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ABSTRACT 
 
Seismic monitoring for underground nuclear explosions answers three questions for all global seismic activity: 
Where is the seismic event located? What is the event source type (event identification)? If the event is an explosion, 
what is the yield? The answers to these questions involve processing seismometer waveforms with propagation 
paths predominately in the mantle. Four discriminants commonly used to identify teleseismic events are depth from 
travel time, presence of long-period surface energy (mb versus Ms), depth from reflective phases, and polarity of 
first motion. The seismic theory for these discriminants is well established in the literature (see for example 
Pomeroy et al. [1982] and Blandford [1982]). However the physical basis of each has not been formally integrated 
into probability models to account for statistical error and provide discriminant calculations generally appropriate 
for multi-dimensional event identification. This paper develops a mathematical statistics formulation of these 
discriminants and offers a novel approach to multi-dimensional discrimination that is readily extensible to other 
discriminants. For each discriminant a probability model is formulated under a general null hypothesis of H0: 
Explosion Characteristics. The veracity of the hypothesized model is measured with a p-value calculation  
(see Stuart et al. [1994] and Freedman et al. [1991]) that is filtered to be approximately normally distributed and is 
in the range [0, 1]. A value near zero rejects H0, and a moderate to large value indicates consistency with H0. The 
hypothesis test formulation ensures that seismic phenomenology is tied to the interpretation of the p-value. These  
p-values are then embedded into a multi-discriminant algorithm that is developed from regularized discrimination 
methods proposed by Smidt and McDonald (1976), DiPillo (1976) and Friedman (1989). Performance of the 
methods is demonstrated with 102 teleseismic events with magnitudes (mb) ranging from 5 to 6.5 in Anderson et al. 
(2007). Example p-value calculations are also given for two of these events. Preliminary studies on the statistical 
properties of p-values are presented here. 
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OBJECTIVES 

Anderson et al. (2007) propose a unifying framework for seismic event identification that can be populated with a 
diversity of seismic discriminants. For inclusion in the framework, a discriminant’s physical theory must be 
mathematically embedded into a probability model designed to capture significant sources of error. This is 
accomplished by formulating each discriminant as a statistical hypothesis test under a general null hypothesis of H0: 
Explosion Characteristics. For example, a depth null hypothesis under Explosion Characteristics might be H0: event 
depth ≤ 10 km with the logical alternative hypothesis HA: event depth > 10 km. The veracity of the null hypothesis 
for each discriminant is measured with a p-value calculation, which is used as the discriminant. The p-value ranges 
between zero and one, with a value near zero indicating inconsistency with Explosion Characteristics and a 
moderate to large value indicating consistency with Explosion Characteristics. With this approach to discriminant 
construction, the p-value carries information about source type fully adjusted for natural and measurement 
variability. This places a high standard on the construction of the discriminants—seismic phenomenology and path 
corrections must be integrated into an appropriate probability model, and a seismic-based hypothesis test must be 
constructed. The p-values under this formulation can be viewed as standardized discriminants with common 
interpretation across geographical regions and different discriminants. 
 
For continuous discriminants such as depth from travel time, spectral ratios, or mb versus Ms, when the null 
hypothesis is true (e.g., explosion), the p-value will have a uniform probability distribution, and when the null 
hypothesis is false (earthquake), the p-value will have a probability distribution with most of its mass near zero. 
Here, the concentration of probability mass at zero is determined by the degree of disagreement between the true 
probability model of the data and the null hypothesis model. 
 
The hypothesis test p-values can be mildly transformed to become standardized discriminants Y that also possess 
predictable statistical properties. They also range between zero and one, their interpretation is completely analogous 
to that of p-values, and they are approximately Gaussian. Therefore, established Gaussian discrimination methods 
can be used to formulate a unified decision from standardized discriminants. Specifically, the equation 
 

)arcsin(
2
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is well established in statistical theory as a transformation to achieve Gaussian behavior in data bounded between 
zero and one. Figure 1 illustrates the effect of standardizing the hypothesis test p-values. Precedence for interpreting 
p-values as discriminants can be found in Maharaj (2000), and Dumbgen and Homke (2000). 
 

