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Acoustic fields and sampling : general framework

sampling-a
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We want to measure a
set of Impulse Responses

over an area of interest
Measurements are
punctual (spatial samples)

waves satisfy the
Helmholtz equation

boundary conditions
are unknown



Acoustic fields and sampling : general framework

Outline of the presentation

C the 2D

® the 3D



Interpolating plates impulse responses

(with G. Chardon and A. Leblanc)



Plate vibrations measurements

Laser vibrometer

Personal )
computer D—Shaped p|ate

known for chaotic
RN behavior

N measures

unknown dispersion relation

How many point measurements are necessary
to recover the full vibration behavior ?

(fine sampling with laser viborometer : 2 hrs)
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Recovering the impulse responses

(General framework

Undersampled Undersambled Interpolated Interpolated
measuren ents modal shépes modal shapes impulse responses

—> - - - _ L — — — > .

I VTP DN - des inferpolation” L - - -] impulse response [~

modes identification | _Modes Interpolation_ _ reconstruction —>

—_— > - _ - — — — > .

damped sinusoids

identify frequencies and
damping jointly present o _ |
in all measurements argmax Cin(a,w,8) = | (a6 th,m) |

Ex: SOMP '

2

Cawo(t) = e~ cos(wt + o)

Uk m+1 — Uk.m — P, 771.('1113,771.)
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Plane-wave approximation

Kirchhoff-Love model

2w Ow Propagative Evanescent
h— +a— + DA?w =0 modes modes

Ot? Ot
D> o) ~ (z +3) Ls(ey)
T
- . | ken|| = ko
4

\

Global model

M ] M ]
(z,y,t) ~ E A, e cos(wpt + &y, ) E wy, ethnm T 4 E :,.lt,:meknm-m

m=1 m=1
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but ko IS unknown ...
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Dispersion relation

W(;lf,y) 7 (Z az.ne”—‘:'"'f + 3n€l—5n-i’> 18(377 lj)
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|
300

J
350

Find best match (ko S.1.
measures are maximally

porojected on the set of
plane waves on the circle

of radius ko)
“circle-MUSIC”



Recovering the modal shapes

Fourier
interp.

Reference

Random meas. pts

Structured M
sparsity
interp.

Structured sparsity
disambiguates aliasing
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Recovering the modal shapes
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Recovering the modal shapes

20453 Hz 15688 Hz 18951 Hz

19467 Hz 13597 Hz Sampling pattern
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Recovering the dispersion relation

1000 sub-Nyquist range
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Recovering the impulse responses

Undersampled Undersampled Interpolated Interpolated
measurements modal shapes modal shapes impulse responses

—>] = — — —> > >

- 7 B __>:::::::::::::::::::::____> impu|seresponse —

— | modes identification | ~ - ->| _modes interpolation__|- """ reconstruction | .

—_—> > ] — — > >

""""""""""""""""""""""""" d amped sinusoids
- measured IR

e nterpolated IR

time samples

Can be used for calibration of tactile interfaces
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Recovering the impulse responses
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Fourier /
Shannon

(b)

Proposed
method

130

120

SN




Recovering the impulse responses

odd -
shape i\\

Fourier interp

Proposed method

with evanescent waves

Proposed method

without evanescent waves

samedi 23 février 13



Compressive Nearfield Acoustic Holography

Extension to NAH with sub-Nyquist measurements
(collab. F. Ollivier and R. Gribonval teams)
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Nearfield acoustical holography with a guitar

CS 120 micros - f=275.1 Hz CS 120 micros - f=3104 Hz CS 120 micros - f= 338.0 Hz CS 120 micros - f= 396.3 Hz

CS 120 micros - f= 5064 Hz CS 120 micros - f=647.1 Hz CE 120 micros-f=707.1 Hz

CS 120 micros - f=861.2 Hz CS 120 micros - f=12374 Hz
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Compressively sampling the plenacoustic function

(with R. Mignot)
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same

Compressively sampling the plenacoustic function

e [he acoustics of a room is characterized by the full set
of Impulse responses between sources and receivers.

erberation

i

lme

e (abstract) notion of “plenacoustic function” @jdier / vetterii, 2002)

p = 1(S,
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R, t, room characteristics)

"How many microphones do we need to place
INn the room In order to completely reconstruct
the sound field at any position in the room?”




