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Listening Rooms at Low Frequencies (1)
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Listening Rooms at Low Frequencies (1)
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Room correction at low frequencies

In rectangular room and ideally rigid walls
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Listening Rooms at Low Frequencies (1)
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Listening Rooms at Low Frequencies (2)

What happens in the time domain?
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Listening Rooms at Low Frequencies (2)
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Listening Rooms at Low Frequencies (2)
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— 1. How to improve the listening experience in any room at low frequencies?
— 2. How to measure the room acoustic characteristics at low frequencies?
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Introduction

Correction Strategies

® Passive means

Passive absorbers . . . .
Optimal room design / configuration

Room correction at low frequencies Hervé Lissek 4



Introduction
[e]e] Yolole}

Introduction

Correction Strategies

® Passive means

Passive absorbers . . . .
Optimal room design / configuration

® Active equalisation

| | ] 2
Single input Multiple inputs

Plane wave propagation
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Correction Strategies

AMPLIFIER

® Active absorption

MIGROPHONE

LOUDSPEAKER

CABINET: ABSORBING
MATERIAL

Olson and May, J. Acoust. Am., 1953.
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Correction Strategies
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® Active absorption

CABINET: ABSORBING
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Olson and May, J. Acoust. Am., 1953.
— Electroacoustic absorbers

Direct

Controller

Nicholson, PhD thesis, 1994
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Correction Strategies

® Active absorption
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Correction Strategies

AMPLIFIER

® Active absorption
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Direct Shunt-based Self-sensing Hybrid sensor-/shunt-based

u
Controller

Controller

Boulandet et al., Acta
Nicholson, PhD thesis, 1994 Boulandet, PhD thesis, 2012 Acustica united with
Acustica, 2016

Rivet et al., IEEE CST,
2017

Room correction at low fi Hervé Lissek 5




Introduction
0000®0

Introduction

Overview of the presentation

® New concepts allow efficient sound absorption in the low-frequency range
— Presentation of the Electroacoustic Absorber (EA) concept

® General performance can be measured with standard facilities (1D)
— Example of experimental assessment of EA (for design purpose)
— Highlight why these standard measurement are not transposable to real room
applications

® Some 3D performance can be derived from simulations/in situ measurements
— Present optimization procedures based on time decay with room simulations
— Present some experimental results (time decay) measured in real rooms

® Still, limited tools to measure their performance in situ
— Present preliminary results (space distribution) obtained through COMSOL
simulations

Room correction at low frequencies Hervé Lissek 6



Introduction
00000e

Introduction

o Electroacoustic absorbers design
@ Electroacoustic absorbers: general principle
@ Electroacoustic absorbers: hybrid sensor-/shunt-based control

@ Performance assessment in 1D Case

© rFom 1D w0 3D
@ Identifying target Impedance in 3D
@ Optimisation of Multiple Degree-of-Freedom Target Impedance

e In situ performance Evaluation
@ Frequency responses
@ Modal decay times
@ Spatial distribution of pressure

Room correction at low frequencies Hervé Lissek
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Electroacoustic absorbers: general principle

General description

Mobile equipment: Mpys, Rms, Cms
Moving coil: Re, Le
Electrodynamic transduction: B¢
Enclosure: V},

Diaphram area: Sy

at low frequencies Hervé Lissek 8
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Electroacoustic absorbers: general principle

General description

Newton's law on the mobile equipment

dv(t)
dt

Mms :Sd(Pfront(t) - Prear(t)) - Béi(t)

1
/v(t)dt
Cms
Mesh law on the electric circuit

5(0) = (Le di(t) | Rei(t)> — Bev(t)

— Rmsv(t) —

Mobile equipment: Mpys, Rms, Cms dt
Moving coil: Re, Le
Electrodynamic transduction: B¢
Enclosure: V},

Diaphram area: Sy
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Electroacoustic absorbers: general principle

General description

Newton's law on the mobile equipment
(Laplace domain: s = jw)

st(s) V(S) = Sderont(S) — Bfl(s)
1
5Cme

where Zms(s) = sMms + Rms +
and Cpe = LVZ
Vi + pC25d Cins

Mesh law on the electric circuit

(Laplace domain: s = jw)

