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abstract by intensiveblastingpractice,with hundredsof
Waveform cross correlation (WCC) is a blastsfoundby the Internationaldatacentreand
powerful tool of signaldetectionfrom repeated availablein its ReviewedEventsBulletin. In our
eventslike mining blasts In this study,we use previousstudy,we appliedthe WCC methodto representationof seismic array data, so the detection, relative location and mine
seismic data measuredat four array stations theserepeatedsignalsandestimatedhe overall lower order tensor constructionwas used as identificationasobtainedsinceJanuaryl, 2017.
(ARCES, FINES, NOA, and HFS) of the similarity of signalsat one mine and between syntheticwaveformtemplateset As aresult,we This is an out-of-sampletest of the procedures

neededfor comprehensivesignal detectionand the Aitik and Kiruna minesis to locate them
association, we applied several high-order using arrival times obtained by cross
factorization techniquesto the tensor based correlation Here, we presentselectresults of

At the IDC, we havebeentesting continuousdetection
of signalsfrom the Aitik and Kiruna minesusing cross
correlation with several master events The detected
signalsareassociatedvith eventhypotheseéixed to the
groundtruth locationsof thesemines This is likely the

International monitoring system (IMS) from mines In orderto provide the bestuse of the found that signals from two mines might relatedto the WCC method most reliable method of detection and creation of
two quarriesin Swedeni the Aitik copperand whole multitude of historical events and to correlate and the only reliable method to seismic events, which allows to actually distinguish
@unairon mines Both minesarecharacterized reduce the number of waveform templates actuallydistinguishbetweerblastsconductecdat / betweenblastsconductedat the Aitik and Kiruna. The

ARCES 3-componentseismic array of Internatica
Monitoring System The designed master event
templateswere testedwith the training set as well as
with the extendedset comprising50% of new events
recordedby the samearray Different time windowsand
filter bandswereevaluated Almost all methodsshowed
very goodperformancamostof all in termsof detection
rate showing excellent SNR for the detectedsignal
comparingto the precedingoackgrouncoise /

seismiceventlocation basedon crosscorrelation The
reasonfor the HO templatedesignemergesfrom the
ability to representa multidimensional seismic 3-
componentarray as a multidimensional array in a
computer semantic sense and to apply the
dimensionalityreductiontechniquein a mannemwe used
to doit with the singlestations(singleor 3-component)
The array seismogramwas consideredas a 3-order
tensorso the training datasetturnedto 4-ordertensor

results of detection, relative location and mine
identification obtained since January 1, 2017
demonstratéhatour methodconfirmsthe existing REB
events and finds many additional REB-compatible
events Overall, the obtainedresultsvalidate detection
andassociatiorprocedureselatedto the WCC method
Theeventsconductedat two minesareseparated

We havetesteda designof multidimensional
(high order, HO) master event template for further

Thenvarioustensorreductionmethodswere appliedin
orderto producethe most efficient templatesubsetfor
crosscorrelationmethods The following methodswere
tested (1) high-order SVD (HOSVD), (2
multidimensionaldiscreetcosinetransform(MD DCT),
(3) two dimensionalSVD (2D SVD), and (4) tensor
interpolation The methodswere applied to the data
from mining explosionsconductedat regionaldistances
at Swedenmines Aitik and Kiruna and recorded at

We haveconducteda study on templateselectionfor furtherlocation
of seismiceventsby the waveform crosscorrelation method using
regionalquarryblastdatarecordedat 3-componentMS seismicarray
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3-component records at a single ARCES station. Bandpass filtés 423
160 (upper figure) and 27 (lower) second time windows presented.
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3. Tensor Templates Test

We have conducteda numberof testswith the obtainedreducedtensorcomponentsn orderto evaluate DCT, (3) HOSVD, and(4) tensorinterpolation Different templatelengthswereusedfrom 10 to 30 seconds
performanceof the crosscorrelationdetectorwith thesecomponentsisedas templates Completesetsof The bestresultswereproducedoy the MD DCT andinterpolationtemplatedor averageSNR, the minimum
componentsfor the 3C array were producedwith 4 methods tensor interpolation, DCT, 2DSVD and SNR-. over all testedsignalsfor a given template,which hasto be above3.5; andthe averageCC. The
HOSVD. In this study,the 3D templatesverereducedo 1D vectorizedcase([Z,NS,WE]) andwe applieda overall differencein detectionratesis not large Similar testswere also carriedout with the eigenimages
well establishesdystemof tests Selectedesultsare presentean figuresbelow Thefirst testwasbasedon (insteadof reducedbackprojections)producedfor the HOSVD (PC cell arrayin TPCA algorithm) It was
crosscorrelation(CC) of the developedemplateswith continuousvaveformsmeasuredrom the setof 122 found that the algorithm destroysthe properchannelalignmentin sensortriads and moveouts relatedto
eventsand determiningthe detectionrate basedon SNR threshold(seeposterS51A-2758for details,also different stationsof the array andthe testresultswere not impressive In caseof single 3-C station,it does
Bobrov, et al. 2012: the percentageof detectionshaving SNR-~>3.5. Then, we tested46 eventsnot notmakeanydifferencesinceall thechannelsn atrainingsetarealignedby defaultandtherenois needto
includedinto the training setof 122 In this test the ten first reducedtensorcomponentsvere usedfor keepthe moveoutssotheregularSVD/PCAcaseworksfine.