Compressively sampling the plenacoustic function

* uniform sampling (ajdier/vetterii, IEEE TSP 2006}

® Sampling
® with a cutoff frequency fc, time sampling is done at Fs > 2 1

® in space, the maximal sampling step 0« is ;
0X

C
0
5 <~

2/,

e Sampling on a large 3D domain might require a very large number of measurements

e fc =17 kHz — 10% measurements / m3!

Use physics | We are not sampling any random signal ‘ -~
in [0, Fc] but solutions of the wave equation.
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same

Compressively sampling the plenacoustic function

S fixed, for a give
Let us sample f a

g8 8 8

_amplitude(dB)
g o

g 3

&
3

The useful Information
llves here

N room f(x,1)

ong the x-axis

dispersion relation

(Ajdler / Vetterli, 2002)

leads to 1:2 savings in sampling along a line
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same

Compressively sampling the plenacoustic function

but space is 3D W,

4 (.UI

Sampling line

In the 4-D space (3-D + t), the useful information ideally
ives on a cone along the temporal frequency axis

We should “only” have to sample a 3-D surface in a 4-D space
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Compressively sampling the plenacoustic function

Numerical simulation in 2D

Sampled in 1D in space

(a)

6000
4000
20
-2000
-4000
f [Hz] 6000 o9 1
¢, [m ] (space frequency)
(c)
‘ll%@r,l,’m
6000

20

-2000
-4000

f [Hz] 6000 g p
b, [m ] (space frequency)
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(b)

20
-2000

-4000

f [Hz] 6000 g p
b, [m ] (space frequency)

Sampled in 2D in space
(d)




Compressively sampling the plenacoustic function

OF

A

If you sample in n-D a wave in n-D
you get one dimension «for free»
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... however, we cannot use this
directly as we don’t sample in

R the 4D Fourier space, but this
provides sparsity

with more freedom in the sampling scheme
(and therefore more control on the stability of numerical schemes)

Same gain as with integral theorems but




same

Compressively sampling the plenacoustic function

In practice, 2 forms of (approximate) sparsity

e sparsity In time
A ming Early reflexions appear as
: sparse spikes

frequency

e sparsity In frequency
At low frequencies, rooms
have a “modal” response

Schroeder frequency

)

Frequency (Hz

time

>

ooooo
« - —

Diffuse part

A

—

1 et

7im time
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Compressively sampling the plenacoustic function

The goal of this study Is
to take advantage of this prior information on the signals
directly at the acquisition stage
in order to reduce the number of measurements,

using the sampling paradigm of compressed sensing
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Compressively sampling the plenacoustic function

e sparsity in frequency

At low frequencies, rooms have a “modal” response
E W
0 100 200 Frequ eSr(?](z: y (HZ) 400 500 600
']5<X ; f) — Z (.?l'iq.r ol (kg cott+kg rX kq,rll = kq

q,r
structured dictionary of plane waves, sparse in the number of modes

2-step algorithm: find frequencies (joint sparsity across measurements)
then modes
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Compressively sampling the plenacoustic function

3 different sparse models

® sparsity In frequency

® structured plane wave model (CS1)
at a given frequency, not sparse in the k domain

® unstructured plane wave model (CS2)

sparse in frequency and in the k domain

® sparsity in time

Image source model
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Sparsity in frequency (method CS1)

® \Vave equation
co? Ap(X.t) — Ofp(i g =0

® Modal theory for closed rooms (with ideally rigid walls)

