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O Room Acoustics with Source of Finite Size

sound prediction of a readitional MetholE

» Not point sources Ray Tracing

« Arbitrary room mage Source
shapes Modlel (hylbrio)

» Fast BEM/FEM

Available techniques are not suitable
for a fast and accurate room acoustics
simulations of finite-size sources e I

A The Use of Equivalent Source Models (ESM)

Governing :: : Sound field _
Equation from sources Estimate ESM
The actual parameters by

sound fleld) Boundary <:> Boundary matching the
X /,,.. Conditions Conditions BCs

ESM in General:
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ESM in Room Acoustics
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A Sound Field Components in Room Acoustics

\

Room surface Free-space E Pres.sure: P, . Total sound field:
‘ component Particle velocity: u,
- S
Source « Incoming
surface component Room component: U =Uu; +U,
J “ Scattering (Rey ur)
component

d Free-space ESM vs. Room Acoustics ESM

Free-space ESM Room Acoustics ESM
Source type

- Outgoing waves only h . Bo:h incoming and
outgoing waves

- Pressure of the total h .Impedances of room
sound field (sampled at component (sampled at
a measurement surface) Boundary St qeee sindl Fael

condition

surfaces)




Boundary Conditions

A BC of the Room Components in Room
Acoustics

o BC on source surface, Ty , (ad mittance ,):

Total:
Free-space:

By (X)P () %) = s ()
B1(x)py () 4, () = tn (x)
v -

In-vacuo driving velocity on the source
surface. (source characteristics)

o BC on room surface, I, , (admittance g8,):
Total:

B, ()P, (%) = tpe(x)

J
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N

Free-space
Room surface P

‘ component
l Room
J “ component

Source

surface

Boundary conditions used in the

Total sound field:

pt pf+pr
Ut —Uf +Ur

room acoustics ESM:

j[> { BX)p.(¥)—-u, (x)=0
B (P, (%) =, (X) =y ()= B (X) p; (X)
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Construction of ESM in General ; _abomtonec,
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A General Procedure of Constructing Room Acoustics ESM

« gi(x,y) - sound field
After choose the type [ P(¥)= Z 9i (%, ¥)Q;, of source with unit
of equivalent sources: N strength
ZV (X®)Q., e Q; - the source
JCUPO i=1 strength
Location in the Locatlon of
sound field each source

Matrix form used to estimate the ESM parameters:

(1) 1) — —> Boundary condition
B.A) - A\J 6 . 0 on source surfaces
2 2 N — |__ o
Evaluate P and w. atD BzAé ) _ Afn) Unt —B, p, > Boundary CO]I;ldItIOI’]
number of sampling - - on room surfaces
locatlons on both _ _ di
source and room B, —dtag(ﬂl(&),ﬂl(xz),---,ﬂl(XMl)), TS ,
Ksurfaces j Bz :dlag(ﬂz (XM1+1)’ﬂ2 (XM1+2)""’1812 (XM )) |:>: Ssgcifc:g%tS:/l :
71 (ADY. =g .(x.V.), My = d.q.(x,y.), - !
Ay =906, y5). (A, jop, 95 (%) (find the sound
L (AP) =0, (i Yy (AP = i 0,9 (Kyair ¥;) field expression)

0
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Two Types of ESMs Tiboratoties
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d Room Acoustics ESM Using Monopole Distributions @ @ ... @
O O

« Monopoles are distributed inside the source
surface (outgoing wave) and outside the
room surface (incoming wave)

« Sound field expression (2D): ® ®
_Jow 7@ ®
9(x, y) =7 Ho"(kr) ncoming o e ... ®
d Room Acoustics ESM Using Monopole Distributions
« Multipoles of monopole, dipole, quadrupole, ... &
n th order, ... (both incoming and outgoing)
_Multip_oles
» Sound field expression (2D): ('Qﬁ?g;'i?,gg)&

