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Motivation (1)

 Waveform correlation has proven to be a very effective means to detect
and identify signals from various types of events...
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A waveform correlation method is presented for identifying quarry explosions
by attribu known mines characterized by multiple master ovents.
The ablective i to provide a roliable sutomatl procedure for screaning the arge
fumber of quary explosons lkely 1o be detected by natworks of ncouriry
stations monitoring c with test-ban treaties. The method generaizes
exising comrelation tochiquos o compare wavetorms from an uniosated ev
recorded at an array of sensors with a linear combination of master ent
‘waveforms recorded at the same array. The use of a linear combination reduces
the chance of a missed location caused by some variation in mechanism or
spectral excitation between the events being compared. The walghls in the
linear combination are filters, offering some compensation ions in
source time functions and errors of waveform alignment. The use of array data
reduces the likelihood of false attribution by reducing bias and variance in the
correlation measurement.

In a test conducted with P-wave data segments recorded at a_13-element

[1] A comprehensive search for repeating seismic events was performed using cross
correlation on waveforms for 17,898 seismic events in and near China mPo (‘d "’L Abstract Waveform correlation is gamering attention as a method for detecting, lo-
Annual Bulletin of Chinese Earthquakes from 1985 to 2005. We define a r cating, and characterizing similar scismic events. To explore the opportunities for using
eventpai having  high orss coreaton (20.) for 8 paticular bandideh (o s wirefinn conelation in broed segianal ,m,..,m,.g ‘we applied the technique to a large
and time window (5 s before P arrival to 40's after Lg arival). Such evens typically have region of contral Asia over a three-year period, monitoring for events at regional dis
hypocenters separated by no more than about 1 km. This result enables a damiiion e it canl i s o e cten
of median relative location erro of around 15 km for global and reg talogs that oy g lhvos el qunldy simions: We ditow methids for chocsing qualiy tem
locate events in this study one ot time using phase pick. The masimum hu.umu paesad talored for
emor is on the order of hundseds of kilometers. We use nonnomalized exch ‘“"P'“‘l‘ for a desired false alam rae. Our SeisCore software found more than
corltion valucs o messue eative amplinods of vent paes. The sandand deviaton 10000 detections during the three-year period using almost 2000 templates. We discuss
is about 0.06 magnitude wnits, much betir than the precision of relative magnitudes ekt methods of confing detwtons;bltin onfmaion, Highcon
for doublet events, which we estimate for the Chinese catalog to have a standard ielation with  emplte, and mlstason vlidton. A each sation. 65%-75% of ous
deviation of 0.36 magnitude units. Two thousand three hundred and seventy-nine most by 6500
s ou f the 17,898 or 13% of the events n thisctalogae classifid s repess, with unique detections. For monitoring applications, it i of interest that a significant portion
later years showing an increase in the oo bout half the repeqts ocour o5 isolated of the Comprehensive Nuclear-Test-Ban Treaty Organization’s Lute Event Bulletin

N ,";;2';"' doublets, the rest as multiplets of thr (LEB) catalog events was detected and that adding our confirmed detections for the
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Vi e o s o v detecting, locating, and characeriz

approximation ApsTRACT 0 s ke, Bt yet o1 fornd Steven J; Gibbons .mi F |mle Ringdal s W'w“mm dm;\“wmnmw,mw by D. A. Dodge and W. R. Walter
are sometimes mmd- in detail, in the MR 10 8 Wl i smuller than can be conventionally detected (Schaff, 20

from events 6
resol| 2010 Schaft and Waldvaer, 2010, fnd v b
noise (Schaff, 2008), offer easy extension o double differe
and other relative relocation methods o improve relative
tion estimates. (Hauksson and Shearer, 2005; Shearer e

of the NORESS amray from 137 events (M, = 0.8 to 21) n o near tho mining and Burdick, 1980). Tn this paper e
districts of Central Sweden. Waveform correlations based on the covariance| examples of such repeating seismic eve
matrices of three component recordings and on maximum amplitudes were| Asia where the amplitude and phase o
calculated from traces filtered between 2.5 and 4.0 Hz, in which band the signal- grams ar neary identical for a short-p

