies in of the direct sound by the sum of all
reverberation). The Bass Ratio reflections. A good strength causes
describes the timbre of room the impressions of "intimacy" and
reverberation. It increases with "closeness” of a room.

increasing audience (high frequencies
get more absorbed then)

t)dt
BR = Tosu. + Doson, G = 101g {gmf g ) dB
- T +7T o Ppr(t)dt
500Hz T+ 4 1000Hz

Ratio of the reverberation times at frequencies at 125  Ratio of the sound power level in the room compared to
Hz and 250 Hz to frequencies at 500 Hz and 1000 Hz.  the sound power level at a distance of 10m in free field
(Ahnert, Tennhardt in Weinzierl 2008, p. 191) (Ahnert, Tennhardt in Weinzierl 2008, p. 191)
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2.4 Further Characteristics of Audibility

2.4.2 Bass Ratio and Strength

Bass Ratio (BR) (Beranek 1962)
Frequency response of reverberation
(ratio of high to low frequencies in
reverberation). The Bass Ratio
describes the timbre of room
reverberation. It increases with
increasing audience (high frequencies
get more absorbed then)

T; 25Hz + TESOHZ

7;30(]'H:c + 7;0001—1';,

Optimum:

BR = 1,1to0 1,3

Ratio of the reverberation times at frequencies at 125
Hz and 250 Hz to frequencies at 500 Hz and 1000 Hz.
(Ahnert, Tennhardt in Weinzierl 2008, p. 191)

Strength G (Lehmann 1976)

Strength describes the amplification
of the direct sound by the sum of all
reflections. A good strength causes
the impressions of "intimacy" and
"closeness” of a room.

) Optimum:
G=101g 204y 11010 dB
Jo " pE(t)di

Ratio of the sound power level in the room compared to
the sound power level at a distance of 10m in free field
(Ahnert, Tennhardt in Weinzierl 2008, p. 191)
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2.4 Further Characteristics of Audibility

2.4.3 Lateral Fraction

Lateral Fraction (LF)
describes the ratio of laterally arriving sound energy to total energy within the

first 80 ms after the arrival of direct sound. It gives an impression of
spaciousness.

(WS ... 80 mS)seitl.
Wo .80 ms

LF =

Ratio of laterally incident sound energy (recorded 5-80 ms after the beginning of the sound
with a bidirectional microphone) to the sound energy within the first 80 ms
(Ahnert, Tennhardt in Weinzierl 2008, p. 191)
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2.4 Further Characteristics of Audibility

2.4.3 Lateral Fraction

Lateral Fraction (LF)
describes the ratio of laterally arriving sound energy to total energy within the

first 80 ms after the arrival of direct sound. It gives an impression of

spaciousness.
Optimum:
0,25to 0,4

(WS ... 80 mS)seitl.
Wo .80 ms

LF =

Ratio of laterally incident sound energy (recorded 5-80 ms after the beginning of the sound
with a bidirectional microphone) to the sound energy within the first 80 ms
(Ahnert, Tennhardt in Weinzierl 2008, p. 191)
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Take Home Message

Audibility = Suitability of a room for music and voice performances, mainly
determined by reverberation

Reverberation time (RT,) = time after switching off the sound source until the
sound level decreases to -60 dB

Sabine reverberation formula: T, =0,163 *V /A
(Reverberation time (T) = 0,163 * room volume (V) divided by equivalent absorption surface (A))
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Take Home Message

Audibility = Suitability of a room for music and voice performances, mainly
determined by reverberation

Reverberation time (RT,) = time after switching off the sound source until the
sound level decreases to -60 dB

Sabine reverberation formula: T, =0,163 *V /A
(Reverberation time (T) = 0,163 * room volume (V) divided by equivalent absorption surface (A))

Optimum Reverberation Time (RT,)
RTg, at opera houses: 1s

RTg, at concert halls: 1,6t02,2s
RTg, at churches: 25t04s
RTg, at lecture halls: 0,8to1s
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Take Home Message

Audibility = Suitability of a room for music and voice
performances, mainly determined by reverberation

Reverberation time (RT,) = time after switching off
the sound source until the sound level decreases to -60 dB

Sabine reverberation formula: T, =0,163 *V /A
(Reverberation time (T) = 0,163 * room volume (V) divided by equivalent absorption surface (A))

Optimum Reverberation Time (RT,) Other factors (optimum values)

. peec arity Index ) -2to +
RTg, at opera houses: 1s Speech Clarity Index Cs, 2 to +4 dB
RTGO at concert halls: 16t02,2s Music Clarity Index Cg: -1to +3dB
) Bass Ratio (BR): 1,1t01,3
RTgo at churches: 2,5to4s Strength (G): 110 10 dB

RTgo at lecture halls: 0,8to1s Lateral Fraction (LF): 0,25 to 0,4
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3 Live Measurement of the Lecture Room

3.1 Measurement with Akucheck

Akucheck is a room acoustics
measuring program for architects.
It includes a variety of comparison
criteria and industrial standards
(DIN, EBU etc.) as well as a lot of
simulation possibilities.

It is downloadable at
http://eclim.de/AcouCheck/index.htm

English manual at
http://eclim.de/pub/Hennings Voss
CESBP2013 Manuscript.pdf

® AkuCheck 1.0 _ _ 0.0
/Intro\{ 1. Vorbereiten | 2. Messen \ 3. Auswerten | 4. Bewerten \ 5. Berechnen | 6. Dokumentieren |Absorber { Info |

~ 4.1, MeBergebnisse mit Qualitatskriterien vergleichen

- Nachhallzeiten in Oktavbéndern, aus den gemessenen Raumimpulsantworten abgeleitet.
- Werte aus den Einzel-Messungen und Gber alle ausgewahiten Messungen gemittelte Werte,
- Messungen geringer Qualitat kénnen von der Mittelung ausgeschlossen werden.

~ 4.2, Einstellungen — - 4.3. Nachhallzeiten / Vergleich mit Kriterien

Raumvolumen = Y4e | | | | DIN 18041 'Sprache’ Messungen
[ ]

|

[

Raumvolumen 650 m?* OK  zeigen

Vergleichskriterien

- keine -
DIN 18041 'Musik’
 DIN 18041 ‘Sprache
DIN 18041 'Unterricht’
DIN 18041 ‘Sport 1'
DIN 18041 "Sport 2'
EBU 'HYrraum’

L L L
[ 2 O O AN O ¢

@ NN B W N

MeBgrofen

o

Nachhall | Kiarheit

@ ale o

T30 CBO

T0 =0
EDT Ds0

Akucheck software made by Detlef Hennings
(2013), http://eclim.de/AcouCheck/index.htm
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3 Live Measurement of the Lecture Room
3.1 Measurement with Aurora/Audition

Aurora can be integrated as a plugin
in Adobe Audition and it includes
various parameters of audibility,
such as reverberation time,
strength, speech and music clarity
indices efc.

The plugin as well as a manual is
downloadable at
http://pcfarina.enqg.unipr.it/Aurora XP
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Aurora 4.2 made by Angelo Farina
as a plugln for Adobe Audition

http://pcfarina.eng.unipr.it/Aurora XP




