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Abstract. NAH method in non-free sound field reconstruction of the sound source will lead to
considerable error. This paper proposes a method to reconstruct the sound source in a closed space.
In the closed space, the total sound pressure is the sum of the source radiation pressure and the
reflected sound pressure from medium interface. Reflections from medium interface is a
convolution noise, rather than additive noise. In order to reconstruct a sound source in the closed
space, in this paper we first adopt the complex cepstrum method to separate and radiation pressure
and the reflected sound pressure, then filter them to reduction of reflected sound pressure, and
then reconstruct the sound source. The simulation results show the correctness and effectiveness
of the method.
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1. Introduction

In the early 1980s, american scholar E. G Williams put forward the concept [1, 2]. NAH
considering the effect of evanescent waves, breaking the Rayleigh criterion limiting the resolution
of reconstruction in recent years has been widely used. NAH is different from of the far field
acoustic holography. In the holographic surface near the sound source surface, the measurement
data is recorded. The sound pressure is then reconstruct three-dimensional sound field, sound
intensity, and particle velocity by the Fourier technology. Since the limit of the two

-dimensional Fourier transform itself, planar NAH required the measured surface should be
conformal of the sound source [3], in order to make NAH can be applied to any surface shape of
the sound source, the boundary element method [4] have been proposed. Xinzhao Chen propose
the distributed source boundary point method [5], further simplifying the tedious calculations
boundary element method for the coefficient matrix. In order to improve the accuracy of the
reconstruction effectively, many scholars in-depth study of the data interpolation and
extrapolation methods [6-10].

Planar NAH basing on spatial sound field transformation requires sound field to be
free-field measurements, which severely limits the planar NAH applications. Dual holographic
[11]located on different sides of the holographic interference source separation plane NAH further
expand its application, but the application plane NAH reconstruction of the sound source in an
enclosed space will still produce large errors. In this paper, the complex cepstrum preprocess the
measured data before reconstruction, to eliminate or weaken the effects of reflected sound.

2. The theory of the planar acoustic holography

The acoustic wave propagation satisfies the equation [12] in the three-dimensional ideal fluid
medium:

aB(r,t)
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The solutions of the above three equations is:
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Fourier transform on both sides, we can obtain:

VZp(x,y,2) + k*p(x,y,2z) = 0, (3)

where p(x,y, z) is the frequency domain pressure; k = w/c is the wave number; w is the circular
frequencys; c is the speed of sound.

The formula is Helmhotz equation, the equation always hold to steady sound. The solution of
Eq. (3) can be expressed as the Kirchhoff integral:

ap(s ag(r,
p(x,y,2) = ﬂ [g(r.rs) r;;)—p(S)%] ds, @)

where s is a closed surface, 7 is the distance from the point to the origin from the field, 75 is the
distance from the sound source surface to the point in the sound field, p(S) is the complex sound
pressure, g(r,1g) is Green’s function.

In an infinite radius hemispherical surface of the sound field, Eq. (4) can be expressed as:

4 d
p(x,y,2) = ﬂ [g(r re) p(S) o(S) g(r, rs)]
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Semi-free sound field infinity meet sommerfeld radiation conditions, Eq. (5) in the second
integral is zero, so Eq. (5) simplifies to:

ap(S ag(r,
p(x,y,2) = ﬂ [g(r.rs) g;)—p(s)%] ds. ©)
SZS

In actual sound field, the sound pressure distribution satisfies Dirichlet conditions, the Green’s
function is:

g1l =0,

_0g9(nr) _ 7
“on gp(r,75).