Abstract In this work, we cross-comrelated waveforms in a global dataset consist-
ing of over 310 million waveforms from nearly 3.8 million events recorded between
1970 and 2013 for two purposes: to better understand the nature of global seismicity
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Regional netw to-noise ratio consistently peaked for the waveforms. A cutoff value for thel 1o 3 Hz, with s focus on data from SpMMARY 2005: Waldhauser and Schaff, 2008). and can allow charac and to evaluate correlation as a technique for automated event processing. We found
with comprehens corelations to separate waveforms with poor and gaod corelation values could 2. T cvss gt » s s I-mrm‘vL et s st of3 o S aationof anevent s canthyke; ining evert, o tucl that about 14.5% of the events for which we have at least one waveform correlated
reconded seismicity in the region, an eross-comelating the incom w

with at least one other event at the 0.6 or higher level. Within the geographi

i regions
A i bl e s s e el e

be defined from the statistical uncertainty in back azimuth estimates of NORESS. Y
be.

explosion from a signl recorded at only one station (Gibl
repeaing cvens must have occured »

number of detect More than 80 per cent of grouped e it a4 and R Schaff eral, 2012). Previous work has here our waneform holdings e complet o neaty complt, that fraction s (0
of these events. groups. waveforms they generat gested that a significant portion of worldwide seismicity is i nearly 18%. Morcover, among the events for which we had one or more scismograms
source regions. I} of the events in the large group were scattered over an area of 20 X 75 km. An| stations that recorded both events. aveform mncuuunm“gmbc]u-u suite recorded at distances less than 12°,the fraction of correlaied events was much higher,
axplogion by att exponential decay of the waveform correlation with event separation (d in km)| 1] Repeating sismic event are stuci - umL?a:l\ 2011; Stinkard et ofien exceeding 50%
.twork has bee] could be fitted to the data of this group (exp(~d/8), taking NORESS epicenter| tell us about earthquake source physics,| u <ot 2013), Thede iequln sy ese results imply that global seismicity contains a large number of repeating
uncertainties into account. A procedure for location of close events based on| =3 contn nfematin b corselsion cocicknts fo single seasac

events, that is, events that are sufficiently similar to each other to have correlated
waveforms over the time period spanned by our dataset. These results are very encour-
aging for using conslation in aspects of automated event processing. I well known
that because of the of the sources of they
can be used as empirical signal detectors (ESD) to detect, locate, .md\dcnnfy anevent

event waveform|
method of attribr

For believable
a known mine a|

correlation values is defined. When applied to the large event group it limits thel for example, on whether their rupture 7o atom coeffcient <hapl
event epicenters to be within an area of about 4 km. For one small event group)

high correlation values were obtained above 15 Hz. Ynese frequencies are]

Tower magnitudes. I his conclusion is e, there are many

o Doberty Earth Observatory, Coit
‘ew Yok, USA.
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wavelength argument constrains the event picenters o within 01 k.

INTRODUCTION

In regional seismic monitoring one sometimes distinguishes between model-bj
and case-based approaches to identiy seismic events (Dysart and Pulli, 1987).

model-based approach aims at defining some from the recorded w|
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forms that will in general identify events regardless of region. The discriminant

particular mine of ori
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In contrast, the case-based approach attempts to take advantage of the repeatability
of records from events in the same source area for location and identification.
Similarities of waveforms recorded from closely spaced sources have been reported

mining explosions, experienced analysts have even been able to pinpoint the
in. The case-based approach is thus based on knowledge
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using as few as one channel. Ourresults are very encouraging for using correlation and
perhaps other forms of ESD for regional network processing and continental global
processing because, for example, nealy all continental seismicity (99%) is within 12°
of at least one International Monitoring System station.