. out J in -
n=00 Ry = HP00, R(Y) =2 HE (k) pe

n th order: {ps?]m =S P™M = San(PO°“t)-\71-\72...-\7n

in in iNY v vy )
Fon = SoP = SR (R) - va Ve v ® - tensor outer product
Details on next slide + - tensor inner PdeUCtG
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Sound field of Multipole Sources ",.,”/-z-aboratonec,
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dSound field expression for multipole sources (2D):

Sound field of order n + 1 source and order n source can be related by
directional derivative:

PSn+1(Y‘z’ 6()) - d < VI:)Sn (Y‘YO»’ a)):\_;nﬂ >

. . T
] Py (X[ Xg,0) 0P (X|X5,0) | -
= < ] )
ox, o,

P T RN
— [@,—0]T / :

_Dipole: P, =5d, <1 >, &'y | Ordern: \
I I:)Sn = Qngn I
ﬂ|]|:> - Dipole strength: S d1 ||]|:> : Source strength: |
Quad | P _Sdd.y T ~— ! Q, =5d,d,..d_ :

- uadrupole. 5o — 1 2V2®V1, » q I —_
~ 52P0 0 R | 9, = Ry (R))evpev,..ov,, :
Quadrupole strength: Sd,d, Ox>  Oxoy : R =V®" !
2 2 ® - tensor outer product |
o°P, o°P, |/ ! !
> \ e - tensor inner product /
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Decomposition of the Multipoles

Q For a source of order n (n > 1), there could be infinitely many types
because of the orientation vectors.

Which source Even more

orientations should |:> nonlinear if the

Orlentations’ effect
be included in the orientations are rl:

Is Just a lInear
comblnation of
components In R,,.

model? unknown.

—_—
| ——|

”K A source of arbitrary orientation can be decomposed into
.i several standard source configurations.
-]

Derivative does not depend on
Components In R, are the sequence of differentiation | I N€ number of

differentlations with respect to nﬂ: Independent components

x,y different number of times. Is less than 2™,

d How many independent elements?

n th order source, N (1) 1 , n=0
i =D s n’ )=
in ~D space : cr . >0

« Can be numerically enumerated for an arbitrary n.
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Simulation Setup Taboratoties
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Angle (radians)
Impedance in Case 2

1 1 1 1 1
1 2 3 4 5 6 7
Angle (radians)

Normal impedance on different surfaces

Room Surfecs

Non-uniform

Geometry of the room

* R;= 0.5 m (source surface), \:gii 7777777777777777777 ]
* R,= 2 m (room surface), A S R
« 7,=1 m (100 microphones) , 2/ R
r,= 1.5 m (100 microphones). g N *

S o —

Angle (radians)
In-vacuo Driving velocity on the source surface
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Models Used in Simulations

d Different models used in the simulation

Type of ESM Number of Parameters
Multipole ESM (order up to 3) 10
Multipole ESM (order up to 6) 28
Monopole ESM (outside: 100; inside: 30) 130
Monopole ESM (outside: 150; inside: 45) 195  Result from a Boundary
Monopole ESM (outside: 200; inside: 60) 260 Element Model was used
Monopole ESM (outside: 1000; inside: 300) 1300 as the true sound field.

A Choice of regularization techniques

Singular Value Distribution for Monople ESM (100,30)

2 Singular Value Distribution for Multipole ESM (3rd order)
lO T T T T T T 10 T T T T T T T T

Singular Values

Singular Values

0
[¢)]
Use TSVD for 3
multipole ESM § 10
5 |
— |
wn 10-10 j
0 2
Index of Singular Values Index of Singular Values
Singular Value Distribution for Monople ESM (200,60) 10 Singular Value Distribution for Multipole ESM (6th order)
10” ‘ ‘ : : ‘ PR - = - - - ‘ ; ‘
g g gag e
s ! MRS SN
> 100 ,,,,,,,,,,,,,,, 4‘ ,,,,,,,,,,
| ?Use GCVfor 3 | |
| c | | S
‘ monopole ESM & _ ‘ | ‘ | ‘ ‘
10° . . . . . 0 10 20 30 40 50 60
0 50 100 150 200 250 300

