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Acoustic Sensor Networks

@ Signal acquisition in adverse acoustic environments

@ "Traditional” microphone arrays:
o Limited number of microphones (specific configuration)
e Microphones possibly at large distance from desired source —
background noise and reverberation

Signal
Processing
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Acoustic Sensor Networks

@ Signal acquisition in adverse acoustic environments

@ Acoustic sensor networks:
o Network of a large number of spatially distributed nodes,
typically at unknown positions
e More information about spatial sound field (microphones with
higher SNR, direct-to-reverberant ratio)
o Wired or wireless data transmission
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Acoustic Sensor Networks

@ Signal acquisition in adverse acoustic environments

@ Prototype applications:
e Hearing aids using extra microphones (room, other HA, ...)
e Video-conferencing using all microphones on laptops / room
e Surveillance
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Acoustic Sensor Networks

o Challenges:
e Dynamic array configuration: large number of microphones at
unknown positions, dynamic subset selection
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Acoustic Sensor Networks

o Challenges:
e Dynamic array configuration: large number of microphones at
unknown positions, dynamic subset selection
e Distributed and collaborative algorithms: power and
complexity constraints, effect of limited bandwidth and coding
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o Challenges:
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Objectives

@ Performance of signal enhancement algorithms depends on
acoustical scenario:

- microphone configuration P .

- desired source position ps

- noise position(s) p, and SNR (not for diffuse noise)

- room properties (e.g. Tgo, dimensions, reflection coefficients)
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acoustical scenario:
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- desired source position ps
- noise position(s) p, and SNR (not for diffuse noise)
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e General objectives:
@ Microphone subset selection
- For a given microphone configuration and room, compare
performance of different subsets
- Either for one specific source position or averaged over
different source positions

NTT 02.04.2012 Acoustic Sensor Networks



INSTITUTE Of
SIGNAL PROCESSING GROUP

OLDENBURG

Objectives

@ Performance of signal enhancement algorithms depends on
acoustical scenario:
- microphone configuration P .
- desired source position ps
- noise position(s) p, and SNR (not for diffuse noise)
- room properties (e.g. Tgo, dimensions, reflection coefficients)

e General objectives:
@ Microphone subset selection
- For a given microphone configuration and room, compare
performance of different subsets
- Either for one specific source position or averaged over
different source positions
@ Optimisation of microphone positions
- For a given room, optimise positions of distributed
microphones (e.g. using average performance)
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Objectives

@ Analyse performance of signal enhancement algorithms
for different acoustical scenarios

@ Approaches:
@ Using measurements (RIRs, noise coherence)
o Most accurate
@ Time-consuming if large number of source positions and
microphones configurations need to be compared
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Objectives

@ Analyse performance of signal enhancement algorithms
for different acoustical scenarios

@ Approaches:
@ Using measurements (RIRs, noise coherence)
o Most accurate
@ Time-consuming if large number of source positions and
microphones configurations need to be compared

@ Using simulations (RIRs, noise coherence)
e E.g. using image model, room acoustics software
@ Numerical simulation
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Objectives

@ Analyse performance of signal enhancement algorithms
for different acoustical scenarios

@ Approaches:

@ Using measurements (RIRs, noise coherence)
o Most accurate
@ Time-consuming if large number of source positions and

microphones configurations need to be compared

@ Using simulations (RIRs, noise coherence)
e E.g. using image model, room acoustics software
@ Numerical simulation

© Derive (approximate) analytical expressions using statistical
room acoustics, incorporating statistical properties of RIRs
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Objectives

@ Analyse performance of signal enhancement algorithms
for different acoustical scenarios

@ Approaches:

@ Using measurements (RIRs, noise coherence)
o Most accurate
@ Time-consuming if large number of source positions and

microphones configurations need to be compared

@ Using simulations (RIRs, noise coherence)
e E.g. using image model, room acoustics software
@ Numerical simulation

© Derive (approximate) analytical expressions using statistical
room acoustics, incorporating statistical properties of RIRs

This presentation: analytical expression for the spatially
averaged output SNR of Multi-Channel Wiener Filter (MWF),
given relative distance between source and microphones
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@ Microphone signals in frequency-domain
Y(w) = X(w) + V(w) = Hw)S(w) + V(w)

Y(@)=[Yo(@) - Yu-1 (@), H(w)=[Ho(w)--- Hu-1(w)]”

e Output signal: Z(w) = WH(w)Y(w) = Zy(w) + Z,(w)
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Signal model and configuration