‘measured through waveform correlation. High correlation val-
s between seismograms from different evens imply these

Ansizy, 1966; Van Trees, 1968). The literature has many ex-
amples of comelation detectors applicd to tightly clusered

detectors, Gibbons and Ringdal (2006) demonstrated an order
of magnitude reduction in the detection threshold relative to
incoherent detection on « beam. These uses of comtelation are

T n a " nant for thia case, waveform correlation wsmg 2 sngle channel detects Introduction
should also relate o the physics of various seismic source types, like the ratio of 017 orders of magritue kowee than s poskbi nsing an STAILTA R § s e 05 Nt
radiated P- and S-wave energy. In spite of a number of studies, no single model- Was oo s 0 the fll sy povides s ol moverent of prectin t has long gy T \c'hmvcmm er pro \:: w w] ' N:a; that nl ! s. - lnmm i Cente,
based method has so far been defined that performs successfully regardless of region. " study seismograms wilh strong i 10 previously recorded  comela o ar routinly used for repeating source
e i events. Quantitaively this characierisic of scismicity isofien  (Junck e . 2013). Here, we trea correlion as one type of

empirical signal detector (ESD), a term coined by Junck ef al.
(2013)to refer collectively t© patiem maiching detectors such

such alscal ety Iy by performing evenis have similar locations, mechanism as cormelators, subspace detectors (c.g., Harrs, 2006), and
for several regions in the literature. For example, se froguency-wavencmber asalyais upon the set of i sl enreclation cor iccnt exces ties. Sirong scismogram corrclation, when it cccurs, can ‘maiched field detectors (¢.g.. Hurris and Kyaema, 2010)

NORESS array from several events at the Titania mine (400 km distance) showed Kt A el WA be extremely useful in seismic event processing, 35 well as Comelaton detzctors have also been applied with some
remarkable similarity in time history (Jurkevics, 1987). Records may not only be 2 shedding light on seismic properties such as sip recumence ke afershock sequences La a

consistent for a particular area but may also be distinct from those at nearby ratcs on faultpatches.In this artcl, we atiempttobetieruar- sequences are & problem for monitoring sgercies becaise the
locations, Marked differences have, for example, been observed for records at tify how much of the Earth's seismiciy is correlated and how  high rate of activity can make it dificult for analysts to keep
NORESS from events in the Western U.S.S.R. at neighboring mines only 25 km 1 INTRODUCTION gy sy ”‘mj‘":‘;;;;‘“ orioke] ~wn‘clm:xrm\:~“:~\r::;::e‘:l"-n ;»:T:l:‘?i( netion «:- b "‘h(":ki“f “?mumhll ':I;Ix’? Iu:e v;‘mle :h‘zer \:':Umr
apart (Suteau-Henson and Bache, 1988). From visual inspection of recordings of P —— e e L T g e e il thashom b sl selit) oo o s o e il e s

o high seismicity. [Fit s common for a significant fraction of
events 1o be correlated, then a seismic signal processing pipe-

acquired from the recordings of many events from a particular area, and a new 1o aaraptas o e e e . scismiciy observed at loca to nea-regioal s line suiably designed to use coreltorstopregroup detections
event is supposed to be identified by waveform comparisons with events previously latan fimcticn ‘anple, Israelssem (1990), Himris (1991), Gibbons and Ringdal  and prevent many false amoriations conld far outperform car
recorded in the region. (2004, 2005), 10 name & few. Using armay-based comelation  rent systems during lage aftershock sequences.

Harris and Dadge (2011) have used correlation in com-
bination with subspace detectors in an automated system to
track events in an afiershock sequence. They demonstrated a
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:Zv' Motivation (2)

« However, the basic calculation (waveform correlation) is
computationally expensive, so either the size of waveform archive
used has been modest...

« ~3templates, NK Test Site Monitoring (Schaff et al., 2012; Zhang & Wen,
2014)

« ~200 templates, small aftershock sequence (Dodge & Harris, 2011)

« ...or complex distributed computing systems have been used

« ~5000 templates, broad regional monitoring (Slinkard et al., 2014 — used
SNL developed distributed)

« ~500M templates™*, global scale research (Dodge & Walter, 2015)

**this study did NOT perform scanning of continuous data but rather performed cross-correlations of
windowed signal detection waveforms in the LLNL GNEMRD database
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}u' Objective

« Utilize Approximate Nearest Neighbor (ANN) methods developed
in other domains (e.g. searching for images) to enable searching
of very large waveform archives without requiring a complex
distributed computing system.
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}*' Test Case

* Our test case: 14 Years of IDC LEB MKAR Signal Detections (2002-2014)

— Archive: 2002-2013
« 308K analyst reviewed arrivals (240K events)

