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Spatial Sound Recording and Reproduction
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How to capture and reproduce physically correct sound field?

Recording area Target area

Virtual listening position

Reproduced sound image



Real-time Sound Field Transmission System
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Ø Loudspeakers (for high freq.): 64, 6cm intervals

Ø Loudspeakers (for low freq.): 32, 12cm intervals

Ø Microphones: 64, 6cm intervals

Ø Array size: 3.84 m

Ø Sampling freq.: 48 kHz, Delay: 152 ms

Kanagawa Tokyo

System developed while I worked at NTT [Koyama+ IEICE Trans 2014]



Visualization of Reproduced Sound Field
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‒ Source signal: Low-passed pulse (0 – 2.6kHz)
‒ Source: Loudspeaker, Position: (-1.0, -1.0, 0.0) m

[Koyama+ IEEE TASLP 2013]



Visualization of Reproduced Sound Field
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‒ Source signal: Low-passed pulse (0 – 2.6kHz)
‒ Source: Loudspeaker, Position: (0.0, -1.0, 0.0) m, 2.0 m forward shift

[Koyama+ IEEE TASLP 2013]



Today’s Topic
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How to estimate and interpolate continuous sound field 
from measurements of multiple microphones?

Estimate continuous                 inside      by using 
pressure measurements

<latexit sha1_base64="ff/e1A/38XpRts4D3M/3UmeqwhY="></latexit>

<latexit sha1_base64="zhuCj5GPrgLIhV9gpuSfB+9r43I="></latexit>

Goal:
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Visualization, reproduction by loudspeakers/headphones etc…

Source

MicrophoneReflected wave

Target region

Sound Field Reconstruction



Sound Field Reconstruction

Ø Target region does NOT include 
any sources
– Interpolation with constraint of 

homogeneous Helmholtz eq. 
– Decomposition of captured sound 

field into plane-wave or harmonic 
functions: sound field decomposition

Ø Target region includes some 
sources
– ill-posed problem!
– Some assumptions must be imposed 

on source distribution
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Homogeneous Sound Field Reconstruction

Ø Sound field inside source-free region
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satisfies homogeneous Helmholtz eq.

Unknown boundary condition on room surface
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MicrophoneSound wave



Homogeneous Sound Field Reconstruction

Ø Plane-wave function (Herglotz wave function)

Ø Spherical wave function

Ø Equivalent source method

Oct. 30, 2018 10

Decomposition into element solutions of Helmholtz eq.

<latexit sha1_base64="RzfeIXa4jhtZnogohL/QjuBcLt8="></latexit>

<latexit sha1_base64="bhCs2hIQQED3Sj6z9EEFGI/bU1c="></latexit>

<latexit sha1_base64="xrc+h1mzIQgNLlUkTPsytZpdakU="></latexit>

<latexit sha1_base64="sRVBRRaVV4poKKvlDtKPsLGDJ6c="></latexit>

Free-field Green’s func.:

[Koopmann+ 1989]
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: single layer potential
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[Colton+ 2013]



Harmonic Analysis of Infinite Orders
Ø Spherical wave function expansion

ØRepresentation by infinite vectors

– Coefficient vector:
– Basis-function vector:
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Expansion center

Spherical harmonic function

[Ueno+ IEEE SPL 2018]



Harmonic Analysis of Infinite Orders

Ø Measurement by      th microphone at         with directivity of
is represented as

Ø Stacking        measurements:

Oct. 30, 2018 12

<latexit sha1_base64="IrE1B9cacrPekBmhvMYke8ymhZU="></latexit>

<latexit sha1_base64="0uStd8PEwCtmctIFyVxU/PU2PFc="></latexit>

<latexit sha1_base64="/PQWx1cVIhrkurYS2n9qGoUI5y0="></latexit>

Expansion coefficient of
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Measurement noise

: Representation by infinite vectors

Translation matrix from       to 
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Harmonic Analysis of Infinite Orders

