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Introduction
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Motivation for Source Separation

Audio source separation is important for many applications:
Speech enhancement in hearing aids, telecommunications
3D sound rendering
Robot audition

Main challenges:
Interfering sources
Background noise
Reverberation
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Existing Approaches to Source Separation

Microphone Array Processing
Spatial filtering to isolate sources

Independent Component Analysis (ICA)
Decomposes into independent non-Gaussian signals

Non-Negative Matrix Factorization (NNMF)
Decomposes into spectral patterns and temporal activations

⇒ Performs separation but may introduce processing artefacts

PEVD-based Speech Enhancement of Eigenbeams (Spherical Arrays)
Provides good speech enhancement without introducing artefacts

This Talk: PEVD-based Source Separation

WASPAA2021: PEVD-based Source Separation Using Informed Spherical Microphone Arrays - 4 / 29



Background
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Enhancement Algorithm: PEVD of Eigenbeams [Neo2021]
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Sketch: PEVD of Eigenbeams for Separation
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PEVD-based Source Separation Using Informed Arrays
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Multichannel Multisource Signal Model

The received signal at the q-th microphone on a spherical array with time index n:

xq(n, rq) =
p∑

p=1
hT

p,qsp(n)

where
hT

p,q is the room impulse response from pth source to qth microphone,
sp(n) is the pth localized source signal,
rq = (r, θq, ϕq) is the spherical coordinate with radius r, elevation angle θq,
and azimuth angle ϕq.

The data vector collected from Q sensors:

x(n, r) = [x1(n, r1), x2(n, r2), . . . , xQ(n, rQ)]T .
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Spherical Harmonics (SH) Decomposition

The ℓ-th order, m-th degree eigenbeam signal, associated with the real-valued
SH basis function Rm

ℓ (rq) and quadrature sampling weight αq, is

χm
ℓ (n) ≈

Q∑
q=1

αqx(n, rq)Rm
ℓ (rq).

For an order L sound field, each microphone signal is a weighted sum of SH

xq(n, rq) =
L∑

ℓ=1

ℓ∑
m=−ℓ

χm
ℓ (n)Rm

ℓ (rq)

and alias-free spatial reconstruction requires Q ≥ (L+ 1)2.
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Spherical Harmonics Decomposition
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Eigenbeamformer Outputs

Given target source DoA (θp, ϕp), eigenbeam signals χm
ℓ (n) are steered or used

to form L beamformer outputs ψ(n) = [ψ1(n), . . . , ψL(n)]T .

Steered eigenbeam. Maximum directivity index
(MaxDir) beamformer.

Modified hyper-cardioid
(MHCARD) beamformer.
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Space-time Covariance Polynomial Matrix

Assuming stationarity, the space-time covariance matrix of L modal outputs is

Rψψ(τ) = E[ψ(n)ψT (n− τ)],

where (i, j)th element is the correlation function rij(τ) = E[ψi(n)ψ∗
j (n− τ)] and τ is the time-shift.

Z-transform of Rψψ(τ) is a para-Hermitian polynomial matrix

Rψψ(z) =
W∑

τ=−W

Rψψ(τ)z−τ ,

where Rψψ(τ) ≈ 0 for |τ | > W , calligraphic R for polynomial matrices and regular R for matrices.
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Example: Polynomial Matrix from ST-Covariance

Modal signals ψ(n). Polynomial matrix, Rψψ(z).

WASPAA2021: PEVD-based Source Separation Using Informed Spherical Microphone Arrays - 14 / 29



Polynomial Matrix Eigenvalue Decomposition

The PEVD of Rψψ(z) is [McWhirter2007]

Rψψ(z) ≈ UP (z)Λ(z)U(z),

where Λ(z),U(z) contain the eigenvalues and eigenvectors and RP
ψψ(z) = RH

ψψ(z−1).