Mobile equipment: Mpms, Rms, Cms U(S) = Ze(s)l(s) — BZV(S)
Moving coil: Re, Le
Electrodynamic transduction: B¢ where Ze(S) = SLe GF Re

Enclosure: V},

Diaphram area: Sy

Room correction at low fi
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Electroacoustic absorbers: general principle

General description

Newton's law on the mobile equipment
(Laplace domain: s = jw)

Zins(s)V(s) = SaPriont(s) — BLI(s)

If is controlled:

We can write the apparent acoustic impedance of
the diaphragm:

ment(s)

=

Mobile equipment: Mpys, Rms, Cms
Moving coil: Re, Le
Electrodynamic transduction: B¢
Enclosure: V},

Diaphram area: Sy

Room correction at low frequencies Hervé Lissek 8



Electroacoustic absorbers design
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Electroacoustic absorbers: general principle

Absorption performance (under normal incidence - 1D)

® |[ncident pressure p;

® Reflected pressure

Zs(s) —Zc
=I(s)pi= =—"——pi

pr =T (s)p; 7.(5) T 2 pi

(under normal incidence)

® Total pressure psont = Pi + Pr

Room correction at low frequencies Hervé Lissek
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Electroacoustic absorbers: general principle

Absorption performance (under normal incidence - 1D)

Sound absorption coefficient
Zs(f) — Zc
Z(f) + Z

Bandwidth of efficient sound absorption BW

1
Frequency range over which El}ot £ Tideel) oo
— oy >~ 0.83

2

[}
a(f):f:l—

Room correction at low frequencies Hervé Lissek 9
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Electroacoustic absorbers: general principle

Absorption performance (under normal incidence - 1D)

— Open Circuit — Open Circuit o
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at low frequencies




Electroacoustic absorbers design
°

Electroacoustic absorbers: hybrid sensor-/shunt-based control

Hybrid Sensor-/Shunt-Based Control

Constitutive laws

st(s) V(S) = Sderont(s) - BZI(S)

I(S) = @(S)ment(s)

Acoustic impedance

Zms(s)

%)= 5 " Bees)

Room correction at low frequencies Hervé Lissek 10



Electroacoustic absorbers design
°

Electroacoustic absorbers: hybrid sensor-/shunt-based control

Hybrid Sensor-/Shunt-Based Control

Transfer function

I(s) Sdzst(s) Zm(s)
OO = Broe® —  BLZa(s)

Target impedance

Mums
Zs(s) = s“

> + R + ——

Sq SSd Cmc

ISO 10534-2

Hiz — H)

Hg — Hi2
HI = e—jk(Xl—Xz)
Hg = efkba—x)

r12 — ej2k.x1

Room correction at low frequencies Hervé Lissek 10



Electroacoustic absorbers design
°

Electroacoustic absorbers: hybrid sensor-/shunt-based control

Hybrid Sensor-/Shunt-Based Control

o(s) = I(s) _ SaZst(s) — Zm(s) Case m Rst
Pfront(s) B¢ Zst(s) A 1 Rms/Sd
Target impedance B 0.15 pc/8
C 0.15 pc
UMms
Zst(s) =s—— + R.
St( ) S + Rst + ——— SSdeC
—A —B —C , ~—A —B —C
T;‘ 0.9 N
£ 08 N
%’ Sos AN
= go.s \ %
" 20.4
’g‘ w2 éOSJ'\/A
g 0 gg o @02
DK“:'W/Z 0.1

-7 0
"6 315 63 125 250 500 1000 16 315 63 125 250 500

1000
Frequency (Hz) Frequency (Hz)

Sound absorption coefficient Specific acoustic impedance

Rivet et al., IEEE Transactions on Control Systems Technology, 2017
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Electroacoustic absorbers design
®00

Performance assessment in 1D Case

With Hard Wall
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Electroacoustic absorbers design
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Performance assessment in 1D Case

With a Loudspeaker

Frequency (Hz)

16,

0 02 04 06 08 1

Room correction at low fi
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Electroacoustic absorbers design
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Performance assessment in 1D Case

With an Electroacoustic Absorber
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From 1D to 3D