Ø Expansion coef. at      is estimated as

Ø Expansion coef. at arbitrary position    :
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[Ueno+ IEEE SPL 2018]
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Expansion coef. at arbitrary position can be estimated 
independently of truncation and expansion center

Dependency on expansion center        is removed
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Conventional Harmonic Analysis

Ø Spherical wave function expansion w/ truncation

ØMicrophone measurements

Ø Estimate of expansion coef. at 
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[Laborie+ 2003, Samarasinghe+ 2014]
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: approx. by truncation

Estimate of

Setting of appropriate truncation order and 
expansion center is necessary
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Relation to kernel ridge regression

ØHarmonic analysis of infinite orders for pressure 
microphone case (                        )
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[Ueno+ IEEE SPL 2018, IWAENC 2018]

Correspond to kernel ridge regression with kernel function 
of 0th-order spherical Bessel function
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Harmonic Analysis of Infinite Orders
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True Proposed Truncation Truncation HOM

Posterior error

Ø Simulation in 2D for estimating plane wave field (650 Hz)

[Samarasinghe+ 2014]
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[Ueno+ IEEE SPL 2018]

High reconstruction accuracy comparable to the conventional method 
w/ optimal truncation order and expansion center is achieved



Sparse Plane-wave Decomposition
ØRepresentation by overcomplete plane-wave basis 

functions (             )

ØMatrix form by using dictionary matrix             
consisting of plane-wave functions
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[Moiola+ 2011]

A limited number of nonzero      is sufficient for approximation

Sound field in a certain star-shaped region can be well 
approximated by a limited number of plane waves
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Sparse Plane-wave Decomposition
Ø Sparse approximation by plane-wave dictionary matrix

ØOptimization problem for sparse approximation
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Sparse Plane-wave Decomposition
Ø Generalized Gaussian distribution (GGD)

– P.d.f. of GGD

Ø MAP estimation w/ prior distribution of GGD
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Sparse Plane-wave Decomposition

ØApplication of sparse plane-wave decomposition

– DOA estimation [Malioutov+ 2005]

– Nearfield acoustic holography [Chardon+ 2012]

– Estimation of acoustic transfer functions [Mignot+ 2013]

– Upscaling of ambisonics coefficients [Wabnitz+ 2013]

– Multizone sound field control [Jin+ 2015]

– Exterior and interior sound field separation [Takida+ 2018]
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Ø Sparse approximation by plane-wave dictionary matrix

Improve spatial resolution in sound field reconstruction



Inhomogeneous Sound Field Reconstruction

Ø Sound field inside region including sources
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Source

MicrophoneReflected wave
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satisfies inhomogeneous Helmholtz eq.

Unknown boundary condition on room surface
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Source distribution



Inhomogeneous Sound Field Reconstruction
Ø is represented by the sum of particular and homogeneous 

solutions:

Ø can be obtained by convolution of source distribution and 
free-field Green’s func.

Ø Integral form of           : 
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Some constraints on source distribution is required 
to make this problem solvable

Estimate           and            from measurements             
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Sparse Sound Field Decomposition
Ø Discretization of region
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Ø Matrix form by using dictionary matrix                         consisting of 
free-field Green’s func. (i.e., monopoles)

[Koyama+ JASA 2018]



Sparse Sound Field Decomposition
Ø Linear eq. of measurement model
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[Koyama+ JASA 2018]
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Ø Optimization problem for sparse sound field decomposition
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Sparsity promoting penalty term



Mixed-norm Penalty for Group Sparsity

ØMeasurement for each time-frequency bin

ØGroup sparsity for robust and accurate decomposition
– Sound sources are static for several time frames
– Acoustic source signals have a broad frequency band
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[Murata+ IEEE TSP 2018]
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Indexes of time-frequency bins:

Each           will have same sparsity pattern 
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Mixed-norm Penalty for Group Sparsity
Ø Tensor-form measurement model

Ø Optimization problem for group sparse decomposition
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[Murata+ IEEE TSP 2018]
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Mixed-norm Penalty for Group Sparsity
Ø Tensor-form measurement model

Ø Optimization problem for multidimensional sparsity 
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[Murata+ IEEE TSP 2018]
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Mixed-norm Penalty for Group Sparsity

Ø Optimization problem using      -norm penalty term

Ø Majorization-minimization (MM) algorithm
– Construct surrogate function and alternately update the parameters
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[Murata+ IEEE TSP 2018]
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Upper-bounded by quadratic func.  