— Test Set: 2014
« 26K analyst reviewed arrivals

— 60% teleseismic P, 14% regional
— Used only MK0O1/SHZ channel (no array processing)
— 0.5-5.0 Hz bandpass filter (generic multi-purpose)
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V}*’ Results

— 20x speedup finding highly correlated waveforms

— How? In exchange for finding 80% of the events in the
archive

— Quick to set up: ANN Index for 308K waveforms builds
iIn 180 seconds

— Quick to query: ~30msec for each search, ~1sec to
calculate correlation scores

— All on a standard desktop computer
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Approximate Nearest Neighbor Search
Methodology
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- &
» Approximate Nearest Neighbor (ANN)
Search

Return an approximation of the true nearest
neighbor set from an archive of data ...

In exchange for large increases in query speed
over standard linear search
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2

ANN Application

» Best suited for tasks where the database is expected to
have large number of useful neighbors and the specific
subset of those returned is not critical

* Quickly eliminating events from common seismic zones or
known mining operations

* Not suited for “Needle in a Haystack” Problems
 Identifying NK Test Events
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ANN Index Types

Tree Based Hashing Based

] 3 o

m 010100101010010

Euclidean Similarity Only Hash Table



ANN Index Types

Challenge for Seismic Waveforms

Tree Based Hashing Based




KPCA Data Projection
Raw Data (19s at 40hz) = 760 dimensions

Kernalized Principal Component Analysis

euclidean(kpca(x), kpca(y)) o correlation(x, y)
dimensionality reduction

Projected Data = 200 dimensions



KD-Trees

« K-Dimensional Tree (KD-Tree)

— Partition a large database of N k-dimensional
objects using a tree structure

—log(N) search time



Building a KD-Tree




Building a KD-Tree




Building a KD-Tree
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Building a KD-Tree

N

—

~rmlwr




Building a KD-Tree
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Building a KD-Tree
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Querying a KD-Tree
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Querying a KD-Tree




Querying a KD-Tree

Found Neighbors: p6



Querying a KD-Tree: Best Bin First

Found Neighbors: p6



Querying a KD-Tree: Best Bin First

Found Neighbors: p6



Querying a KD-Tree

Found Neighbors: p6



Querying a KD-Tree

Found Neighbors: p6, p4
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KD-Tree Forests

» KD-Tree Forest: build an index from a
group of randomly varied KD-Trees and
query them collectively

— During each split decision, randomly select
from the top n highest variance dimensions

— During query, perform Best-Bin-First
collectively across all trees

 For seismic case, we use forests with 100
trees
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ANN Queries in Practice

* Due to the approximate nature of ANN, a query
iInto the index must:

— Over-sample: Return a set of candidate nearest
neighbors larger than what is need to perform the
given task

— Prune: Compute the true correlation between the
query and all members of the candidate set, sort, and
discard those that do not meet some quality threshold
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ANN Search: Performance Evaluation

1.0 .
Performance metric
is recall: the
percentage of high

08| | quality neighbors
returned by ANN
query

0.6 |

041}

0.2}

— Correlation >= 0.7
—— Correlation >= 0.6
—— Correlation >= 0.5

0.0 : J : ‘

0 2 4 6 8 10

Percentage of Database Examined Sandia
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4500

ANN Search: Performance Evaluation

Query Time vs. Performance
Linear Query Time

4000

3500 -

3000

2500 +

— Sliding Window, cc >= 0.7

2000 -

Mean Time Per Query (ms)

1500

1000

500 |

0.3 0.4 0.5 0.6 0.7 0.8 0.9
Recall
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2

ANN Search: Performance Evaluation

Query Time vs. Performance
Linear Query Time

4500

4000

3500

Pruning is not always required as some tasks can be
completed by only looking at the metadata of the returned
NN candidates.

Without the pruning step, ANN waveform queries are
115x faster than linear ones

0.3 0.4 0.5 0.6 0.7 0.8 0.9
Recall
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Test Results
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Regional Example #1 (Lg)

wfmid=539, orid=10440936, arid=92021278, jdate= 2014008, phase=Lg, delta=4.0
T I T T T T I !

