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Timeline of machine learning and the CTBTO
Era Machine learning milestones CTBT

1950s Birth of ML research

1960s Bayesian methods introduced for
probabilistic inference

1970s “Al winter”

1980s SVM (Support Vector Machines) and RNN
-90s (Recurrent Neural Networks) become

oopular 1996 The CTBT is signed

2000s Unsupervised ML becomes widespread 2000 Routine data analysis started at the IDC

2010s Deep learning becomes feasible
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IDC processing pipeline
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IDC processing pipeline
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IDC processing pipeline
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SHI processing

Automatic

Interactive (analyst review)
Event screening (automatic)
Radionuclide processing
Technology fusion
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 Machine learning in the IDC
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Machine learning in the early IDC system

Neural networks
*  Multi-layer perceptron used in single-
station 3C phase identification (station
processing)
* Three cascaded NNs with three layers ((( > Hidden Layer
(15x6x2 nodes).
* 15 attributes (mostly polarization attributes
but also Td, contextual attributes and Output Layer
spectral features (HtoV ratios). ¢ L |
* Theyidentify N, T, and regional P and S Outputl - Outpue2 . N\T
(later split to P, PKP, Pn, Pg, Sn and Lg by S 9%
other programs) i
(Sereno & Patnaik (1993), Wang & Teng (1995, / ;l' \
1997), Wang, Israelsson and North (1997), s
Wang (2002),

Disclaimer: The views expressed on this presentation are those of the author and do not necessarily reflect the view of the CTBTO
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Machine learning in the early IDC system

Input1 Input2 Input N

Bayesian inference
muier  *  ldentification of regional S phases
(Sn, Lg, Rg, Sx)

* P{phase|F,C} =

Neural networks

*  Multi-layer perceptron used in single-
station 3C phase identification (station
processing)

* Three cascaded NNs with three layers ((( > Hidden Layer
(15x6x2 nodes). * F:features (S-P time, f, velocity,

* 15 attributes (mostly polarization attributes HtoV ratio)
but also Td, contextual attributes and owpuclaver o C: context (station specific)
spectral features (HtoV ratios). ¢ L |

* Theyidentify N, T, and regional P and S outputl - Ouipnt2 . N\

(later split to P, PKP, Pn, Pg, Sn and Lg by Ry %
other programs) ST\
(Sereno & Patnaik (1993), Wang & Teng (1995, / i‘l' \
1997), Wang, Israelsson and North (1997), L

Wang (2002),

Disclaimer: The views expressed on this presentation are those of the author and do not necessarily reflect the view of the CTBTO
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Conferences and symposia

science for security

AND BEYOND

31 AUGUST - 1 SEPTEMBER 2006

HOFBURG, VIENNA, AUSTRIA

10-12 JUNE 2009

HOFBURG, VIENNA AUSTRIA

IN CODPERATION
WITH TME AUSTRIAN
FEDERAL MINISTRY

WWW.CTBTO.ORG FOR FOREIGN AFFAIRS
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International Scientific Studies 2009 conference

“[...] to identify scientific and technological developments that might enhance
these capabilities as well as improve the cost-effectiveness of the CTBTO’s
products and services [...]”
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International Scientific Studies 2009 conference

“[...] to identify scientific and technological developments that might enhance
these capabilities as well as improve the cost-effectiveness of the CTBTO’s
products and services [...]”

Data mining session

* Phase labelling and false association identification

* False event identification

* \Vertically Integrated Seismological analysis (NetVisa)
* Fdetector

* BayeslLoc

* VvDEC

* and more
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GenF detector
2 s
Uses prior information about Eff
* thesignal
* source power spectrum i
* source scaling Az = 201,V = 30km/s "
* path effects

h . WML—\PM'WM'IH‘ M&"—-Wu‘ﬁwm—\.—)
* and noise

* power spectrum R “ 1
* spatial correlation | . 33 JJ“

0 ) 133

tme / s

From Selby (2008)
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GenF detector

Uses prior information about e Eff GenF at the IDC
* thesignal * Has been tested
* source power spectrum i extensively
* source scaling Az =201,V = 3.0km/s " * Ismergedinthe IDC
* path effects F codebase but not
. . T WMW activated.
* and noise e s part of the
* power spectrum ‘ Reengineered software
* spatial correlation | . R ‘ JJA and testing planned to
0 ' 133 DI] start again in 2021 Q3

tme / s

From Selby (2008)
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NetVISA

* Uses a Bayesian approach in
the network processing step

(Arora et al, 2013)
_’ SELI
*  Probability Density Function a E z
(PDF) is built with analysts' [ Hydroacoustic E % § —p  SEL2 E
reviewed data Aiary Seim £ é i
[¥a] Fa -
E SEL3S I » RER