detection,i.e. 40 componentsvere testedaltogetheras presentedn figures below. (1) 2D SVD, (2) MD

Left figure:

4 methods, 10
templates in each
method, variable
time window length

Left figure:
2 best methodsl0
templates in each

method, 5 filter bands:

2-4 Hz, 48 Hz, 36
Hz, 612 Hz, 816 Hz.

Left figure:
HOSVD tests,
reconstructiorof
the reducedensor

After all methods were tested with different template lengths and filters, we have taken the window (10 seconds) an@@+t6eHlt, which work the best. Then we returned to the high order
tensor decomposition and tried our omgonstructiorof the reduced tensor set. The detection rate was the same as for the best methods above, and the spaliesEeSaliRlarger (4.2
against 3.5). More work has to be conducted to find the optimal multidimensional template design.
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2. Tensor Approach to Seismic Array Data Processing

Introduction Here,we introducean approacho constructmastereventtemplatedor further crosscorrelationbased
location with datarecordedat multichannelseismicinstallations,such as 3-C seismicarraysof the International
Monitoring System(IMS) of the CTBTO. Dealingwith the tensorrepresentationf seismicwavefieldscansimplify
In certainsensdhe multidimensionabpproacho dataprocessingin particular,to the datasetwhich wasthe sameas
usedfor the single componentprocessingMultichanneldatacorrespondingo a seismiceventfrom the Aitik and
Kiruna quarriesin Swedencanbe rearrangedis a 3-modetensor,wherefirst modeis time, or samplenumber,the
secondmnodeis station,or sensomumber,andthe third modeis the directionof groundmotion(Z, N andE). Then,a
completetestdatasetwould consistof a 4-modetensorwith the eventnumbercorrespondindo the 4% dimension
Consideringa 3-componenseismicarrayasa multitudeof observationsvith atensordescription(not the tensorfield
In generalsense)the correspondinglatatensor,formally, can be regardedas a tensorproductof 3 vector spaces,
eachwith its own coordinatesystem Then we could apply tensoroperationsto the datarecordedby sucharrays
gaining certain benefits from utilizing joint volumetric (sensor) and spatial (array) information Further
dimensionalityreductionof tensordataproducesa basisfor the multidimensionalwaveformtemplates Note that a
first-mode,or first-ordertensoris a vector,a secondordertensoris a matrix, andtensorsof higherordersarehigher
ordertensors

General approach Traditional approachedo finding lower dimensionalrepresentation®f tensor data include
flattening the dataand applying matrix factorizationssuch as principal componentsanalysis(PCA) or employing ~ " : )
tensordecompositionsuchasthe CANDECOMP/PARAFAC(canonicalpolyadicdecompositiorwith parallelfactor trﬁzﬁi?irngg rAr f:] Ir(otl;gr;:]tshe OB e EE eSO D) v leh S B ImE ISR IS TElis)) ELSUTeN [0k
analysi3 and Tucker decompositionswhich may be regardedas a more flexible PARAFAC model Tucker E
decompositionyhich we usein this work, decomposea tensorinto a setof matricesandonecoretensor Thenthe O [ (3 o780 o 7(8® o a3 7(48)
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eigenimage<an be extractedfor resizingthe input tensorto lower dimensions Thereare more approacheso the AGH

multimodal dimensionality reduction we exploredin this study, such as the multidimensionalDiscrete Fourier . : : : : : - . . :
Transform(DCT) mostly usedin imageprocessindJPEG for instance) 2D SVD (basedon low rank approximation Multimodal dimensionalityreduction with other methods The multidimensionaldiscrete(MD) cosine
’ transform(DCT-Il andDCT-Ill for inverse)is popularcompressiorstructuresor MPEG-4, H.264, and

of the matrix), and tensorinterpolation (for example,Hotz, et al, 201Q Tensor Field ReconstructionrBasedon : . . : : : L
: : ) : . . HEVC (high efficiency video coding), and is acceptedas the bestsuboptimaltransformationsince its
Eigenvectorand Eigenvaluelnterpolation) With this, we makean accenton the Tuckertensordecompositiornade . . )
performancaes very closeto thatof the statisticallyoptimal KarhunenLoevetransform

with the alternatingeastsquaregALS) method
C.?5C ?5 GCy?5

-
a@a @ ayas

Following basicprinciplesof the 1D PCA, we approacho this projectionwith analyzingthe coretensor
i. | t efigenvaluegfor stationarray NORSAR) correspondindo the dimensiongstation signal event)
arerepresentedn afigure below Only 5 eigenvaluesremeaningful,sodimensionalityreductioncanbe
performedo thedecomposetkensorsorderof 5.