© rFom 1D w0 3D
@ Identifying target Impedance in 3D
@ Optimisation of Multiple Degree-of-Freedom Target Impedance

Room correction at low frequencies Hervé Lissek 14
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Identifying target Impedance in 3D

1D Case under Normal Incidence

zeta(l)=1 Eigenfrequency=101,16+4,0558i Surface: Sound pressure level (dB)

A 9L

Modal decay time of mode n

_ 3In(10)

MTﬁOn 5
n

V66,9

Duct dimensions: L =1.7m, W =H =30 cm
Target acoustic resistance: Rs = (pc

Room correction at low frequencies Hervé Lissek 15
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Identifying target Impedance in 3D

D Case under Normal Incidence

A 0984 A 251107 A0.974 A134x107
x10% x107
1 1
0.8 1.2 0.8 1.2
0.6 0.6
1 1
0.4 0.4
0.2 0.8 0.2 0.8
o o
06 06
0.2 0.2
0.4 0.4 0.4 0.4
0.6 -0.6
0.2 0.2
0.8 08
1 1 4
¥ 0973 ¥ 7.5x10° ¥ -0.805 ¥ 2.96x10°
Rs = pc Rs = 0.15pc

raps = 6cm, Sops = 113cm? (12.6 % of the wall area)
Sound pressure (color), active sound intensity (gray)

at low frequencies Hervé Lissek 16
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Identifying target Impedance in 3D

1D Case under Grazing Incidence

A0.784 A 9.55x10%
)

A0.868 A29x10%
x10” x107
1 1
o0sg 0.8
2.5 25
0.6 0.6
0.4 2 0.4 2
0.2 0.2
0 15 0 15
0.2 0.2
1 1
0.4 0.4
0.6 05 0.6 05
0.8 0.8
-1 o -1 o
v 0673 ¥ 6.06x10 ¥ -0.415 ¥ 5.46x107°
Rs = pc Rs = 0.32pc

Faps = 10cm, Saps = 314 cm?

Sound pressure (color), active sound intensity (gray)
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From 1D to 3D
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Identifying target Impedance in 3D

In rooms?

® Design of demonstration prototypes

— Value of target impedance?

Room correction at low fi Hervé Lissek 18




From 1D to 3D
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Identifying target Impedance in 3D

Optimization on Modal Decay Time

As seen before, the Modal Decay Times only depend on eigenvalues w, + jdn
(invariant with position)
— can we derive optimal values of acoustic impedance by minimizing MTgg, for a
given set of room resonance frequencies?
Optimization with COMSOL: output 4, for a given set of resonance frequencies
Medium room M2
L =7.87mW = 6.36m,H = 3.48m

Medium room M1

Small room S L=7.02m,W = 5.10m,H = 2.70m

L =5.33m,W = 3.76m,H = 2.13m

) ¥ 1
¥ g ¥ i @ i
* ; ‘ g
Modal decay time of mode n
In(1
MTeo, = 3/n(10)
On

Room correction at low frequencies Hervé Lissek 19
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Identifying target Impedance in 3D

Modal Decay Time

Small room S Medium room M1 Medium room M2
L =5.33mW = 3.76m,H = 2.13m L=7.02m W = 5.10m,H = 2.70 m L =7.87TmW = 6.36m,H = 3.48m
@
¥ i
& @ i .
# W &
by X
12 120 1 ni20 120
11 110 11 110 110
! 100 ! 100 100
90 90 90
s0 T 50 £ 80 T
o g o g ™ g
@ § 0 § 0§
& & &
50 50 50
0 40 40
30 01 30 01 30
0 20 20 20
16 315 63 125 250 500 16 315 63 125 250 500 16 315 63 125 250 500
Specific Acoustic Resistance (Pa.s.m™') Specific Acoustic Resistance (Pa.s.m™) Specific Acoustic Resistance (Pa.s.m™)

Room correcti uencies
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Identifying target Impedance in 3D

Modal Decay Time

Small room S Medium room M1 Medium room M2

Frequency (Hz)
Frequency (Hz)
Frequency (Hz)

a0 40 40
30 o1 30 01 a0
0 20 20 20
6 315 63 125 250 500 1 315 63 125 250 500 1 315 63 125 250 500
Specific Acoustic Resistance (Pa.s.m™') Specific Acoustic Resistance (Pa.s.m™) Specific Acoustic Resistance (Pa.s.m’')