Lg dist= 4.0
011303 cc.= 0.63 f{
Lg dist= 4.0
323 cc.= 0.6
Vs
L dist= 4.0
013026 cc.= 0.67
Lg dist= 4.0
013272 cc.= 0.67
g dist= 4.1
012090 cc.= 0.6
Lg dist= 4.0 . . pn .
01208 com 07 Waveform to be identified is shown
Lg dist= 4.0 at bOttom .
o 012095 cc= 0.76 Matches shown above, in
Lg dist= 41 decreasing order of correlation
012270 .= 0.76
AN AR A Match pool span 2011-2013
dist= 4.0 Ho H
"\’V‘/"\A’\/VW/\/\/\/\/-/\/\'\/‘/\/\/V\WW‘/\/\/\ /\MM Mining explosions?
«A&JV\WWwAfJVVVMvaw«/VLﬂ&f/\ﬂﬂﬁﬂﬂﬂ\ﬂﬂg\fxwﬁvmdVﬂquﬂﬁjvvﬁﬂﬁ/VMﬂqﬂbe
| | | | | | | | |

0 2 4 6 8 10 12 14 16

seconds
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wfmid=3, orid=10414339, arid=91845654, jdate= 2014001, phase=PcP, delta=41.6
I I I I I I | I I

PKP dist=160.0
2010296 cc.= 0.69
Lg Qist= 8.0

/\/\/\/\ 2008296 cc.= P.70
Lg dist= 8.1
/\/\//\/\ 2009254 cc.= 0.70
P dist= 68.5

2009 cc.= 0.7

Lg dist= 8.0
M 2009843 cc.= Q.70
Lg dist* 8.1
/\‘,\/\/\ 2010023 ce.= 0.71
PKP dist=120.8
2002077 ¥ cc= 0.73
Lg dist= 8.2
M 2008320 cg.= 0,74
P dist='48.9
2005267 cc.= 0.80
r\,__\/'ﬂ-\

0 2 4 6 8 10 12 14 16 18
seconds
Very high
correlation
T VAL =97 score!
Il N A A=

National Nuciear Security Administration

Screening Example #1: Rejected “Match”

“match” locations

WOl.location

Only showing top 9 (there are136
with cc > 0.60 in this case)

None of these is in the right
location, but we wouldn’t know that
No consensus in location among
match pool, so we reject the match

34
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# Match Results Metadata Screening:
An Essential Addition

* High correlation score isn't enough

« Can use consistency in event location of match pool to
decide whether to accept match

* Developed a single algorithm based on event location
consistency of 3 of the top 4 results

* More sophisticated approaches could be tried, but this
worked quite well for this first simple study.
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5 i
Screening Example #2: Accepted Match”

wfmid=700, orid=10440755, arid=92076378, jdate= 2014010, phase=Lq, delta=8.1
I I I | I ! I I

e
Lg J dist= 8.1 A
01224 cc.= Q.74
Lg dist= 8.0
/\/\/\/\/—\,W i
Lg ¥ el 8.1
010023 c.= B75
P dist=67.3
2008111 c.= 0.Y5
Lg dixtt 8
0933 c.= A76 .
P e W * Results include correct and
Lg dist= 8.1 .
0121 cc.=0,77 incorrect matches
PRALYA i BT, « This is a confirmed match:
01207 cc.= Q.77 1 1
e A algorithm tolerates some dissent (3
P dist=90.5 of top 4 have excellent agreement)
0317 c.= 0.78
W‘/\/\/\/\/\/\/\/\/\N;\j\f}stz/&‘]
01210 c.= P82
| | | | 1 | | | |
0 2 4 6 8 10 12 14 16 18

seconds
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\
% Regional Accepted Match Example #1 (Lg)

Mﬂnﬁd=539,oﬁd=10440936,aﬁd=92021278,kkﬂe=2014008,phase=Lg,deHa=4ﬂ
T I T T T T I !