Meet the conditions for the Green’s function expression:

z(1 — ikr")er

= 8
9p(r,75) p— ) (®)
where 1’ is the distance from the sound source surface, Eq. (6) simplifies to:

p) = || 05 g5 1) ©)

Szs
In the Cartesian coordinate system, Eq. (9) can be express as:
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P(x, Y Z) = ff p(xzs: Vzsi Zzs) )] (x ~Xzs9 Y T Vzsi Z — Zzs)ds- (10)

SZ S

According to the convolution theorem there is:

P(k,, ky,z) = P(k,, ky, z9)Gp (ky, ky,z — z) 11

(
exp <i(z —z) /kz — (k2 + k;)), k% > kZ + k2,
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where:

(12)
kexp <—(z —Z) /(k,% +k3) - kz), k?* < ki + k;.
From Eq. (12) can be introduced:
P(ky ky,zs) = P(ky ky, 2 )Gp (ki Ky, 2y — 24). (13)

Calculated in accordance with Eq. (13) can reconstruct surface sound pressure angular
spectrum, then the two-dimensional inverse Fourier transform to seek sound pressure.

Sound field model in the enclosed space and complex cepstrum technology

Due to the presence of free-field conditions strictly, sound field approximation we encounter
are generally enclosed spaces non-free field. In an enclosed space, sound waves are medium
interface reflection, radiation, the presence of reflected waves in the sound field. In the closed
space of the sound in a schematic view [13] as shown in Fig. 1.

Fig. 1. Enclosed space sound field schematic
As can be seen from Fig. 1:
x(M) = u(M) + )" py s(M = M, (14)
i=0

where u(M) is the noise, p; is the Reflection coefficient, s(M — iM;) is the signal of reflection,
s(M) is the signal of sound source, x(M) is the total signal. Ignore the noise, then Eq. (14) can
express:

x(M) = > pys(M = iMy). (15)
i=0
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Convolution represented by the formula:

x(M) = (M) + ) p,6(M = iMy), (16)
x(M) = s(M) » h(M), (17)

where h(M) is impulse response of the room. From the Eq. (17), acoustic reflection can be seen
as a form of noise Convolution noise. While taking the Eq. (17) on both sides do Fourier transform
and logarithmic:

X (w) = S(w) + Hw). (18)

Both sides of the equation called cepstral, design a passband filter make the H(w) disappear,
and make Inverse Fourier transform of $(w), then we can obtain s(n):
Error is defined as:

orror P18 = PR (Sl
XOI

3. Numerical simulation

x 100 %. (19)

In order to verify that difference of the sound signal before and after data processing,
respectively, two and four-point source source reconstruction simulation have been done. Of the
parameters of the simulation is the same, the enclosed space length, width and height, respectively,
I m, I m, I m. Analysis of the frequency are 800 Hz, surface vibration velocity of the ball is
0.25 m/s, holographic measurement distance is 0.1 m, reconstructed surface distance is 0.05 m,
holographic surface is 64x64 square planar array, planar array of edge length is 0.8 m. The close
space impulse response is shown in Fig. 2. The characteristics of passband filter is shown in Fig. 3.
Two-point and four-point source source simulation results shown in Fig. 4 to Fig. 9.
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Fig. 2. The close space impulse response
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Fig. 3. Bandpass filter amplitude-frequency characteristics
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0 £l El Cl -
Fig. 4. Theoretical sound Fig. 5. The reconstructlon oftwo Fig. 6 The reconstructlon of two
pressure contours point sources acoustic pressure point sources acoustic pressure
of two sound sources contours after data processing contours before data processing

P c sy
Fig. 7. Theoretical sound pressure Fig. 8. The reconstruction of four Fig. 9. The reconstruction of four
contours of four sound sources point sources acoustic pressure point sources acoustic pressure
contours after data processing contours before data processing

As can be seen from the simulation graph, the data of the two-point sources and four-point
sources after the data processing could reconstruct the sound source precisely, there will be greater
reconstruction error before data processing. For two sources, the sound source overlap portion is
more, and cannot distinguish between two sources. For a four-point source, the sound pressure
cloud also has a relatively large distortion. Error is shown in Fig. 10.
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Fig. 10. Error analysis figure

From Fig. 10, in the low frequency the error can be controlled within 20 %, the error of two
sources is less than the error of four-point sources. In 1300 Hz to 1900 Hz band, two sources of
error control in about 8 %, but with increased frequency, the error increases. This is caused by the
complex cepstrum algorithm itself restricted, optimizing the parameters or combining with other
reverberation algorithms the error can be controlled within a smaller range.