 

Figure 1. Transformation to induce an approximate Gaussian distribution on individual p-values (denoted p 
in the graphs) to derive standardized discriminants. The H0 probability distribution is gray, and the 
HA probability distribution is black. 

In the framework proposed in Anderson et al. (2007), standardized discriminants Y are mathematically combined for 
source identification. This is accomplished with a typicality index calculation (see McLachlan [1992]) that measures 
the degree of agreement a suite of observed discriminants have with the earthquake and explosion populations.   
With the typicality index calculation, an event can be declared 

• consistent with historical explosions, 
• not consistent with historical earthquakes, 
• consistent with explosions and earthquakes (indeterminate), or 
• not consistent with either earthquakes or explosions (unidentified). 

These declarations are technically defensible. 
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In the framework, a second source identification calculation is made that assumes only two possible decisions – 
earthquake or explosion (indeterminate and unidentified are not possible). Bayesian statistical methods can be used 
to calculate the P(earthquake | event data) and P(explosion | event data). Note again that these probabilities sum to 
one. One possible rule is to simply take the higher of the two probabilities as the source identification. The objective 
of this research was to determine some of the statistical properties Bayesian source identification calculations with 
simulated teleseismic discriminants X versus the corresponding standardized discriminants Y. 
 

RESEARCH ACCOMPLISHED 

A simulation was performed that emulates the first-order properties of teleseismic discriminants for earthquakes and 
explosions. The simulation represents the potential source populations for two discriminants e.g., mb versus Ms 
(denoted X1), and a teleseismic spectral ratio discriminant (denoted X2) (see Taylor and Marshall [1991]). A subset 
of the simulation is reported here. The explosion model used to simulate X1 and X2 had the centroid (0,0) and a 
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. The earthquake model had the centroid (-2,-2) with a suite of covariance 
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First, using one of the earthquake/explosion model combinations above (the true explosion/earthquake models), 30 
explosions and 300 earthquakes were simulated emulating the acquisition of teleseismic discriminant calibration 
data (X1 and X2). These calibration data were used to calculate the centroids (calibrated centroids) and a pooled 
covariance (calibrated covariance) for the explosion and earthquake models for data X1 and X2. The simulated 
calibration data were then converted to p-values from a Z-score. The Z-scores for the X1 data are gotten by 
subtracting the calibrated explosion mean from the X1 data and dividing by the standard deviation of X1 from the 
calibrated covariance matrix. The p-value calculation for each data point X1 is then the left tail probability of the 
standard Gaussian distribution (see Figure 2). Calculations are analogous for the X2 data. With the p-value 
calculations, the explosion data for both X1 and X2 will have a histogram that is uniformly distributed and the 
earthquake data will have a distribution that is tightly packed near zero (see the left graphic in Figure 1). The 
calibration p-values are then transformed to standardized discriminants Y1 and Y2. These data are then used to 
calculate the centroids (calibrated centroids) and a pooled covariance (calibrated covariance) for the explosion and 
earthquake models for data Y1 and Y2. On completion of the calibration step, we have the models for source event 
identification with either teleseismic discriminants X1 and X2 or standardized discriminants Y1 and Y2. 

 

 

Figure 2. Graphical representation of p-value calculations from Z-scores for X1 and X2. 

In the next step, 5000 explosions and 5000 earthquakes are simulated using the true earthquake/explosion models. 
These data emulate new events with associated teleseismic discriminants (X1 and X2). The standardized 
discriminants Y1 and Y2 are calculated from these data using the calibrated explosion means and the standard 
deviations from the calibrated covariance matrix – the calculations are exactly as those made with the calibration 
data step. It is these 5000 simulated explosions and 5000 simulated earthquakes that are used to compare the 
properties of X1 and X2 versus Y1 and Y2 in the Bayesian source identification calculation. For this simulation study, 
the larger of P(earthquake | event data) and P(explosion | event data) is taken as the source identification with both 
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the teleseismic discriminant data X1 and X2, and the standardized discriminants. With these simulated event data the 
probability of correctly identify an explosion (PD [=] probability of detection) and the probability of a false-alarm 
(FA [=] false-alarm probability) can be calculated, that is, the number of times an explosion is correctly identified 
divided by 5000 and the number of times an explosion is identified as an earthquake divided by 5000. To compare 
the properties of Bayesian source identification with the two discriminants, we use the ratio FA/PD. In other words, 
this ratio is the false-alarms per detection, and the smaller this ratio the better. The ratios FA/PD are reported in 
Table 1 for Bayesian source identification with simulated teleseismic discriminants and standardized discriminants. 
The true models used in the simulation are graphically represented in the top row. In all cases, using the 
standardized discriminants gives better false-alarm performance relative to explosion identification probability. This 
is consistent with the results observed in the full simulation. 