Lg dist= 4.0 /
M NANSA
Lg dist= 4.0
323 cc.= 0.6
A
LI dist= 4.0
013026 J cc.= 0.67
Lg l dist= 4.0
013272 cc.= 0.67
ANNAA~——ANN
g l dist= 4.1
012090 cc.= 0.6
Lg ) dist= 40 + Waveform to be identified is shown
01208 cc.= 0.73
at bottom
Lg dist= 4.0 . .
e ¥ e b Matcheg shown above, in .
i 4 aee 4 decreasing order of correlation
012270 ce= 976 | o Match pool span 2011-2013
Lg 4 dist= 40 * Mining explosions?
| | 1 | | | | | |
0 2 4 6 8 10 12 14 16 18

seconds
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% Teleseismic P Accepted Match Example #1

wfmid=76, orid=10425131, arid=91866507, jdate= 2014001, phase=P, delta=67.9
T T T T T T T T T

P ¢ dist=46.8
2004148 cc.= 0.62 {34_
B \F'WWNWWWH
2011137 cc.= 0.62
e/
U P ¥ dist= 60.4
2007259 cc.= 0.63
WJ\/\W\WMM,M «  Much shorter duration, simpler
P o dist=67.7 i i |
A A signal, but still matched!
——/\ﬁvv\/\mw'mw * Pool of good matches much
P o dist=68.1
2011099 cc.= 0.65 smaller (only 8): earthquakes have
—— .
\/\'\’VV“W""V—”\“"'M longer recurrence interval than
_\w,/\/\w\,WWWNMMWw mine explosions
P o dist=67.8 o -
,W/\/\WWWM Match pool spans 2004-2013

0 2 4 6 8 10 12 14 16 18
seconds
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% Teleseismic PKiKP Accepted Match Example #1

wfmid=1309, orid=10462736, arid=92245702, jdate= 2014017, phase=PKiKP, delta=110.8
I [ I | I I I [ I

PKiKP o dist=111.0 N
2008062 cc.= 0.72
AN~ NN AN~
PKiKP o dist=110.9
2012361 cc.= 0.73 /
'—‘\_/‘——'\——\
PKiKP o dist=111.2 "
2013162 cc= 0.74
W\
PKiKP o dist=110.8
2012171 cc= 0.74
WN\‘
PKiKP o dist=110.8
- 2012054 cc.= 0.76 « Very complex signal is
PKIKP J dist=110.9 ' ' [
PKKE it 06 unmistakable (high confidence
RN, match)
PKiKP o dist=111.1

2006315 =079 | * Match pool spans 2006-2013

PKiKP J dist=111.0
2013109 cc.= 0.81

PKiKP o dist=110.8

2006002 cc.= 0.84
_,——/‘\-—___/-"\

0 2 4 6 8 10 12 14 16 18
seconds
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Match Results Summary (1)

7
« 63% of 2014 signal detections could not

be identified (no matches or 1 match)

« Of remainder, 25% were rejected due to
lack of event location consistency

« Analysis of 12% accepted matches: Reiectfgsgf)atches

— 68% of those validated using LEB info

— 93% of regional matches (Pn, Pg, Sn, Lg)
validated Accepted Matches

(12%)
— 67% of teleseismic first P validated,
(important because 60% of all LEB
associated detections are tele first P

— 71% of core phases validated (PKPbc,
PKB, PKiKP))

— Poorer performance for secondary
phases (42% PcP matches validated)

2014 signal identification
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# Match Results Summary (2)
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« Majority of matches are at teleseismic distances because majority of
events are at teleseismic distances

* Nearly all teleseismic matches are likely to be earthquakes
« Having a long time baseline for template archive is very important

for matching earthquakes (much slower recurrence rate than mining
events)
41
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« Motivation for work was observation that computation cost of
waveform correlation was limiting size of signal archives that could
be searched

« Objective was to see if ANN methods could facilitate searching of
very large archives
* Findings
— Our KPCA + KD Trees approach allows us to search archives at least as large as

the total number of signals recorded by one of the most active stations in the IMS
network (~300K, algorithm can easily handle much larger)

— No specialized distributed computing system needed:
uses single COTS PC (albeit a fairly powerful one)

— Adding a match pool screening step based on consistency of metadata was
crucial for getting good results

— Overall the proportion of detected signals that could be matched was modest
(12% total, 8.6% validated), but impact on automatic processing could still be
very significant

— Long archive time baselines very important for matching earthquakes

Sandia
National T YIS
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# Future work

@)

Frequency dependence: Build indexes for several overlapping narrower
bands to try to better enhance the signals from particular event locations.

Array processing: Build indexes for multiple channels and combine the
results to take advantage of the coherency and move-out of signals across
the array. This should dramatically reduce the number of false event
locations in the ANN set of potential matches.

