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1. INTRODUCTION

In this paper, a two step integrated approach to extract small signals embedded in noise together with their first arrival times is

presented. The first step resulting in a event detection indicator allows discriminating the signals of interest from background

noise using a statistical hypothesis testing approach. The second one provides transit times of detected signals in noisy envi-

ronment using a fast and robust beamforming method. This integrated methodology is applied to hydraulic fracture monitoring

(HFM) data [1] corresponding to seismic events generated from oilfield production activities. These events can provide useful

information in reservoir development and management decisions.

2. METHODOLOGY

The first part of this framework consists in scanning the recorded HFM data with a moving time window and making a deter-

mination whether each window contains a signal of interest or not [2]. Signals of interest include the recorded compressional

and/or shear waves generated during oifiled production activities. Consider the windowed time series xml(t),m = 1, ..., Nr; l =
x, y, z; t = 1, ..., N , where Nr, L, and N are respectively, the number of receivers in the array, the component type and the

window length. This time series can be modeled as a sum of signal and noise: xml(t) = sml(t) + εml(t) and we build vectors

X(t), S(t), E(t) using some or all of the components above and let XN = [X(1), . . . , X(N)]. Assume that the noise process

is stationary Gaussian with power spectral density matrix F (λ), i.e. E(λ) ∼ N (0, F (λ)) where λ is the frequency. The signal

is given by S(t) = μG(t) ∗ s0(t) where G̃ml(λ) = exp(−iδmλ) exp(−jφe); φe = {0, π} is the transfer function of the media

operating on a source signal so(t) modeled as the convolution of a Ricker wavelet, sR(t) with a P -order FIR filter, h(t). The

power spectrum is separately estimated using data in signal free windows using Thomson’s multitaper method [3] while h is

estimated as part of the event detection as described below. As such we adopt a more general noise model than the autoregres-

sive model used in [2] to address the hydraulic fracturing scenario and use a Ricker wavelet based model for the signal events

that is an excellent fit for the observed microseismic signals.

The signal existence problem can be cast as the problem of testing between the hypotheses - H0 : μ = 0 vs.H1 : μ �= 0.

The GLRT solution under the above assumptions of Gaussian noise and deterministic unknown signal and estimation of h

leads after some calculation to a test statistic τ(XN ) = Δ†Γ−1Δ where the vector Δ =
∑Nf

j=1 H†
j F−1

j X̃j , the matrix Γ =
∑Nf

j=1 H†
j F−1

j Hj and X̃j and Hj are discrete Fourier transforms of XN and h respectively evaluated at the frequency λj (and

similarly for Fj). An event will be considered present in the window if τ(XN ) > τo. The threshold τo is chosen based on the

statistical behavior of the τ under H0; with Gaussian noise, it is possible to set this independently of the actual noise covariance

and obtain a constant false alarm rate (CFAR) detector for testing at a given level of significance.

After the detection of the events has been performed, the delays between their arrivals across the array are estimated [4]. The

delay eij between ith and jth waveforms is estimated by cross-correlating waveforms i and j and finding the time index for

which the cross-correlation is maximized: êij = arg maxτ rij(τ). Having estimated the pairwise delays êij , the next step is

to estimate the desired parameters Δτ by solving the linear system e = AΔτ with the pairwise delays as column vectors and

the elements of matrix A at the (ij, k) position being defined as A(ij; k) = δjk − δik. The convention adopted here for the

ordering of the entries of e is that the index pairs i, j are ordered lexically: i < j and j is varied more rapidly than i. The

procedure described above has the advantage of being computationally faster than beamforming all the waveforms. However,

any gross errors in the pairwise correlations will propagate into the estimates for the relative delays. To overcome this issue, we



extend the previous method by beamforming larger size subsets (e.g. triples, quadruples, ...) and subsequently reconciling the

resulting estimates by solving an overdetermined linear system. As the size of the subset being beamformed increases, more

waveform averaging is performed, and the resulting estimates are less sensitive to gross errors.

3. RESULTS

Figure 1 (top left panel) presents HFM waveforms from a field acquisition while the bottom left shows the corresponding

event detection indicator curve together with the threshold (dash line) used to detect the presence of events. Pink and green

triangles indicate respectively the strong and weak events detected by the algorithm and show good correlation with visible

events present in the waveforms. The right panel shows a zoom view wherein red marks indicate the first motion estimated by

the hybrid beamforming algorithm presented here along with a first motion detection approach described in [5] applied to the

first waveform. One can see the good performance of the time picking algorithm on the real field data.

4. CONCLUSION

In this paper, an integrated framework to detect signal embedded in noise and estimate their arrival times has been presented.

This integrated framework was successfully applied to real HFM data demonstrating the effectiveness of the proposed method-

ology.
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Fig. 1. Example of events detection (left) and time picking (right) obtained on HFM data.

5. REFERENCES

[1] N. R. Warpinski, S.L. Wolhart, and C.A. Wright, “Analysis and prediction of microseismicity induced by hydraulic frac-

turing,” SPE Journal, pp. 24–33, March 2004.

[2] A. F. Kushnir, V. M. Lapshin, V. I. Pinsky, and J. Fyen, “Statistically optimal event detection using small array data,”

Belletion of the Seismological Society of Amarica, vol. 80, no. 6, pp. 1934–1950, 1990.

[3] D. J. Thomson, “Spectrum estimation and harmonic analysis,” In Proceedings of the IEEE, vol. 70, pp. 1055–1096, 1982.

[4] W.R. Hahn and S. A. Tretter, “Optimum processing for delay-vector estimation in passive signal arrays,” IEEE Trans.
Information Theory, vol. IT-19, no. 5, pp. 608–614, 1973.

[5] H. P. Valero, M. Tejada, and D. Murray, “Improved first-motion algorithm to compute high-resolution sonic log,” SPE
paper 90995, presented at the SPE International Petroleum Conference held at Puebla Pue, Mexico, November 7-9, 2004.



<<
  /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 /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /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 (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on 'Acro8.recommended.6Dec2006_FontEmb'] Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
  /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
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