Table 1. False-alarms per detection for simulated teleseismic discriminants and standardized discriminants. 
True models used to simulate teleseismic discriminants X1 and X2 are presented graphically in the 
first row. Ellipses for the models are 95% probability regions. 

 

     

Simulated teleseismic 
discriminants 0.093 0.186 0.164 0.147 

Standardized 
discriminants 0.040 0.121 0.090 0.073 

 

CONCLUSIONS AND RECOMMENDATIONS 

Conclusions are preliminary – theorems are not proven with simulations. However, we can conclude, based on 
simulations of statistical population behavior typical of some teleseismic discriminants, that standardized 
discriminants give improved operational performance over teleseismic discriminants, as measured by false-alarms 
per detection (FA/PD). Using p-values as discriminants has the advantage of unifying physical and statistical 
corrections into a single measurement. Therefore, in principle, p-values represent pure information about a seismic 
event source type. This is a compelling reason for using p-values as discriminants on its merits. The preliminary 
performance properties of p-values further supports p-values as seismic discriminants. Further research includes 
comprehensive simulations and potentially the development of mathematical arguments (theorems) that generalize 
this property of standardized discriminants.  

REFERENCES 

Anderson, D. N., D. K. Fagan, M. A. Tinker, G. D. Kraft and K. D. Hutchenson (2007). A Mathematical Statistics 
Formulation of the Teleseismic Explosion Identification Problem with Multiple Discriminants. to appear in 
Bull. Seism. Soc. Am. 

 
Blandford, R. (1982). Seismic event discrimination. Bull. Seism. Soc. Am. 72: 69–87. DiPillo, P. (1976). The 

application of bias to discriminant analysis. Communications in Statistics (Theory and Methods) 5:  
843–854. 

 
Dumbgen, L. and L. Homke (2000). P-values for discriminant analysis. Preprint series A-00-14, Schriftenreihe der 

Institute fuer Informatik/Mathematik, University of Lubeck, Germany. 
 
Freedman, R., R. Pisani, R. Purves, and A. Adhikari (1991). Statistics, Second Edition, W.W. Norton & Company 

Inc., New York. 

29th Monitoring Research Review:  Ground-Based Nuclear Explosion Monitoring Technologies

529



  

 
Friedman, J. (1989). Regularized discriminant analysis. Journal of the American Statistical Association,  

84:165–175. 
 
Maharaj, E. (2000). Clusters of time series. Journal of Classification, 17:297–314. 
 
McLachlan, G.J. (1992). Discriminant Analysis and Statistical Pattern Recognition. John Wiley & Sons, New York. 
 
Pomeroy, P.W., W.J. Best, and T.V. McEvilly (1982). Test ban treaty verification with regional data–A review. 

Bull. Seism. Soc. Am. 72: S89–S129. 
 
Smidt, R. and L. McDonald (1976). Ridge discriminant analysis. Technical Report 108, University of Wyoming, 

Department of Statistics, Laramie, Wyoming. 
 
Stuart, A., K. Ord and S. Arnold (1994). Kendall’s Advanced Theory of Statistics: Volume 2A, Classical Inference 

and the Linear Model, 6th Edition Arnold Publishers, London. 
 
Taylor, S. and P. Marshall (1991). Spectral discrimination between Soviet explosions and earthquakes using short-

period array data. Geophys. J. Int. 106:265–273. 
  

29th Monitoring Research Review:  Ground-Based Nuclear Explosion Monitoring Technologies

530



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /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 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /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 true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /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 true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /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 false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  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 /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