21
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Identifying target Impedance in 3D

Modal Decay Time

Small room S Medium room M1 Medium room M2
12 120 12 120 1 120
1 110 11 110 110
1 1
100 100 100
0.9
90 ) 90 90
) 208 — T T
S o £ w
0 g Fost g " 8
w § Sos e € o §
& § 0.4 - o
5 H 5 50
03
w0 - 10 0
0.1 0 01 20 01 30
0 2 20 2
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160
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100
80
N
S
>
3
g
§
g
g
e
£
16
16 315 63 125 250 500

Specific Acoustic Resistance (Pa.s.m™)

21
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Identifying target Impedance in 3D

Active Sound Intensity

Data set=Study 1/Parametric Solutions 2 zeta(l)=1 Eigenfrequency=32,513+2.7498i
Active Intensity Pressure (Pa)
Al A1.69x10™
x107
7

o




From 1D to 3D
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Optimisation of Multiple Degree-of-Freedom Target Impedance

Design

Method to prescribe frequency-dependent resistances on the EA

Multiple degree-of-freedom target impedance

1

ZsrnfDOF (w) = " 1

=1 Zsty (W, Vo1, Retyy 15 V)

where
Mums

1
+ Rst +

Zst, (w, v, Rst, vy, ) = jw
kW Vo 15 sty Vo J .
SaVy 4 Jw Sqvy, Cime

with conditions

n n—1
vy = VM — E :V2k—1 and v, =vg — E :V2k
k=2 k=1

Modified sound absorption coefficient

Zs(f) — Rs |?

&(Rs,f)=1— ="+~
(Re, F) Z(f) + Rs

Room correction at low frequencies Hervé Lissek



From 1D to 3D
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Optimisation of Multiple Degree-of-Freedom Target Impedance

Performance Optimisation

— Room$S — Room M1 — Room M2

Frequency (Hz)

16
16 315 63 125 250 500
Specific Acoustic Resistance (Pa.s.m™)

Room correcti uencies




From 1D to 3D
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Optimisation of Multiple Degree-of-Freedom Target Impedance

Performance Optimisation

— RoomS — Room M1 — Room M2
160 nt
|
125 09
100 08
80 07
Er z 06
z z g
5 50 E 052
A [=3
s s g
40 8 04
E I =
315 03
25 0.2
20 04
16 6 0
16 315 63 125 250 500 . 250 500
Specific Acoustic Resistance (Pa.s.m™) Specific Acoustic Resistance (Pas m™')

Wei

ing functio optimal resistances

(R —gRy(M)*
2(agf + bz)

Rsom(Rs7 f) = (aif + b1) exp




From 1D to 3D
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Optimisation of Multiple Degree-of-Freedom Target Impedance

Performance Optimisation

— RoomS — Room M1 — Room M2

160 nt
125 los
100 08
80 0.7
63 0.6

Frequency (Hz)
a
3
Frequency (Hz)
>
&
Magnitude (-)

31.5 0.3
50— 02
20 o 0.1
®6 ais e 15 20 500 g . 250 500 °

Specific Acoustic Resistance (Pa.s.m™) Specific Acoustic Resistance (Pas m™')

ing functi

of optimal resistances

(R — g Ry, (f))?

Reope (Rs, f) = (arf + b1) exp | — 2(of + bo)

Optimisation strategy

A ://maX(&(Rs,f)—ath,O) Rep (Re, £) dRe df

at low frequencies Hervé Lissek 24



From 1D to 3D
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Optimisation of Multiple Degree-of-Freedom Target Impedance

Performance analysis

Zsts_por =

Zstl //Zsz
//Zsf3
(C3)

Zs

t2_ DOF

(c2)

o 16 315 63 125 250 500 10 16 315 63 125 250 500
Frequency (Hz) Frequency (Hz)

Room correction at low frequencies 25
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Optimisation of Multiple Degree-of-Freedom Target Impedance

Performance analysis

ZST), /?O/»
Zst, || Zst,
(€2)