Signal Detector: Apply directly as a signal detector rather than as an
identifier of signals detected by another algorithm. Already the algorithm
performs better than real-time, so could be used as an operational detector.
We are currently working on implementing it in a distributed computing
framework to make it fast enough to perform repeated testing on long time
intervals (e.g. several months).
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o
Archive Projection:
Reducing the Size of the Kernel Matrix

 When the database is really large, we save time by
building the kernel representation from r randomly sampled
representatives.

r<<n (e.g. 500 out of 300,00)

_k(xl,xl),k(xl,xz),...,k(xl,x,,) |
k(xy,%)), k(Xy,X,)5e.es K(X5,X,)

r X r matrix

i"
ﬂ!
1498

T Y}
/N A
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Archive Projection:

Transforming the Kernel Matrix

* For next step, K must be symmetric, positive semi-definite

« k=corr(x,y) does not meet this requirement, but we can
transform the correlation coefficients to fix this problem:

k _ e(l—carr(x,y))

i"
P
A

T Y}
/N A
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Archive Projection:
PCA in Kernel Space

« KPCA: Applying Principal Component Analysis to
the Kernel matrix (K) creates a matrix (W) that can
be used to project the archive to a form such that

correlation scores have been mapped to
Euclidean distance, i.e. correlated items can be
found via searching for Euclidean nearest

neighbors

)

_E
S
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ANN Search: KD-Tree Forests

e KD-Tree Forest:

Build an ANN index from a group of randomly
varied KD-Trees and query them collectively

Advantages Disadvantages

Log(d) query time, easy to implement, Only works for Euclidean similarity

memory efficient /

Our interest is Waveform Correlation




r2d
Archive Search:

KD-Tree Forests

 How do we create a set of randomly varied

trees?

— During each split decision, randomly select from the top n
highest variance dimensions

« How do we search the forest?

— Search all trees until a leaf is encountered

— During initial search, keep a sorted list of decision points based
on how close the query was to the mean

— Continue search by walking the list and taking the opposite path
down to a leaf (re-visit most marginal decisions)

/N

A

g <d
H
g

EE

»

>

g
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ANN Search: Performance Tests

Sliding window performance based on quality of neighbors

1.0

0.8}

0.6 -

0.4}

0.2}
— Sliding Window, cc >= 0.7
— Sliding Window, cc >= 0.6

00 L L I L

0 2 4 6 8 10

Percentage of Database Examined
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Example of KLSH results

for a single waveform (Lg, 8.6°)

PRSI

8 4

feslis

Po, -y

e s s 2 Sy

5
3
-~
:
R
Al
T a
A

P 3 sigma
0 0 1
jdate=2014004, phase=Lg, dist=8.6°
| Waveform of Interest ' ' 1 6ol 30
. 20
i /| 40
20 ‘ ' 10
. . . 0 olblalal, ..ua |
0 5 10 15 0 0 100
seconds dist (deg) dist (deg)
8.6° 8.6°
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More on Lg Example:

0

100
dist (deg)

0

cc

14500

14001 E

14050 [R5

14001

If
I \III

IIIIIk || ‘!l ~I

5 10
seconds

15

Beware of “matches” with low correlation scores

0

100
dist (deg)

0

cc
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% Regional Accepted Match Example #1 (Lg)

wfmid=248, orid=10426351, arid=91922945, jdate= 2014004, phase=Lg, delta=8.6 /
| I I | I I I |
Lg dJ dist= 8.7 Aﬁ/
728 cc.= 0.
Lg { dist= 8.7
1024 cc.= 0.85
ST
Lg dist= 8.7
028 cc.= 0.87

L dist= 8.7
cc.= 0.87

dist="9.1
026 cc.= 0.88
Lg ) dist= 8.4 + Complex, long-duration signal,
& A hence no disagreement in match

L J ist= 8.5
cc.= 0.

pool
« Match pool span 2007-2013
* Mining explosions?

dist= 8.6

_,-\/\/\,\, 318 cc.= 0.92

—m\/\\,/xuv-“/\\/’\__/“\,Jr\\//h\\,/‘“/‘\//\&/”“”\/p\J[\\/P\b/—~f\//\/
| | | 1 1 | 1 1 |