Subspace decomposition by the PEVD generates strongly decorrelated outputs:

Rψψ(z) =
[

UP
s (z) UP

s⊥(z)
] [

Λs(z) 0
0 Λs⊥(z)

] [
U s(z)
U s⊥(z)

]
,

associated with orthogonal target source, {·}s and interferer, {·}s⊥ subspaces.
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Example: PEVD Algorithm Outputs
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Eigenvalue polynomial matrix, Λ(z). Eigenvector polynomial matrix, U(z).

WASPAA2021: PEVD-based Source Separation Using Informed Spherical Microphone Arrays - 16 / 29



PEVD Algorithms

PEVD algorithms include:
Second-order Sequential Best Rotation (SBR2) [McWhirter2007]

Sequential Matrix Diagonalization (SMD) [Redif2015]

Householder-like PEVD [Redif2011]

Tridiagonal PEVD [Neo2019]

Multiple-shift SBR2/SMD [Wang2015; Corr2014]
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Filterbank for Target Source Extraction

U(z) is a filterbank for ψ(z) which produces outputs,

y(z) = U(z)ψ(z) =⇒ Ryy(z) ≈ Λ(z),

that are strongly decorrelated.

First channel output, y1(z), is the target source with ST-covariance

Ry1y1 =
[

UP
s (z) 0

] [
Λs(z) 0

0 0

] [
U s(z)
0

]
.
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Example: Filterbank Output

Modal signals ψ(n). Extracted source signals, y(n).
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Setup: 2 Female Speakers in Anechoic Room
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Comparative Results
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Source Separation Evaluation

Comparative algorithms:
1. Maximum Directivity index (MaxDir) [Meyer2002]

2. Modified Hyper-Cardioid (MHCARD)
3. AuxIVA [Ono 2011]

4. ILRMA [Makino 2018]

5. FastMNMF [Sekiguchi2019]

Evaluation measures:
Separation metrics: SDR, SIR, SAR [Vincent2006]

Short-Time Objective Intelligibility (STOI) [Taal2011]

Perceptual Evaluation of Speech Quality (PESQ) [ITU-T P.862]
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Source Separation Performance - Anechoic

Algorithm ∆SDR ∆SIR ∆SAR ∆STOI ∆PESQ
AuxIVA 17.7 dB 25.3 dB 11.4 dB 0.21 1.05

FastMNMF 20.6 dB 35.2 dB 13.8 dB 0.21 1.28
ILRMA 19.5 dB 31.3 dB 12.8 dB 0.21 1.21
MaxDir 3.9 dB 3.4 dB 4.7 dB 0.07 0.22

MHCARD 16.9 dB 17.8 dB 13.4 dB 0.21 0.93
PEVD 21.8 dB 25.3 dB 16.4 dB 0.24 1.39

Received MaxDir MHCARD AuxIVA

FastMNMF ILRMA PEVD Clean
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Source Separation in Reverberant Room
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Conclusion

WASPAA2021: PEVD-based Source Separation Using Informed Spherical Microphone Arrays - 25 / 29



Conclusion

PEVD-based Source Separation Using Informed Spherical Arrays
Uses prior DoA information to steer eigenbeam signals and form modal
beamformer outputs to extract target sources

Performance of proposed PEVD-based approach
Among the best but does not always outperform other approaches
Achieves separation without introducing audible artefacts
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Thank you
Listening Examples: https://vwn09.github.io/pevd-separate/

Webpage: https://vwn09.github.io

WASPAA2021: PEVD-based Source Separation Using Informed Spherical Microphone Arrays - 29 / 29

https://vwn09.github.io/pevd-separate/
https://vwn09.github.io

	Introduction
	Background
	Multichannel Signal Model
	Spherical Harmonics Decomposition
	Polynomial Matrices
	Polynomial EVD

	Comparative Results
	Conclusion

	fd@rm@7: 
	fd@rm@6: 
	fd@rm@5: 
	fd@rm@4: 
	fd@rm@3: 
	fd@rm@2: 
	fd@rm@1: 
	fd@rm@0: 