4. Conclusions

This paper proposes a method about reconstruction of the sound source in closed space with
NAH. After receiving the flat plane array sound pressure data by the method of complex cepstrum
data processing, data processed planar NAH sound source reconstruction. Simulation results show
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that the sound pressure level is very similar to the theoretical value of the post processed
reconstruction of the sound source. In low frequencies, error analysis shows that the method of
processing data for complex cepstrum method based on 1300 Hz to 1900 Hz frequency error
control is good. The reason of the increasing of the error is that the parameters of the complex
cepstrum algorithm cannot adjust adaptive the frequency increases, optimizing the parameters or
combining with other reverberation algorithms could control the error within a smaller range.

References

[1] Maynard J. D., Williams E. G., Lee Y. Nearfield acoustic holography I: Theory of generalized
holography and the development of NAH. Acoustical Society of America, Vol. 78, Issue 4, 1985,
p. 1395-1413.

[21 Veronesi W. A., Maynard J. D. Nearfield acoustic holography (NAH) II: Holographic reconstruction
algorithms and computer implementation. Acoustical Society of America, Vol. 81, Issue 5, 1987,
p. 1307-1322.

[31 Wan Haibo Study on the Reconstructing of the Underwater Radiated Sound Field from a Voyaging
Submarine by Acoustic Holography Method. Naval University of Engineering, Wuhan, 2015.

[4] Veronesi W. A., Maynard J. D. Digital holography reconstruction of sources with arbitrarily shaped
surface. Acoustical Society of America, Vol. 85, Issue 2, 1989, p. 588-598.

[S] Bi Chuanxing, Chen Jian, Zhou Guanglin, Chen Xinzhao Application of distributed source
boundary point method in the sound field of holographic reconstruction and prediction. The Journal of
Mechanical Engineering, Vol. 39, Issue 8, 2003, p. 81-85.

[6] Zhang Dejun Vibrating body and the radiation field imaging using NAH. The Journal of Progress in
Physics, Vol. 16, Issues 3-4, 1996, p. 613-623.

[71 He Zuoyong Acoustic inverse problem — field acoustic holography technology and transform the
source characteristics of discrimination. The Journal of Progress in Physics, Vol. 16, Issues 3-4, 1996,
p. 600-612.

[8] Yang Diange, Zheng Sifa Study on acoustic holography method for sound source identification.
Journal of Acoustics, Vol. 26, Issue 2, 2001, p. 156-160.

[9]1 Zheng Kai, Zheng Sifa, Yang Diange, et al. Acoustic holography spatial frequency domain analysis
of the noise field reconstruction algorithm. The Journal of Tsinghua University, Vol. 42, Issue 2, 2002,
p. 247-250.

[10] Cheng Dezheng, Zhang Dejun Study on Chimes vibration characteristics using acoustic holography.
Journal of Acoustics, Vol. 25, Issue 1, 2000, p. 87-92.

[11] Yu Fei, et al. Double holographic sound field separation technique and its application to acoustic
holography. Journal of Acoustics, Vol. 28, Issue 5, 2003, p. 385-389.

[12] Chen Xinzhao, Bi Chuanxing NAH Technology and Its Application. Science Press, Beijing, 2013.

[13] Su Xianli, He Peiyu The Study of Speech to Reverberation. Sichuan University, Chengdu, 2006.

© JVE INTERNATIONAL LTD. VIBROENGINEERING PROCEDIA. OcT 2016, VOL. 9. ISSN 2345-0533 55




<<
  /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 /UseDeviceIndependentColor
  /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