Z(w)

o Desired source at position ps = [xs s zs]"
o Microphones at positions p, = [Xm Ym Zm] ,m=0---M—1
@ Relative distance between source and microphones
Do Ips — pol|
D= : = :
Dn—1 lPs — PM-1]|
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Multi-channel Wiener Filter

e Goal: MMSE estimate of speech component X,

E(W) =€ {‘xmo _ WHY‘z}
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Multi-channel Wiener Filter

e Goal: MMSE estimate of speech component X,

E(W) =€ {‘xmo _ WHY‘Z}

@ Solution:

Wp, =@ '®ep | en=[0--1---0]7

@ Speech and noise correlation matrices:
b, =0, +9,
o, = XXM, o, = £{vVvH}
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Multi-channel Wiener Filter
Goal: MMSE estimate of speech component X,

E(W) =€ {‘Xmo . w”v‘z}

@ Solution:
W, =& sen | en =[0-1---0]7
@ Speech and noise correlation matrices:
b, =0, +0,
o, = XXM, o, = £{vVvH}
@ Output SNR:
g{|ZX|2} Wgo¢XWmo
SNRout 2y — H
EZ 7} Wing® Wi
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Multi-channel Wiener Filter

o For a single speech source: ®, = p;HH", ¢, = £{|S|?}
_ OH .
¢s '+ A

mo?

Wmo SI\I:Rout = (Z)s/\

A=H"o H
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Multi-channel Wiener Filter

o For a single speech source: ®, = p;HH", ¢, = £{|S|?}
_ OH .
¢s '+ A

mo?

Wmo SI\I:Rout = (Z)s/\

A=H"o H

@ Homogeneous noise field: ®, = ¢, ',

SNRou = &p p=H"r H

SNR improvement only depends on Acoustical Transfer
Function vector H and noise coherence matrix I,
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Intermezzo: Distributed MWF

Binaural link

Large bandwidth required

@ All microphone signals are transmitted over a wireless link
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Intermezzo: Distributed MWF

Binaural link

Required bandwidth can be reduced

@ All microphone signals are transmitted over a wireless link

@ Reduce bandwidth requirement of wireless link by transmitting
one signal

o lterative distributed binaural MWF scheme (DB-MWF)
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Distributed MWF

Binaural link

Wn(“’%}}

| —
D(w)

i+l _
Wy =

i1 (\pit 1)
i

@ In each iteration Fyg is equal to Wgg from previous iteration,
and Fo; is equal to W13 from previous iteration
o Converges to centralized MWF !
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Rate constraints

@ Objective: investigate influence of link bandwidth on
performance of binaural MWF algorithm

@ The signal Y1 is encoded at finite bitrate R before
transmission

1 [ by,
R(\) = max(0, log, 5y )dw

4 J o

1 [o.¢]
D(\) = E/ min(\, Py,, )dw
—o0

] (DY01 is the PSD of Yq;
@ Parameter X links the transmission rate to the distortion

NTT 02.04.2012 Distributed MWF 15



universitdt|oLDENBURG SIGNAL PROCESSING GROUP

Rate constraints

Upper bound on achievable performance can be calculated using
forward channel representation

w

Yo Dy, -2 Yo

by, — A ).
<I>Yo1

@ The resulting MSE for SDW-MWF

_ 1 [oo H 1.
S(R) - 2 7oo(¢X0,1 CI)YoXo1q)?0CDYC’XO-rl)dW

dp = max(0, A
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Rate constraints

o Effect on performance of DB-MWF-algorithm
o Single signal is compressed/transmitted in each iteration
e Spread iterations over subsequent frames

SNR = 20 dB, SIR= 0 dB, rate R

16 e e XXX KR X
>
14t A R R R :
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Rate (kbps)
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Rate constraints

o Effect on performance of DB-MWF-algorithm
o Single signal is compressed/transmitted in each iteration
e Spread iterations over subsequent frames

SNR =20 dB, SIR=0dB, rate R
16 :

ToX—X A 3 2 X=X
> x> _ —
14t A R R R :
v
12 P 1
10 7
@ o/ 1
= 7
s 8/ 1
8 <L/ - — — DANSE atnode 1,i=1 |
)(/ — % — DANSE atnode 1,i=2
a4l / Centralized MWF at nodel 4
2r 4
0 i i i i
[0] 100 200 300 400 500

Rate (kbps)
o DB-MWHF-algorithm converges after K = 2 iterations,
moreover achieving highest performance gain
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Multi-channel Wiener Filter

o For a single speech source: ®, = p;HH", ¢, = £{|S|?}
_ OH .
¢t N

Wmo SI\I:Rout = (Z)s/\

A=H"o H

@ Homogeneous noise field: ®, = ¢, ',

S1\Ifiout = %P p = HHI';lH

SNR improvement only depends on Acoustical Transfer
Function vector H and noise coherence matrix I,
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Multi-channel Wiener Filter

Output SNR of the MWF can be computed using measured or
simulated ATFs and noise coherence matrices.

