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Abstract. Conventional sound field separation method with double measurement layers separates
the sound field based on the mathematical relationship of pressures produced by sources on
different holography surfaces, which lays on the data points on holography surface. In order to
obtain higher accuracy with less data points, the improved separation based on statistically optimal
and equivalent source method is proposed. Firstly, more data points on double reconstruction
surfaces are obtained by data on holography surfaces with statistically optimal method, separately.
Adding regularization algorithm in the process could remove errors to a great extent. Secondly,
separating the sound field with data on two reconstruction surfaces based on equivalent source
method. Finally, the sound field information radiated by single source would be reconstructed and
predicted. The improved separation method could get higher accuracy with less measurement data
is verified by simulations and experiment.
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1. Introduction

Wave Superposition Near-field Acoustic Holography uses a radiation sound field generated
by the superposition of a series of equivalent sources inside the sound source to replace the
radiation sound field of sound source, and it can be used for the reconstruction and prediction of
sound source with any shape [1, 2]. It has been widely used since it avoids the complicated
computation and singular integral processing of boundary element method, which leads to a high
accuracy [3, 4].The sound field separation method with double layers is to separate the target
sound source from background noise and obtain the radiation information of target sound source
in the acoustic alone [5, 6]. Conventional sound field separation method with double measurement
layers separates the sound field based on the mathematical relationship of pressures produced by
source and noise on the two measurement layers. Since the mathematical relationship of traditional
sound field separation methods including the FFT [7], Statistically Optimal Near-field Acoustic
Holography (SONAH) (8, 9] and the equivalent source [10, 11] are all based on holography
surface, the separation accuracy is limited by the number of data points on holography surface.

In order to increase the reconstruction accuracy when using less measurement points, an
improved sound field separation based on SONAH and equivalent source method is proposed in
this paper. Firstly, more data points on two reconstruction surfaces are reconstructed by data on
holography surfaces, separately, based on SONAH. The reconstruction surfaces are as close as
possible to the holography surface so as to reduce the error and regularization algorithm is also
added to reduce the error; Secondly, according to the equivalent source method, the pressures of
target sound source on reconstruction surface are separated by use of the pressure transfer
relationship between the sound source and two reconstruction surfaces; Finally, the sound field
information of target sound source can be reconstructed based on the equivalent source method.
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2. Basic theory
2.1. Sound field separation

Sound field separation process is to separate the target sound source from the sound field with
background noise. Therefore, it needs two measurement surfaces. According to the relationship
of pressures generated by the two sound sources on the two measurement surfaces, the radiation
pressure of the target sound source alone can be obtained finally. In order to reduce the number of
measurement points and also guarantee a higher calculation accuracy, the sound field information
of the two measurement surfaces is extrapolated to each of the reconstruction surface themselves
firstly, and then the sound field separation can be realized according to the data points of the two
reconstruction surfaces, as shown in Fig. 1.

X Ri R2

Fig. 1. Sound field separation with two surfaces

S:1,S,, Hi, H,, Ry and R, are the target sound source, background noise, holography 1,
holography 2, reconstruction surface land reconstruction surface 2. Where R; and R, can be
obtained by the sound field extrapolation of the data from H,; and H,, respectively. For a steady
sound field, the sound pressure of reconstruction surface at any point can be expressed as:

Pry = Pryq + Proy, (1)
Py = Prip + Proy, (2

where P,; and P,j; are the sound pressure of reconstruction surface i and the sound pressure of
reconstruction surface i generated by the sound source j.

The sound pressure of reconstruction surface can be deduced from the sound pressure of the
holography surface obtained by SONAH, as follows:

Py = Ppycq, 3)
Py = Pyacy, 4

where ¢; and ¢, are the weighted coefficient of the holography surface H; to the reconstruction
surface R; and that of the holography surface H, to the reconstruction surface R,, respectively.
Putting Egs. (3) and (4) into Eqgs. (1) and (2), respectively, as follows:

Ppicy = Pryg + Prpq, %)
Ppacy = Praz + Proa. (6)

According to the principle of equivalent sources, the sound pressures of different
reconstruction surfaces can be expressed as:
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Py = HrlZH:llprllﬂ @)
Py = Hr21Hr+22Pr22» (®)

where the H,;; is the transfer matrix between point i and j, and HY ; 1s the generalized inverse.