Z Ay dg(X) elFacot

qEL*

with walls attenuation k’q c C

samedi 23 février 13



Sparsity in frequency (method CS1)

Plane wave approximation

each spatial mode @, (with wavenumber k) is approximated by R
plane waves (whose vectors all have the same amplitude |k,| )

R
Qﬁc](X—}) ~ Z Aq,r e”]kq'rx HA(IIHZ — |kq|

r=1

Within a finite frequency range [0,w. | containing Q real modes
(2Q complex), the plenacoustic function can be approximated
as a sum of 2QR damped harmonic plane waves

o) (kqcot+kq,rX)

with coefficients Dgr = Aqaq,r

Y
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same

Sparsity in frequency (method CS1)

Algorithm CS1

® measure Impulse Response at M points in volume &
® cstimate shared modes frequencies using a joint
sparsity (across M measurements) Model for damped sinusoids

(ex. MUSIC, SOMP, ...)

e for a given mode
® construct corresponding dictionary of plane waves (sampling of

the sphere)
® get coefficients by least-square projection

® |nterpolate plenacoustic function at every position of Q

—p oy 4

1;<X ZL> = Zq (Aiq.r o) (kq co T—i—/_l:q_,,X)
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Sparsity in frequency (method CS2)

® Assume a rectangular room

space variables get de-coupled

p(X,t) = )  AgFoq(z) Fyq(y) Frq(z) ke

- '-," -
({t &

—_—

one mode : 8 plane waves k= [£k,. £k,. =k.]

e formulation as a standard sparse optimization problem
® has to be further simplified for processing

® greedy approach
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Sparsity in time  with the image source model

® sparsity in time
X sources
O receiver

In an enclosed space:
direct path,

1st-order reflections,

and multiple reflections.

So

energy
A
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Sparsity in time  with the image source model

e sparsity in time

Image-source model

X (virtual) sources
QO receiver

Fort<T:

Discrete reflections

I{ 2 ) .
- O(t—||Sr—R|| /c
p(t,R) =) b (=115l /c)

= = yT ‘ / Diffuse reverberation
k=0 dm || Sk—R|| | “ HlllllluT N
unstructured dictionary of monopole sources,
sparse in the number of virtual sources
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Toy example:

Simulation of 7 synthetic sources in a
2D free field.

® microphones
X synthetic sources
Jestimated sources
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Toy example:

Simulation of 7 synthetic sources in a
2D free field.

® microphones
X synthetic sources
Jestimated sources
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Toy example:

Simulation of 7 synthetic sources in a
2D free field.

microphones
X synthetic sources
Jestimated sources

Multi-resolution
MP algorithm
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Sparsity in time  with the image source model

Source interpolation : the i
« basls image method » V.,

samedi 23 février 13



Sparsity in time  with the image source model

® Results on synthetic Room Impulse Responses:

Sampling, Analysis with M = 120 microphones (e) and 1 fixed source (x)
Simulation using [Allen,JASA,1976], for a rectangular room (3.8x8.15x3.6)m
Interpolation on another position (e)

F.=44100 Hz, f. = 20000 Hz.

X

;‘ 002 | T T
o ( — Sy nthetic response
a = « = . Interpolated response
@
§ 0.01+
8
c
a
2 0
E
£
o
& ~0.01 1 1 ! 1

0.01 0.015 0.02 0.025 0.03 0.035

Time: 1 [g]

40
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Sparsity in time  with the image source model

® Results on synthetic Room Impulse Responses:

Sampling, Analysis with M = 120 microphones (e) and 1 fixed source (x)
Simulation using [Allen,JASA,1976], for a rectangular room (3.8x8.15x3.6)m
Interpolation on another position (e)

F.=44100 Hz, f. = 20000 Hz.