Reference at first microphone m =0

25

0

0 05 1 15 2 25 3 35 4 45 5 55 6 65 7 0
x-axis (m)
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Multi-channel Wiener Filter

Output SNR of the MWF can be computed using measured or
simulated ATFs and noise coherence matrices.

Reference at first microphone m, = 0
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Objective: (approximate) analytical expression for the output SNR
of the MWF using statistical room acoustics
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Statistical properties of ATFs

@ Decomposition of ATFs H in direct and reverberant
component
H(0) = Hy(0) + H,(0)

@ Stochastic variable 8 = [ps, po- - Pm—1]

M. R. Schroeder, " Frequency correlation function of frequency responses in room”, Journal of the Acoustical
Society of America, vol. 34, no.12, pp. 1819-1823, Dec. 1962
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Statistical properties of ATFs

@ Decomposition of ATFs H in direct and reverberant

component
H(0) = Hy(6) + H,(0)

@ Stochastic variable 8 = [ps, po- - Pm—1]

e Statistical properties of ATFs under specific conditions®

e room dimensions large relative to wavelength of signals

o frequencies above Schroder frequency f; = 20004/ T/ V
(V = volume of room, Tgo = reverberation time)

e microphones and source at least half a wavelength away from
walls

@ spatial expectation &{-} = ensemble average over all
realizations of 6

1M. R. Schroeder, " Frequency correlation function of frequency responses in room”, Journal of the Acoustical
Society of America, vol. 34, no.12, pp. 1819-1823, Dec. 1962
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Statistical properties of ATFs
e Statistical properties of ATFs (fixed relative distance D)
Al Direct path component independent of realization of 6
—j% D
g@{Hm)d(a)le} = Hm7d = 6471'7Dm Vm

Eo{Hma(O)H; 4(0)| D, Do} = HimaHy g = Soyrrpy Vi
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Statistical properties of ATFs
e Statistical properties of ATFs (fixed relative distance D)
Al Direct path component independent of realization of 6
—j% D
gg{Hm)d(a)le} = Hm,d = 6471_7 Vm
. & (On—Dim)
ge{Hmsd(a)Hn,d(ONDmﬂ Dn} = m dH ( 7)2DmDn Vm; n

A3 Spatial expectation of spectrum of reverberant component
Eof{|Hm (0 )P} = 2 (a= o;gw A = total surface area)

A4 Spatially expected correlation between reverberant components
Eo{Hm (0)H;,(0)} = Lza = len bl

TaA Pm—PnH
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Statistical properties of ATFs
e Statistical properties of ATFs (fixed relative distance D)
Al Direct path component independent of realization of 6
—j% D
gg{Hm)d(a)le} = Hm,d = 6471_7 Vm
. & (On—Dim)
ge{Hmsd(a)Hn,d(ONDmﬂ Dn} = m dH ( 7)2DmDn Vm; n

A3 Spatial expectation of spectrum of reverberant component
Eof{|Hm (0 )P} = 2 (a= o;gw A = total surface area)

A4 Spatially expected correlation between reverberant components
Eo{Hm (0)H;,(0)} = Lza = len bl

TaA Pm—pnl|
A5 Direct and reverberant components are uncorrelated
Eo{Hm,a(0)H;; ,(0)|Dm, Dy} =0, Vm,n
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Statistical properties of ATFs

e Statistical properties of ATFs (fixed relative distance D)
Al Direct path component independent of realization of 6
% Dm
gg{Hm)d(0)|Dm} = m d = 67 Vm
< (Dp—Dpm)
ge{Hmad(e)H:, ( )|Dm, D } - den d = (4 )ziDmD,, Vm, n
A3 Spatial expectation of spectrum of reverberant component
Eof{|Hm (0 )P} = 2 (a= o;gw A = total surface area)

A4 Spatially expected correlation between reverberant components
Eo{Hum.(0)H; (0)} = 15 "eqpreyfl Ym,n

7GA 2 [om—pall
A5 Direct and reverberant components are uncorrelated
Eo{Hm,a(0)H;; ,(0)|Dm, Dy} =0, Vm,n

A6 Eg{|Hm(0)” |Dm} = Gty + 35

TaA
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Output SNR using statistical properties ATFs

@ For each realization of 6

p(0) = HY(O)F T Hg(0)+HY ()T, T H,(0)+H] (6)F, ' Hy(0)+HT (6)F ;T H,(6)
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Output SNR using statistical properties ATFs