315

63 125
Frequency (Hz)

250

500

315

63 125
Frequency (Hz)

250

— C0

—C1 —C2

— C3

Room correction at low frequencies

315

63 125
Frequency (Hz)

250

500
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Lissek
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Zstl //Zsz
//Zsf3
(C3)
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Optimisation of Multiple Degree-of-Freedom Target Impedance

Performance analysis

\
Zst Zsts_por =
2—
Zer | ,,')OZF Zsty //Zsz
st1/ | Lsty /] Z
(C 2 ) st3
o 16 815 _ 63 125 250 500 Tio 16 15 _ 63 125 250 500
Frequency (Hz) Frequency (Hz)
\ J \ J
—0c0 —01 —Cc2 —C3 —0c0 —C1 —C2 —C3
500 100
400 e 80
&300 g 60
$200 S
g w
g0 820
0 _ 0
x e 200
g w2 9-‘“, 100
9 0 § o
g <
o /2 $-100
£
S
- &-200
10 16 315 63 125 250 500 = 10 16 315 63 125 250 500
Frequency (Hz) Frequency (Hz)

25

)
S
<
-
7}
73
®
=~
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From 1D to 3D
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Optimisation of Multiple Degree-of-Freedom Target Impedance

Modified Sound Absorption Coefficient

3
8
&

H
- %
ES 068
Basic g 058
g g
. g 5
config. g 043
& <
(CO) 3 032
3
02%
0.1
1 0
6 315 63 125 250 500
Specific Acoustic resistance (Pa's m™")
\ J
—co
160
125
100
00 _—_ >
Z e
7
g 50
S
g 40
&
315
25
20
16
16 315 63 125 250 500

Specific Acoustic Resistance (Pa.s.m™')
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Optimisation of Multiple Degree-of-Freedom Target Impedance

Modified Sound Absorption Coefficient

r 2 r N
160 nt 160 a1
125 09 125 09
100 08 = 100 1082
8 o
= 07g _ 072
ES 063 z 068
H > s > 5
Basic g 0sg g 0sE Zst,_por
. 3 5 3 5
config. g 048 g 048 (C1)
[ < i <
(CO) 3 032 3154 032
3 3
02% 023
0.1 0.1
1 0 - e o
1 315 63 125 250 500 315 63 125 250 500
Specific Acoustic resistance (Pa's m™") Specific Acoustic resistance (Pa s m™)
\ J \ J
—co —at
125
100
80
L e
z
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From 1D to 3D
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Optimisation of Multiple Degree-of-Freedom get Impedance

Modified Sound Absorption Coefficient
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In situ performance Evaluation

e In situ performance Evaluation
@ Frequency responses
@ Modal decay times
@ Spatial distribution of pressure

at low frequencies

Hervé Lissek
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In situ performance Evaluation
©000

Frequency responses

Experimental Setup: Small Room
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In situ performance Evaluation
0®00

Frequency responses

Experimental Setup: Medium Room

|
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Frequency responses

Modal Equalisation: Small Room
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In situ performance Evaluation
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Frequency responses

Modal Equalisation: Medium Room
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In situ performance Evaluation

[ 1o}
Modal decay times

Evaluation of Modal Decay Times with RFP

Could be directly measured with sine excitations at resonance frequencies
(provided they have been carefully identified)
Reverberation chamber:
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In situ performance Evaluation
[ 1o}

Modal decay times

Evaluation of Modal Decay Times with RFP

Could be directly measured with sine excitations at resonance frequencies
(provided they have been carefully identified)
Reverberation chamber:
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In situ performance Evaluation
[ 1o}

Modal decay times

Evaluation of Modal Decay Times with RFP

Modal decay time of mode n
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M. H. Richardson, D. L. Formenti, " Global curve fitting of frequency response measurements using the rational
fraction polynomial method.” Proceedings of the Third International Modal Analysis Conference, 1985.
at low frequencies Hervé Lissek




In situ performance Evaluation
o

Modal decay times

In situ evaluation of Modal Decay Times
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In situ performance Evaluation
©0000

Spatial distribution of pressure

Is spatial sound pressure distribution accessible...?