002 | 1 |

— Sy nthetic response
=+ Interpolated response

=
[
-

I \
‘ - =
o
o

0.01+

Room Impulse Response: p(t, X)

-0.01 1 1 : :
0.01 0.015 0.02 0.025 0.03 0.035

Time: 1 [g]

41
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Microphone array experiment

Room size
X = 3.88 M
Ly =8.15m
Lz =3.8m
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Compressively sampling the plenacoustic function
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experi
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Irregular sampling of
a 2*2*2m cube
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Calibration issues

® Microphone array experiment

* First calibration:
o Estimation of the microphone positions R,,, using [Ono,Waspaa,2009].

« Measures: Hmeasured = Hroom G, where G = Hexcitation Hloudspeaker Hmicrophone

o In practice, we need to estimate G.
o Problem: without anechoic measures, we need to make “in situ” estimations.

-

0.005 0.01 0.015 0.02 0.025 0.03

o Microphone responses have to be estimated for each microphone !
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Compressively sampling the plenacoustic function

Microphone array experiment
Analysis with 119 microphones, interpolation of the 120t response.

e sparsity In time :

e sparsity In frequency

40
20
U
-20 |-
-40)

Room Impulce Re

0.2

0.1

I

T T T 1

— Neasured response

we « = |Interpolated response

1 1 1

|
0.015 0.02 0.025 0.03 0.035

Time: t [s]

full band, beginning of impulse reponses only

whole temporal support, low frequencies only

0

S |
"}g !])\ ,1}‘ | ’U x r".,N \Y, ﬁ 'r f [ k H"‘Jin A \'“ l,j—% x‘p‘ ‘)’ 1\\ m«‘f{c '\! M N L e n, A N A A g P AN N e A 1 N e I A N e A e e M S VA i
ji H i
| | | |
IUU 200 300 400 200 600
SNR=114922, corelation= 96.3985%. Distance=098353m. snr,(11:657)=11.5324, ¢2= 864335%
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Microphone array experiment

B |nterpolation at a point near the centre of the volume

® sparsity Iin
2 y (distance to the center = 32 cm)
frequency Fs = 750 Hz, fc =300 Hz, K = 216 modes, M = 119
ol Measurement
' Y == Interpolation method CS1
Ll
2 . A
| 1 | | 1 | | |
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 04 0.45
Time (s)
t' M -~ Interpolation method CS2
2t
| | | | | | | |
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 04 0.45
Time (s)
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SNR =21.8 dB
Corr =99.7 %

SNR =19.1 dB
Corr =99.4 %



Microphone array experiment

B |nterpolation at a point further away from the center

o : :
SparS|ty N (distance to the center = 90 cm)
frequency Fs = 750 Hz, fc =300 Hz, K = 216 modes, M = 119
— Measurement
- = Interpolation method CS1
&
1 1 1 | | | | | 1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
Time (s)
— Measurement
25 [ - = Interpolation method CS2
o
2+
| 1 | 1 | 1 | | |
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
Time (s)
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SNR =9.7 dB
Corr=95.8 %
SNR =12.3 dB
Corr =97.0 %



Microphone array experiment

B |nterpolation at a point at the edge of the volume

o : :
SparSlty N (distance to the center = 134 cm)
frequency Fs = 750 Hz, fc =300 Hz, K = 216 modes, M = 119
2 — Measurement
kel st _ _ == Interpolation method CS1
¢ | [ T4 N
L O R VR -‘ ‘ SNR = 1.2 dB
i 'l- | - : Corr =65 %
2} - -
0 o.los of1 o.l15 ofz 025 ofa 0.;5 04 o.:as
Time (s)
2r —— Measurement
-~ Interpolation method CS2
: , g SNR = 7.6 dB
| Corr =90.9 %
| | | | l | vl l | |
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
Time (s)
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Microphone array experiment

e sparsity In

B Dependency on the distance to the center
frequency

Fs="750Hz, fc =300 Hz, K =216 modes, M =119

T T O  method CS1
25 - ¥  method CS2/]