Index of Sinqular Values Index of Singular Values

Singular value distribution in monopole ESMs Singular value distribution in multipole ESMs

10
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Analysis of Results

A Results from monopole distribution ESMs

Ovwerall Prediction Comparison for Case 1 Overall Prediction Comparison for Case 1
T T T T T ; :\ r‘\ 'A LI | T ‘l\ r T 30 E: T T | HE ) - H (D..:
. \ [ i H HE H
= 2507 BEM A T T R 5 BEM B
a || = Monopole ESM (100,30 no regu) i ! H R l':l: EH 5 e Monopole ESM (100,30 no regu) ¢
i :
g 2007 @+ Monopole ESM (1000,300 regu) i ‘: i l.' ! "” i .{"’: T L 400- i --=@--- Monopole ESM (100,30 regu)
2 (S T R A A VA 1 2 © <
g 150 o TR WRia 1 230 t
£ 100 i - 2 200- i H
7] 1 > H [}
7] ! o : \
g 50¢ - 8 100 - :
o a ‘
) 0g ® 4
L

1 1 L L L 1 1 L . < | L 1 1 I
500 1000 1500 2000 2500 3000 3500 4000 4500 5000 0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Frequency (Hz) Frequency (Hz)
Ovwerall Prediction Comparison for Case 2 Overall Prediction Comparison for Case 2
T T T T T i TT 117 n T ; ] .l T T T T T T z T A ~ =
250 BEM P fo BEM :
— H =) H
& S Monopole ESM (100,30 no regu) E ! ﬁ; ! '; -“ n :' i NAVE € 600- % - Monopole ESM (100,30 no regu) |;
g «==:@-:=: Monopole ESM (1000,300 regu) ! i :‘I.; |'| A 1 L '= ! 2 -+:@-++- Monopole ESM (100,30 regu)
] ! H R : =] HAC V- T E
S 150- A LY 1% 40 HH 5 06 o)
£ ! v v woan £ - i & 2 H
< 1 ¥l dm b/ 1 A1 < 9 [ Yp L
o 100, Vo ® b 1 B o i [
2 \q ' v 2 T
2 i @ 200 - 10
2 50- B o ! 3
o ) a d f
| VJ | | 9 \“ | | | | P y
- v L L L L L |
500 1000 1500 2000 2500 3000 3500 4000 4500 5000 0o 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Frequency (Hz) Frequency (Hz)
Spatially averaged prediction from monopole ESMs Spatially averaged prediction from monopole ESMs

e Accurate (up to 5000 Hz) if there are a
large number of monopoles and with
regularization.

Regularization may cause instabilities.
11
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A Results from monopole distribution ESMs

Predicted Sound Pressure at All Receiver Locations (at 2000Hz Case 1) Predicted Sound Pressure at All Receiver Locations (at 4000Hz Case 1)

c T T T T T T [} T T T | |
o 400 — BEM ® ," ‘\‘ — BEM
> > [ 1 ]
2 —+— Monopole ESM (100,30 regu) 7 250 /, ‘\ ----- Monopole ESM (150,45 regu)
e o Monopole ESM (150,45 regu) , & ook 4 4 3 ‘\‘ ©— Monopole ESM (200,60 regu) ||
= ©— Monopole ESM (200,60 regu) |/ = ! \
e ‘ 3 150 '
S 200 S
5 o 100
S 100 =
s = 50
£ £
< @ ik b ) < 0@ ] \ )
20 40 60 80 100 120 140 160 180 200 20 40 60 80 100 120 140 160 180 200
Index of the Receivers Index of the Receivers
Predicted Sound Pressure at All Receiver Locations (at 2000Hz Case 2) Predicted Sound Pressure at All Receiver Locations (at 4000Hz Case 2)

T | L

e BE |
----- Monopole ESM (150,45 regu) H
F™H —c— Monopole ESM (200,60 regu)

300 ‘ ‘ :

250

200

[N
a
o

=
o
o

[Sa]
o

Amplitude of Sound Pressure
Amplitude of Sound Pressure

It 2 #
% 20 40 60 80 100 120 140 160 180 200 0 m m % 100 0 0 60 180
Index of the Receivers Index of the Receivers
Prediction from monopole ESMs at 2000 Hz Prediction from monopole ESMs at 4000 Hz

e A monopole ESM requires at least 260
model parameters to achieve accurate

predictions.