Putting Egs. (7) and (8) into Egs. (5) and (6), respectively. As follows:

Ppicy = Py + Hip1 HipoPrgy, 9
Ppacy = HypioH1Priq + Prgy. (10)

The pressure of reconstruction surface 1 generated by sound source S; alone can be deduced
from the solution of the binary quadratic equations group consist of Egs. (7) and (8), as follow:

+

Ppi¢y — Hypp1 Hrza Pracsy
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P,,; can be calculated according to the single sound source method that the sound field
radiated by sound source S; alone can be reconstructed and predicted in section 1.2. P,,, can also
be calculated in the same way to realize the reconstruction and prediction of sound field radiated
by S,.

2.2. Error calculation

The relative error L,,, between the theoretical sound pressure and computational sound
pressure on reconstruction surface generated by single sound source, as follow:

Z|Pg — Psi|2>

12
s|parep (2

Leyr = 1010g10<

where P and Py; are the theoretical sound pressure and the computational sound pressure of
reconstruction surface, respectively.

3. Numerical simulation

Two pulse spherical sources S;(—0.15, 0, 0) m and S,(0.15, 0, 0) m with the same radius of
0.01 meter and the same vibration frequency of 1 kHz are set as sound sources. The coordination
of holography surface 1 and 2 on axis z are 0.1 m and 0.12 m, respectively. The coordination of
R; and R, on z axis are 0.009 m and 0.121 m, respectively. The reconstruction surfaces are as
close as possible to their holography surfaces themselves so as to reduce the error. The shape of
grids with a spacing of 0.07 m is normal on the holography surface and there are 36 measurement
points. The number of data points on reconstruction surface with same grid spacing is 81. The
SNR is still 30 dB during simulation, the sound pressures of the target sound source on
reconstruction surface are as an example.

Fig. 2(a) shows the computational sound pressures of the reconstruction surface 1 radiated by
S; alone after sound field separation; Fig. 2(b) shows the xoz profile of theoretical and
computational values of sound source on R;where L,, = —29.77 dB. From the Fig. 2, we can see
that the reconstruction effect can keep a good accuracy with less measurement points by
extrapolating the holography data of the double measurement layers firstly and then predicting.
The sound field can be reconstructed and predicted in the same way.

Since the traditional separation method is limited to the measurement points, a comparison
about separation effect between the proposed algorithm using 36 measurement points and the
traditional method using increasing measurement points gradually is made. Fig. 3 is the error
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comparison of the two methods, and the measurement points of the traditional method are 7x7,
8x8, 9x9, 10x10 and 11x11, respectively.

Lerr=-29.77 dB
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--*--Calculation value
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Fig. 2. Pressure on reconstruction surface: a) pressure of single source;
b) theoretical and calculated pressure on xoz profile
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Fig. 3. Comparison of errors

As shown in Fig. 3, the separation error is in reducing as the increasing of the measurement
points, which means that the separation accuracy is improved; the separation accuracy of the
proposed algorithm has a slight declining along with the increasing of the measurement points,
which means that the more of the reconstruction points, the less of the separation error. The
proposed algorithm in separation errors are all better than that of the traditional method from the
overall view of Fig. 3.

4. Experiment verification

Two loudspeaker boxes were used as sound sources which generated a steady sound field of
1 kHz, and the equipment were set according to the conditions of simulation in section 2. The
sensors including three scanning sound pressure sensors and a reference sound pressure sensor
(the types are all Briiel & Kjer 4189) are used. The scanning sensors were used to measure the
sound pressure at different positions and time and the the reference sensor is fixed. The data of
the 36 measurement points can be obtained by dividing the data points of the two measurement
surfaces into two groups, and each group made 12 times measurement. The complex sound
pressure including amplitude and phase of the measurement surfaces can be calculated from the
data measured by the scanning sensors and the reference sensor.

The pressures radiated by sound source alone on reconstruction surface S; after sound field
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separation and the contour map of the pressures can be obtained based on the data processing
according to the experiment conditions. The number of the data points on the reconstruction
surface is 81 and the grid spacing is 0.07 m.

Fig. 4 show the three-dimensional pressure map of the single sound source on the
reconstruction surface after sound field separation and the corresponding contour map,
respectively. As we can see that the proposed method in this paper could identify the sound source
position accurately and separate the target sound source successfully, which means this method
could separate the sound field with less measurement points and keep a higher accuracy too.