Le Bras etal (2020)

Disclai * The views expr d on this pr ion are those of the author and do not necessarily reflect the view of the CTBTO

PUTTING AN END TO NUCLEAR EXPLOSIONS . CTBTO.ORG



CTBT: SCIENCE AND TECHNOLOGY CONFERENCE

PREPARATORY COMMISSION

S nT Machine learning prospects for automatic SHI processing r\ CTBTO

Pres. No.: C. Saragiotis, R. Le Bras, V. Miljanovic Tamarit, M. Slinkard (CTBTO IDC/SA)

Features

Testing and Ops

NetVISA
* Uses a Bayesian approach in
the network processing step  priog
(Arora et al, 2013)
2012-13

* Probability Density Function
(PDF) is built with analysts' ~ 2014-15

reviewed data 2015-17

2016-17

2017-19

2019-21

Original paper
Support for hydro
Support for Infrasound
Analyst interface

Improvements in regional velocity
model

Improvements for hydro and error
ellipses

2013 |njtial tests begin

Off-line testing of 1 yr of data

VSEL3 in Ops

2018 \/SE| 3 systematically reviewed by analysts

2020 RSTT used in NetVISA Le Bras etal (2020)
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NetVISA

. Yields improved automatic SEL3 events Events after analyst review

-180-150-120'-90° ~60°-30" 0" 30° 60" 90° 120" 150" 180° -130-!50-120-90 -60°-30" 0" 30° 60" 90° 120° 150" 180 =
90 20 o
event list

* Reduces analyst workload

* SinceJan 2018, it is part of v v v
OPS (analysts can switch e - -
back and forth the GA
pipeline and the NetVisa oo (TP ATIETAT S S| [/

One) - 150-120'-90° 60" 30" 0" 30" 60" 90" 120" 150 = ~30° o' 30

* Is expected to replace
current associator (GA)
soon.
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NetVISA

° Yields improved automatic VSEL3 events Events after analyst review

-180-150-120'-90" ~-60'~30" 0" 30" 60° 90" 120" 150" 180" - -180-150-120"-90" ~60'-30" 0" 30" 60" 90° 120° 150" 180"
event list

* Reduces analyst workload

* SinceJan 2018, it is part of L v o i
OPS (analysts can switch a P -
back and forth the GA
pipeline and the NetVisa w=— NN o o e
One) = ~80°-60"-30" 0° 30" 60" O - 30 o' 30

* Is expected to replace
current associator (GA)
soon.
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* Future prospects
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Single-station backazimuth prediction for 3C stations

° Accurate from array Stations Array stations of the IMS primary seismic network

(beamforming) //":;' $RCES - \

. . . A QOIS'NES .
* Unstable from 3C stations; polarization = N g Py ssouid
. . = d/IKAR
analysis (Jurkevics, 1988) @“"‘DAR - &°0¢C fRT%fEVT -¢Z0M ﬁ%ﬂm

JXAR [
* Most stations in the IMS seismological

&MAR
JORP .
network are single-station 3C
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Single-station backazimuth prediction for 3C stations

° Accurate from array Stations 3C stations of the IMS primary seismic network

(beamforming) AR \

* Unstable from 3C stations; polarization

. ScHa o

. . KJLM 2
analysis (Jurkevics, 1988) e i {ﬁ%ﬁk :
* Most stations in the IMS seismological .
network are single-station 3C £0C &5 oo
*pAz iDFB ‘!
£7P £OsA
KLCA
AHAW
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Single-station backazimuth prediction for 3C stations

[0001] [0001]

[0001] [1000]
* BazNet (Dickey et al, 2020) has been used within the IMS to 00101 - 0001]
. . . . 3 0
predict backazimuth for 3C single-stations
. . . e g [0001] [1000]
* Provides uncertainty that correlates well with the prediction sy [/ ae
error
° |ntegrati0n with NetVISA (P36'706) [0010] 2 [0100]
[6010] [1‘000]
Model Input >> Feature Extraction >> Model | /
3C Waveforms Dilated Causal Convolutional Residual Fitters Softmax E Lo
[1000]