2 | I o %

15 }
. ! ) }

SNR (dB)

o I §

0 0.33 0.66 0.99 1.32 1.65
Distances (m) of microphones to the center, per interval.
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Microphone array experiment

® sparsity In ® Dependency on the frequency cutoff
frequency

M=104, Fs=25fc

OF Lo insisaeias N R N R TR R s e R T AR ]
7y SRRRESRAEE RIS SR  ANSIRDTN RN (XPIRURUR W] WA WY ———— 4
N O f e o Y T I SRS . — PO 41 [ R e
%17.5_“.()... N DR, (- - N (AU N DNAL NN N [ e
E 15_.4.#..%.._4. __'..% ....... -7..4%._.““%.._ “h.% el
- O O U000 OO IO N |
o] i Ty I B R T ITUAPTI) e S A0
73 SRR R ] POUPPRIN St IO GO eV IERE RN SO D % method CS2

5 I

T.=200H% T.=27oH2 f.=300Hz f.=325Hz f.=350Hz

(120 modes) (160 modes) (216 modes) (286 modes) (363 modes)
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Microphone array experiment

® sparsity in
frequency

B Robustness to additional noise

Fs="750Hz, fc =300 Hz, K =216 modes, M = 104

25.. R R
22‘5_,. ........

O method CS1 ]
v method CS2

17.5
15
C 125 = R o

(dB)

| I |
¥
£
- -
=
B o S
— ¥

- X ;{ :

A ISR NSNS NN (R ]L[i,...@ji@_

0
+o0odB +15dB +10dB  +5dB 0dB -5 dB -10 dB

Measurement SNR
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Microphone array experiment

B Comparison between an empty room and a room
with obstacles : open door and window, chair, wood panel

(remember that CS2 assumes a perfect rectangular

room)
Fs =750 Hz, fc =300 Hz, K =216 modes, M = 104
20
1751 1
15+ 1
) i il
<) 12.5
o 10f 1
=
W 75F .
S . i
- O  method CST
' vv  method CS2

Empty Obstacles
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Compressively sampling the plenacoustic function

® How many microphones 7

100

(00}

(0)]
i
©
~

® sparsity
N time

i
(0]
N}

35 2 L S E E —E&— SNR [dB]
or¥ | —k—Correlation [%]
i [ i i i i i i i i I I I
12 1619 23 28 34 40 46 52 60 70 80 92 105
M (number of microphones for the analysis)
1 11 | | I | | 1 ] | | -

—O— method CS
20 H —#— method CS2

|
~
o

Signal-to—Noise Ratio [dB]
N
3
[%%] uone|81I00) uoSIead

0o

®
&

e sparsity Iin e
frequency

SNR (dB)

| 1 1 | 1 | 1 | | 1 | | 1 1

12 1619 23 27 32 37 43 49 57 66 77 89 104
M (numbers of microphones for the analysis).
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Compressively sampling the plenacoustic function

* Yet to be done : fusion of the 2 approaches

frequency

>

Here only a statistical
behavior is necessary
(low-order ARMA model)

time
* "How many microphones do we need to place in the room in order to

completely reconstruct the sound field at any position in the room?”
=> maybe not a crazy number !
Sparsity makes it realistic to experimentally sample the
plenacoustic function in a whole 3D volume.

e Applications : virtual acoustics, source localization, dereverberation ...

e Many open questions : calibration, algorithms for large data size, structured
sparsity, dictionary design, optimal sampling distribution, ...
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Conclusion




Conclusion

e Sparse wavefield models can be useful to spatially
Interpolate impulse responses of acoustic systems

* A model must be constructed according to the physics of
the problem.

o 2D vibration of plates
* unknown dispersion relation
®* evanescent waves

e 3D room acoustics

* gparsity assumptions valid only at low freq. or early
reflexions

* hybrid models
e Still many open questions !
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