Iteratively reweighted least-squares algorithm
[Gorodnitsky+ 1997]



Mixed-norm Penalty for Group Sparsity
Ø Surrogate func. for mixed-norm penalty term

Ø Alternately update the parameters
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[Murata+ IEEE TSP 2018]
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Mixed-norm Penalty for Group Sparsity

Oct. 30, 2018 30Monotonic non-increase of objective func. is guaranteed

[Murata+ IEEE TSP 2018]



Application of Sparse Decomposition

ØDecomposition stage:
– Group sparse decomposition of        into       and

ØReconstruction stage:
– and      are separately converted into driving signals
– Loudspeaker driving signals as sum of two components
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[Koyama+ JASA 2018]
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Sparse decomposition for recording and reproduction

[Koyama+ 2013]



Several Extensions of Sparse Decomposition
ØNon-Gaussian reverberantion

– Explicit modeling of reverberant component such as sparsity 
in plane-wave domain and low-rankness

– ADMM algorithm for solving joint optimization

ØGridless sound field decomposition
– Approximate sources as delta functions
– Reciprocity gap functional in spherical harmonic domain

– Closed-form solution using Hankel matrix
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[Koyama+ IEEE WASPAA 2017]

[Takida+ IEEE SAM 2018]



Experiments in Recording and Reproduction

Ø Evaluation in sound field recording and reproduction using linear arrays
Ø Proposed method (Proposed) was compared with plane-wave-

decomposition-based method (WFR)
Ø 32 microphones (0.06 m intervals�and 48 loudspeakers (0.04 m intervals)
Ø : Rectangular region of 2.4x2.4 m, Grid points: (0.01 m, 0.02 m) intervals

33

Recording area Target area
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[Koyama+ 2013]



Experiments in Recording and Reproduction

Ø Signal-to-distortion ratio of reproduction (SDRR)

34

Recording area Target area
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Desired pressure distribution

Synthesized pressure distribution
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Frequency vs. SDR

35SDRRs above spatial Nyquist frequency were improved

Ø Source location: (-0.32, -0.84, 0.0) m
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Reproduced Pressure Distribution (4.0 kHz)
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Ø Source location: (-0.32, -0.84, 0.0) m

SDRR:

Proposed Proposed
(Monopole) WFRCH

19.7 dB 6.3 dB 7.0 dB16.0 dB



Frequency Response of Reproduced Sound Field
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Ø Frequency response at (0.0, 1.0, 0.0) m

Reproduced frequency response was improved



Experiments Using Real Data
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Ø Recording area was real environment using loudspeaker as primary 
source

Ø Target area was simulated as free field
Ø Source signal: speech



Reproduced Pressure Distribution

Oct. 30, 2018 39

Proposed WFR

Spatial aliasing artifacts are reduced by proposed method

Ø Loudspeaker at (-0.5, -1.0, 0.0) m, speech signal



Conclusion
Ø Sound field reconstruction inside source-free region

– Decomposition into element solutions of Helmholtz eq.

– Harmonic analysis of infinite orders

– Sparse plane wave decomposition

Ø Sound field reconstruction inside region including sources
– ill-posed problem - some constraints on source distribution is 

necessary

– Sound field decomposition based on spatial sparsity of source 
distribution

– Application to recording and reproduction and its experimental 
results
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Thank you for your attention!
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