® Target: Spatial evaluation of sound pressure field with and without absorbers
® Framework:
® Input: sound pressure measurement at a limited number of microphone
positions
® OQutput: visualize/render sound pressure distribution within the whole
room
® Challenges:
® Limited number of actual microphones
® |f possible, limited computational requirements

Room correction at low frequencies Hervé Lissek 34



In situ performance Evaluation
0®000

Spatial distribution of pressure

... through Compressed Sensing?

Compressed sensing!
® Reconstruction of a signals using far fewer samples than required by Nyquist
theorem, given that the signal is sparse
® |n acoustics: Reconstruction of the whole sound field in room using a much less
number of measurements.
® Sparsity of sound field in room

® Modal summation
® Approximation of Modeshape function W, using plane waves summation

lMignot et al., Low frequency interpolation of room impulse responses using compressed sensing, IEEE/ACM
Trans. on Audio, Speech, and Language Processing, 22(1) (2014)
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In situ performance Evaluation
00®00

Spatial distribution of pressure

Compressed Sensing framework: identifying the resonance frequencies

@ Measure a set of FRFs Hy,(w) (wrt a reference signal,
eg. source velocity) at M microphone positions

‘Transfer function

Amplitude (dB) re. Pa.sim

0 60
frequency (Hz)
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In situ performance Evaluation
00®00

Spatial distribution of pressure

Compressed Sensing framework: identifying the resonance frequencies

@ Get the RIRs through inverse Fourier Transforms
hm(t) = F " H{Hm(w)}

Impulse response

Room correction at low frequencies Hervé Lissek 36



In situ performance Evaluation
00®00

Spatial distribution of pressure

Compressed Sensing framework: identifying the resonance frequencies

© Build a matrix of M vectors of size N;

=
mi(t)  m(t2) ... m(ty,)
my(t1)  mp(t2) ... ma(ty,)
() mu(t) . ()

Room correction at low frequencies Hervé Lissek 36



In situ performance Evaluation
00®00

Spatial distribution of pressure

Compressed Sensing framework: identifying the resonance frequencies

@ Define a database of N eigenvalues (w;,d;) within

limit values

Build a matrix (dictionary) of modes, such as o

di(t) = elwit e=0it di(t1) d(t1) ... dy(tr)
di(t1) d(t2) dy(t2)
Alty)  altn) - dnltn,)

Room correction at low frequencies Hervé Lissek 36



In situ performance Evaluation
00®00

Spatial distribution of pressure

Compressed Sensing framework: identifying the resonance frequencies

M- D =
an a2 .. Ay
. . . . a a .ee a
@ Project the measured signals on the dictionary 2 22 2N
a1 a2 - amw

Room correction at low frequencies Hervé Lissek



In situ performance Evaluation
00®00

Spatial distribution of pressure

Compressed Sensing framework: identifying the resonance frequencies

ainl
an1

@ Select the column n; (corresponding to mode wp1,8n1) g
with the highest energy
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In situ performance Evaluation
00®00

Spatial distribution of pressure

Compressed Sensing framework: identifying the resonance frequencies

Impulse response

ource velocity

Amplitude (Pa) ref st

@ Subtract each RIR hp(t) with the projected vector

amny efom t,e_‘s”l t

Room correction at low frequencies Hervé Lissek



In situ performance Evaluation
00®00

Spatial distribution of pressure

Compressed Sensing framework: identifying the resonance frequencies

@® Repeat the operation until a set number of modes L
(should be lower than M the number of microphones)

Room correction at low frequencies Hervé Lissek 36



In situ performance Evaluation
00®00

Spatial distribution of pressure

Compressed Sensing framework: identifying the resonance frequencies

wny + j‘snl
wny + j‘snz

Wnyp +j6nL

© The outcome of this phase is the identification of L
eigenfrequencies (wn; + jon;)

Room correction at low frequencies Hervé Lissek 36



In situ performance Evaluation
00080

Spatial distribution of pressure

Compressed Sensing framework: trying to recover the mode shapes

Making the assumption of plane wave decomposition:
p(t, Xm) ~ Z an,,,e_k"i«"x’"e’k"i“
n;,reN2
The second sparsity comes from the fact that each of the mode shapes can be
approximated by a finite sum of plane waves coming from different direction (but with

the same wave number Vr, ||k,,7,,\| = kn,).