0 2 4 6 8 10 12 14 16 18

seconds
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% Teleseismic P Accepted Match Example #2

wfmid=20, orid=10420396, arid=91849955, jdate= 2014001, phase=P, delta=57.9
T T T T T T T T T

P ¥ dist=38.8 ﬁl
2003123 cc.= 0.63 %
P o dist=57.5

2009295 cc.= 0.63

P o dist=586

P ¢ dist=167.9 .
2007302 cc=063 | o Pool of matches again small
P xds=678 | * 3 of 8 wrong, but still enough

S —— 2009272 = 064 ) )
/#WWWL\,\ consistency in top 4 to accept the
P dist= 59.0
et e T 0 | mach
P J dist=57.5
\/\,\/\/\[\/\/W\/\Mv\/\»m—-—\r\p/iﬁw
P J dist=58.4
2005120 cc.= 0.65
W“J\}MPV\/\/\/\N\/MA/WMWNW

| 1 | | | | | 1 |

0 2 4 6 8 10 12 14 16 18
seconds
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% Teleseismic P Accepted Match Example #3

wimid=77, orid=10425132, arid=91867031, jdate= 2014001, phase=P, delta=47.4
T T T T T T T T T

p o dist=473 A
2006089 cc.= (.60
o dist=47.3
2005111 cc,= 0.61 &
o dist=47.4 /
20p9067 c.= 0.61
P dist= 47.0
2005155 cc.=,0.61
_/-'W\/J
dist= 47 .4
e 2048088 A- P*A| * Long duration, complex signal
B oy w ¥ S (path effect?) so perfect agreement
PN in match pool
= dist= 47.4
\vf'”\aff/\\/\wﬁv”\/\\/\b["”\/”*f\fkﬂﬁ\/\nJ/\J”\/\f/iﬁﬁcﬁ/“jwﬁiijﬁfﬂ\
dist= 47.4
2007138 c.= 0.72
/\V\/\/‘"\'\/\/\ﬂ
P dist=47.3
2005238 cc.= Q.73
\AJva\Vv/‘\”\/p\/“~”\/ﬂ\/r\/avv/\»nJ‘\f\J&VJ\fJ\/\/\k/qn[\fd\/&\/\/\qufv\vf\Jﬁ\
! ! I ! ! ! ' ' '
0 2 4 6 8 10 12 14 16 18

seconds
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Teleseismic P Accepted Match Example #4

wfmid=281, orid=10423599, arid=91934301, jdate= 2014004, phase=P, delta=96.0
| I I | I ! | I !

P ¢ dist=55.1
2013220 cc.= 0.72

I —
P J dist= 96.1 o
2009044 cc.= 0.72

R w
P o dist=96.2

2013057 cc.= 0.74

P o dist=96.2

2013017 cc.= 0.74
M

2009206 =078 |« Moderately complex signal, so
P dist=96.0
A ko good agreement among ANN set
W
P o dist=96.1
P o dist=96.0
VA’/WW,\W\J\WW%w
P o dist=96.0
2002052 cc.= 0.80
RNy R
| | Il | 1 | | | |
0 2 4 6 8 10 12 14 16 18

seconds
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Teleseismic P Accepted Match Example #5

wfmid=299, orid=10425383, arid=91939231, jdate= 2014004, phase=P, delta=46.0
T T T T T T T T T

P o dist=455 2 /

2011364 cc.= 0.78 Ead

PKP ¢ dist=144.2

2012294 cc.= 0.79 g
s

P o dist=43.4 B

2011012 ce.= 0.79

P o dist= 43.1

\/\/’\W\/\/\/\«/\M—\J\_’—'\/\/\ﬁw
P o dist=45.9
. J\[J\/.V\MWWWM « Signal seems neither long nor very
P ¢ dist=63.8 complex, but match is accepted
2007176 cc.= 0.81 '
———\\/\/\/‘\/—W\/\,—w«-—»‘/\/\m and is correct
P o dist=452

2003353 cc.= 0.81

P o dist= 42,6
2007213 cc= 0.82
-
P o dist=45.9

| 1 | | 1 | | 1 |
0 2 4 6 8 10 12 14 16 18
seconds
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