Event eigenvalues in
lin-lin scale. Red line
indicates reduction level

Event (loglin scale)

Station (loglin scale) Signal (loglin scale)

We performa dimensionalityreductionthroughthe truncationof U and i termsandbuilding the restored
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Math formalism Following standardnultilinearalgebraanytensorcanbe expressea@sthe product

OLiH 7% Hg 7°% & He 7°%, where 7°% L T 7D g 7}5‘; -is an orthogonal :+ H +; matrix (H. Lu,
K.N. Plataniotis and A.N. Venetsanopoulo§006, Multilinear principal componentanalysisfor tensorobjectsfor
classification)A visualrepresentationf thisdecompositionn thethird-ordercases shownon nextfigure:

IGaGa A L

where GyL r&& &1 and EL sd & a\HnversetruncatedVID DCT returnsthe reducedensorarray
with therequirednumberof componentsisedfor crosscorrelationtemplateconstruction

After backprojection, the tensor

slices can be usedas templatesfor
further crosscorrelationtechniques
Left: vertical eigenvectors of
NORSAR array Center second
slice (out of 39 total number of
signals) of input (up) and restored
tensor(down) after projection back
to signal space Notice significant
noise suppressionafter restoring
Downright: reductionwith DCT.

A matrix representatioof this decompositiorcanbe obtainedby unfolding Jand 7 as
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where T denoteshe Kroneckemproductand i is acoretensorof size 4 x 4 x i |
canalsobewritten as
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I.e., any tensorcanbe written asa linearcombinationof + H 4§ H® H + rankl tensors This decompositions
usedin thefollowing to formulatea multilinear projectionfor dimensionalityreduction

4. Continuous detection, association and relative location

Ground truth events for Aitik mine Continuous association and location ditik and Kiruna blasts
Thereare97 GT eventsconfirmedby local infrasoundmeasurement$,om Continuous detectionwith crosscorrelationusesl4 masterevents 7 from Aitik
which 33 (seetable below) are missingin the REB. All were found by mine and 7 from Kiruna. The WCC methodfinds all REB (black dateand time)
crosscorrelationatARCES,FINESandNOA eventsandmanyeventsnotin the REB (red dateandtime)

Time BEAUIE - 2ozl OGN TImlE Zie & 28,20 2017003; 19: 6: 31.68 2017010; 20: 5: 32.78

Association and relative location

For all valid arrivals,which arefound with a givenmasterevent,
origin times, OTij, are calculated The empirical travel
times from the master event to the relevant primary Date

. . . : .. 2015055  18:04 FINES 17:7:52.85 Tres=-0.308
stations,I'Tij, aresubtr.gc_tedr.c_)m the__arrlval times,ATlj. 205023 1755 e i e Troe-0.039
- OTy=ATy =TTy Soiaass 1906 NOA  17:8:11.31 Tres= 0.348
wherel is arrivalindexat station;. 2014336 18:03 < <
2014313 17:46

TTij=TTj !
Empirical travel times from a master event to seismic
stationsare characterizedoy ZERO modelling errors and
very low measurementerrors These conditions allow
extremelyaccurateelativelocation

Relative location grid dt, = S- dy - travel time
correction

2014289  17:02
2014268  15:48
2014258  17:06
2014245  17:01 S
2014241  17:02
2014238  17:05
2014217  17:08
2014206  17:00
2014183  17:01
2014177  17:04
2014146  17:02
2014135  17:01

2017008: 17:26: 18.13 2017011, 0:34: 37.49

DATE 2015055; ORIGIN TIME 18: 4: 2.58

Ciiiiiiiiiiioiiiiios corrected origin time oiies  1ros ARCES  18: 4: 50.04 Tres=-0.000

D S SO S e e 2014100  17:04 FINES 18:5: 33.87 Tres= 0.003

..................... Hesons g 2014008 1706 NOA  18:5:51.01 Tres=-0.002
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S LovENG e e grid size from 1 1o JULE 2014063 18:01

10 cHr g 5+ -1 Spacing from meters to 10 2014045 1551

ooooooooooooooooooooo 15 k 2014016 18:02

A S A m 2014014  18:19 =

.......... -3 I S Average OT and RMS OT 2013339 18:00

ooooooooooooooooooooo . . 2013332 18:02

Peeesgereageceetonsey residual are calculated in 013320 18.08

..................... each node 2013304  18:01

ooooooooo 1B o o o o 0 0 0o o o o 2013290 17:06
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