Room correction at low frequencies Hervé Lissek



In situ performance Evaluation
00080

Spatial distribution of pressure

Compressed Sensing framework: trying to recover the mode shapes

Making the assumption of plane wave decomposition:
p(t,)(m) ~ Z oz,,,,,e_k"i”‘Xme/k"i“
n;,reN2
The second sparsity comes from the fact that each of the mode shapes can be
approximated by a finite sum of plane waves coming from different direction (but with

the same wave number Vr, ||k, /|| = kn.).

@ For each mode n;, we build a set of r eigenvectors
within a sphere of radius kp,

Room correction at low frequencies Hervé Lissek



In situ performance Evaluation
00080

Spatial distribution of pressure

Compressed Sensing framework: trying to recover the mode shapes

Making the assumption of plane wave decomposition:
p(t,)(m) ~ Z oz,,,,,e_k"i”‘Xme/k"i“
n;,reN2
The second sparsity comes from the fact that each of the mode shapes can be
approximated by a finite sum of plane waves coming from different direction (but with

the same wave number Vr, ||k, /|| = kn.).

@ Projecting all M microphone (with known positions
Xm) measurements on all r wavevectors kp,

Room correction at low frequencies Hervé Lissek



In situ performance Evaluation
00080

Spatial distribution of pressure

Compressed Sensing framework: trying to recover the mode shapes

Making the assumption of plane wave decomposition:
p(t,)(m) ~ Z oz,,,,,e_k"i”‘Xme/k"i“
n;,reN2
The second sparsity comes from the fact that each of the mode shapes can be
approximated by a finite sum of plane waves coming from different direction (but with

the same wave number Vr, ||k, /|| = kn.).

©® LMS minimization allows retrieving the most likely
wavevector kp;
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In situ performance Evaluation
0o000e

Spatial distribution of pressure

Compressed Sensing reconstruction: results so far

® Goal: sound field reconstruction (in thereverberation chamber)
® Setup: 50 randomly placed microphones measurements in the room

® For now: COMSOL simulations (as ground truth) and validation of compressed
Sensing interpolation out of a limited number of microphones

FEM modeling (40.88 Hz) CS result (40.88 Hz)

4
Pressure distribution at f = 40.88 Hz

a .
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85 2 \ /
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In situ performance Evaluation
0o000e

Spatial distribution of pressure

Compressed Sensing reconstruction: results so far

® Goal: sound field reconstruction (in thereverberation chamber)
Setup: 50 randomly placed microphones measurements in the room

® For now: COMSOL simulations (as ground truth) and validation of compressed
Sensing interpolation out of a limited number of microphones

FEM modeling (66.09 Hz) CS result (66.09 Hz)

4

Pressure distribution at f = 66.09 Hz
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Conclusion

Summary of results

® Design guidelines for setting electroacoustic absorbers

® Impedance control through multiple degree-of-freedom resonators
® Hybrid sensor-/shunt-based impedance control

® Performance optimisation

® Definition of new performance metrics
® Methodology for performance improvement

® Performance evaluation for modal equalisation

® Development of demonstration prototypes
® Objective evaluation in real rooms
® Subjective evaluation of music playback in rooms (not presented here)

Room correction at low frequencies Hervé Lissek 30
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Conclusion

Perspectives

® Absorber design

® Ratio surface/mass
® Active panels controlled by electrodynamic inertial actuators
® Development of electroacoustic absorption-diffusion systems

® Performance optimisation
® Target impedance (reactive terms in simulations)

® Calibration of electroacoustic absorbers directly in the room

® Performance evaluation
® Spatial sound field reconstruction (compressive sensing)

Room correction at low frequencies Hervé Lissek 40
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Conclusion

Thank you for your Attention

Thanks to: Etienne Rivet, Sami Karkar, Romain Boulandet,
and Thach Pham Vu

Most of the presented results are taken from
Etienne Rivet PhD Thesis No. 7166 (open access)

Open access paper:
E. Rivet et al, Acta Acustica, 103(6), pp. 1025-1036 (2017)
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