0.52

\
/

Pressure amplitude /Pa
y/m

y/m 05 -04 xim

a)

Fig. 4. Reconstruction result: a) the three-dimensional diagram; b) contour map

5. Conclusions

In order to reduce the number of measurement points when separating the sound field
effectively, an improvement to the traditional equivalent source is made based on the SONAH and
the equivalent source method: the data on the two holography surfaces are extrapolated to each of
the reconstruction surfaces based on SONAH firstly, and a more accurate data of the
reconstruction surfaces can be obtained according to the regularization method which could
reduce the error caused by the random noise; and then the data of the reconstruction surface can
be obtained by sound field separation based on the equivalent sound source method; finally, the
pressures radiated by the target sound source alone after sound field separation can be
reconstructed and predicted. The improved method has a higher reconstruction accuracy with less
measurement points on the holography surface than the traditional method with more
measurement points. The feasibility and effectiveness were verified with experiment further.

References

[1] Xiang Y., LuJ., Huang Y. Y. A fast wave superposition spectral method with complex radius vector
combined with two-dimensional fast Fourier transform algorithm for acoustic radiation of
axisymmetric bodies. Journal of Sound and Vibration, Vol. 331, Issue 6, 2012, p. 1441-1454.

[2] HuB., YangD.S,, LiS. C., et al. Underwater patch near-field acoustical holography based on particle
velocity and vector hydrophone array. Science China, Vol. 55, Issue 11, 2012, p. 2010-2017.

[3] Angie S. Method of superposition applied to patch near-field acoustic holography. Journal of Acoustic
Society of America, Vol. 118, Issue 2, 2005, p. 671-678.

[4] Zhang X. Z., Bi C. X., Xu L., et al. Resolution enhancement of nearfield acoustic holography by the
wave superposition approach. Acta Physica Sinica, Vol. 59, Issue 8, 2010, p. 5564-5571.

[5] Efren F. G., Finn J. Sound field separation with a double layer velocity transducer array. Journal of
Acoustic Society of America, Vol. 130, Issue 1, 2011, p. 5-8.

[6] Torato N., Vigoureux D., Leclere Q., et al. Sound field separation and reconstruction of irregularly
shaped sources. Journal of Sound and Vibration, Vol. 336, 2015, p. 62-81.

© JVE INTERNATIONAL LTD. VIBROENGINEERING PROCEDIA. SEP 2015, VOLUME 5. ISSN 2345-0533 179



(71
(8]

91

[10]
[11]

(12]
[13]

180

THE IMPROVED METHOD OF COHERENT SOURCES WITH DOUBLE LAYERS.
JIN MAO, ZHONGMING XU, YANSONG HE, ZHIFEI ZHANG, SHU L1

Yu F., Chen J., Bi C. X,, et al. Experimental investigation of sound field separation technique with
double holographic planes. Acta Acoustic, Vol. 30, Issue 5, 2005, p. 452-456.

Li W. B., Chen J., Yu F., et al. The principle of statistically optimal planar near-field acoustical
holography and the sound field separation technique. Acta Physica Sinica, Vol. 54, Issue 3, 2004,
p. 1253-1230.

Bi C. X., Chen X. Z., Chen J. Sound field separation technique based on equivalent source method
and its application in nearfield acoustic holography. Journal of Acoustic Society of America, Vol. 123,
Issue 3, 2008, p. 1472-1478.

Bi C. X., Zhang Y. B., Xu L., et al. Sound field separation technique using double layer particle
velocity measurements. Acta Acoustic, Vol. 35, Issue 6, 2010, p. 653-658.

Efren F. G., Finn J., Quentin L. Sound field separation with sound pressure and particle velocity
measurements. Journal of Acoustic Society of America, Vol. 132, Issue 6, 2012, p. 3818-3825.

Boyd S., Vandenberghe L. Convex Optimization. Cambridge University, New York, 2004.

Hald J. Basic theory and properties of statistically optimized near-field acoustical holography. Journal
of Acoustic Society of America, Vol. 125, Issue 4, 2009, p. 2015-2120.

© JVE INTERNATIONAL LTD. VIBROENGINEERING PROCEDIA. SEP 2015, VOLUME 5. ISSN 2345-0533




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth 8
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [4000 4000]
  /PageSize [612.000 792.000]
>> setpagedevice