@ For each realization of 6

p(0) = Hg (0)F, " Ha(0)+HZ ()T, T H.(0)+H; (0)T, T Ha(0)+HT (), M H, ()

=20 Srun (H.m(0) Han(0) + HG m(0) e n(0)

H 1 (6)Ha n(8) + H () Hr n(9))

with

M M
H;-Ir;lHj = Z Z'\?mnH: mH

m=1 n=1

@ ¥mn coefficients of the matrix 1

NTT 02.04.2012 Spatial expectation of output SNR using statistical room acoustics 22
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Output SNR using statistical properties ATFs

@ Spatial expectation of SNRyy: given D

M M
E{p(O)ID} = 3 3" Fimn( Eo{Hi m(0) Ho.n(0)ID} + Eo{H;.m(0)Hr.n(6) D}

m=1 n=1

+E0{H; (6 Hun(0)ID} + Eo {H; m(0)Hr n(0)} )
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Output SNR using statistical properties ATFs

@ Spatial expectation of SNRyy: given D

M M
E{p(O)ID} = 3° 3" Fimn( Ea{Hi.m(0) Hun(0)|DY} + ExTH, ko 0)D}

m=1 n=1

+EGTHABHIO)ID} + Eo{H m(0)Hr(6)} )

e2(0=Dn) 1 _ Gsin“ ||pm — poll
NRoy 0)D} = i o) 1
Ep{SNRowi(0)|D} = ¢,Vle;7 ( 72D, T 7GA 2 [pm—pol )

@ Depends on room properties A and &, relative distance D and noise
coherence I,
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Experimental results

Objective: Compare the analytically computed spatial expectation
Ep{SNRout(0)|D} with the numerically computed spatially
averaged output SNR

N
___ 1 ~
SNROut = N g SNRout(ei)
i=1

where N is the total number of realizations (translations, rotations)
and 8;,i =1--- N corresponds to a single realization of 6
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Experimental results

Objective: Compare the analytically computed spatial expectation
Ep{SNRout(0)|D} with the numerically computed spatially
averaged output SNR

L

SNRout = 2 SNRout(6))
1=

where N is the total number of realizations (translations, rotations)
and 8;,i =1--- N corresponds to a single realization of 6

Simulation and experimental setup
@ Room dimensions 7m x 5m x 3.5m and Tgg = 250 ms
e M = 3 equally spaced microphones (d = 4cm)
@ Source located at endfire of the microphone array such that
D =[1.36 1.40 1.44]T

NTT 02.04.2012 Experimental results 24
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Experimental results

Simulation and experimental setup
@ Sampling frequency f; = 16kHz

@ Room impulse responses simulated using image model
(L = 4096) 2

2E. A. P. Habets, "Room impulse response (RIR) generator”, Available: http://home.tiscali.nl/ehabets/rir

generator.html, Oct. 2008
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Experimental results

Simulation and experimental setup

Sampling frequency f; = 16kHz

Room impulse responses simulated using image model
(L = 4096) 2

Diffuse noise coherence matrix I, theoretically computed

sin % Pm — Pall

Zlpm — pall

Ymn(w)

Frequency-flat a-priori input SNR %

2E. A. P. Habets, "Room impulse response (RIR) generator”, Available: http://home.tiscali.nl/ehabets/rir

generator.html, Oct. 2008
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Experimental results

@ Monte Carlo simulation using 10000 realizations

‘ - =-Theory
14+ : |=—Simulation

=
o
T

©
T

out

(=2}
T

E,{SNR_(0)ID} [dB]
*

0 1000 2000 3000 4000 5000 6000 7000 8000
Frequency (Hz)
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Experimental results

e MSE = ZN‘SO{SNRout(0)|D} - SNRout‘2 as a function of
number of realizations 6

6
6

%
23
2
1 }’\-\
o ; :
0 2000 8000 10000

L L
4000 6000
N number of realizations 6

The larger the number of realizations, the smaller the MSE
between the analytical expression and simulations
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Conclusion and future work

@ Analytical expression for spatial expectation of output SNR
of MWEF, depending on room properties, relative distance and
noise coherence

@ Simulation results show that analytical expression is close to
numerical simulations (for large number of Monte Carlo
realizations)
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Conclusion and future work

@ Analytical expression for spatial expectation of output SNR
of MWEF, depending on room properties, relative distance and
noise coherence

@ Simulation results show that analytical expression is close to
numerical simulations (for large number of Monte Carlo
realizations)

o Future work

e For fixed microphone configuration, compute output SNR
averaged over different source positions = optimal subset
selection

e Using average performance = optimize positions of distributed
microphones

NTT 02.04.2012 Conclusion 28
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