12
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A Results from multipole ESMs

Regularization does not
cause instabilities
(more robust).

The spatially averaged
predictions are similar
with different multipole
orders (accurate up to
5000 Hz).

Multipole ESM requires
much fewer number of
model parameters than
monopole ESM

Pressure Amplitude (Pa)

Pressure Amplitude (Pa)

Owerall Prediction Comparison for Case 1
200 ‘ ‘ T \ \ \

BEM
==#== Multipole ESM (3rd)
¢ ~++:@-+ Multipole ESM (6th)

%
100 - X . P | § ®
® - 6D J
L0 . R4S I
Rad & @& ® &)
%
&) ® )
v P® @ \
507 * R ® < .
- ® & 3 ® 9
8 ® i ©
®) ®) &
8 o b "; ) ~
> o N ) s 2
| | | | | | | |

0! |

150 - B R

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Frequency (Hz)
Owerall Prediction Comparison for Case 2
150, ‘ ‘ ‘ \ T \
BEM
==«== Multipole ESM (3rd)
100 O Mtlpole ESM th)

| | | | | | | | |
500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Frequency (Hz)

Spatially averaged prediction from multipole ESMs

13



Pressure Amplitude (Pa)

Pressure Amplitude (Pa)

Analysis of Results

d Results from multipole ESMs

Prediction Comparison at 2000 Hz (Case 1)

400 T T T T T
30+- | mm=—— Multipole ESM (3rd) .
-===#--=- Multipole ESM (6th)

200
100

0 L 3

0 20 40 60 80 100 120 140 160 180 200
Index of the Receivers
Prediction Comparison at 2000 Hz (Case 2)
300 s ‘ ‘ \ \ \
/7 N\
l’ \\ .
----- Multipole ESM (3rd)
200 - swewwees Multipole ESM (6th) | gl Y a
4 - A\
100 - B
\
/4 '\
0 ! ! ! Sty ! ! ! - ~
0 20 40 60 80 100 120 140 160 180 200

Index of the Receivers

Prediction from multipole ESMs at 2000 Hz

Pressure Amplitude (Pa)

Pressure Amplitude (Pa)

&)
q ifrrlck
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Prediction Comparison at 4000 Hz (Case 1)

250 T T T T T
BEM
200- L& T B | -——-- Multipole ESM (3rd) -
-==-m==:= Multipole ESM (6th)

150 -
100 -

50- ,

0
0 20 40 60 80 100 120 140 160 180 200
Index of the Receivers
Prediction Comparison at 4000 Hz (Case 2)
300 - =, T T T T T
250 BEM
----- Multipole ESM (3rd) ===

200 - -==#=+ Multipole ESM (6th) _
150 -
100 -

50 -

0 L L L
0 20 40 60 80 100 120 140 160 180 200

Index of the Receivers

Prediction from multipole ESMs at 4000 Hz

* Increase of multipole order improves the

prediction oscillation in space.

« Itis flexible to balance the computational

effort and the prediction accuracy. (choose
an appropriate truncation order

14
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Conclusions
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A Equivalent source models are constructed for room acoustics
simulations with finite-size source, arbitrary geometry and non-
uniform surface normal impedances.

d In room acoustics ESMs, both outgoing and incoming waves
should be included, and the impedance boundary conditions for
the room component sound field are used for parameter
estimation.

A Both monopole ESMs and multipole ESMs can achieve accurate
performance up to 5000 Hz, but the multipole ESM requires
fewer model parameters and is more robust.

A When using multipole ESM, there is a flexible balance between
the computational effort and the prediction accuracy, controlled

by choosing an appropriate truncation order. I

15
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