A
[0010] [0100]
Fy Fy & Fy [0100] [0100]
d=4 d=8 d=18 . k | 2020
F (. F, From Dickey etal ( )
d=4 d=8 d=15 Q9: 077 -100 % { #H—~ -
= = F © Q8: 066 - 077 % { Al—+—i-
3 3 o 3 S Q7:060 - 066 % - HIll—t—t——=-m=-=
=4 =5 d=16 S Q6: 056 - 060 % | HEE——+———— e s s
- . S Q5: 053 - 056 % | HEH——t—trmmmmrmememe e s
: : : 2 Q4: 050 - 053 % |+ e e
£ 03: 046 - 050 % { HIE———+———
F F F £ Q2: 040 - 046 %
e HOmE R R ia— — —m—
Q0:025 - 034 % | |

ooooooooooooo

Deviation of Predictions
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Refinement of automatically picked arrival times | - - 1 T --
* In 2020 more than 300,000 arrivals (73% of total) of N I
automatically picked seismic phases were retimed by our — : S ’ ' |

analysts e

* Some require fk analysis (very time consuming) :
* Assuming 10 sec retiming effort per arrival = 875 person days, A ORI * .

which is about % a person-year. = s - =

* ArrNet (P3.6-707) o I ‘ W
]

Model Input > Feature Extraction Model Output f— & F1 = -

Z-channel Waveforms Dilated Causal Convolutional Residual Filters Quantile Regressions. o . . . h | it ey

2.5%

(imvazen)
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Waveform denoising

7 signal mask
* Noise mask

Naoisy signal 122x8
* Inspired by source separation studies for music °° /
information retrieval gg;?i;f“; I /
* Deep convolutional neural network that O
decomposes waveforms signal and noise. e (B
* Requires training per station. 7xgni2n &, 33 ComaD + Reld + batch normaization (8N)

1D = 3836 Axdx178 el 4 3% 3 Conv2D + 2 = 2 stride +RelU + BN

Mc=2.0

r'ﬂ I ' 63x3 DeconvZD + 2 x 2 stride + ReLU + BN + 30% dropout
u‘ W Ax4x256
6 1x 1 Conv2D +softmax

-14(i) Yuncalenale

0 10 20 30 40 50 60

* Expected to enhance the SNR in
stations with inherently low SNR

Normalized amplitude
o

1

WWMV o From Tibi etal 2(021)

—14(ii)

0 10 20 30 40 50 60

Normalized amplitude
°

ency (Hz)

00 01 02 03 04 05 06 07 08 09 10
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Other prospects

* Denoising (Zhu et al, 2018)

* Arrival time picking (Zhu & Beroza, 2018)

' : Newral network layer U : 3x3 convolution + Relu + batch izati U: Ixlc ion + softmax
¥ skip connection W_J : 3x3 convolution + 2x2 stride + Relu + batch normalization WJF : 3x3 dec ion + Relu + batch nor

* Simultaneous detection and phase picking
(Mousavi et al, 2020)

G
Amplitude

* Clustering signals and noise in continuous
data (Seydoux et al, 2020)

Amplitude

Frequency
G
Amplitude

Time

(2) \ ’ (3)

From Zhu etal (2018)

Deep Neural Networks
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8x3001 8x3001
Other prospects
Input: i QOutput:
three-component i » | probabilities of

seismograms

P-pick, S-pick and noise

11)(751:

* Denoising (Zhu et al, 2018) 83751
11x751 22x751] R
11x188 16”883 I Neural network layers
| I 16x188 32:(1885' ) [} Copiedlayers

* Arrival time picking (Zhu & Beroza, 2018)

* Simultaneous detection and phase picking

(Mousavi et al, 2020) sl —
£ °"“—HP‘“+“"+"‘“+""“W—'
. . . . E_
* Clustering signals and noise in continuous 0
10
data (Seydoux et al, 2020) L Lm
" 5
0
PG T
% os ; 2 Lo A Y i —5
g Py i T
& 0.0 —d [ ! ) L L
0 10 20 30 40 50 60

Disclaimer: The views expressed on this presentation are those of the author and do not necessarily reflect the view of the CTBTO

Convolution + Relu

1 16x47 22x47 A4xa7 22x47 l

[ | ~+ =% Convolution + Softmax
L. Convolution + Stride + Relu
_f Deconvolution + Relu
Skip connection

[:‘22-):12 32x12 N

Time (5)

From Zhu & Beroza (2019)
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Other prospects s o—

Cam 10,  kr 11, MaxPociing'2.

Came 10, 18 ki 5, MaxPocing2

* Denoising (Zhu et al, 2018) z‘:mj.::
Gw-lll:xzh;ll-hﬁdz

. . . . Cnﬂn'D.uIi;Il-Poﬁnq'z

* Arrival time picking (Zhu & Beroza, 2018) A

Ros CNN.s4 k3

* Simultaneous detection and phase picking -
(Mousavi et al, 2020) e

+
BLLSTM/ N

LsTM

* Clustering signals and noise in continuous | 1-'““?“: o
data (Seydoux et al, 2020)

LS:FM LsT™M
2 Upsamgiing, By 10, sekea 2 Upssmpiing, Come 1D, asics 2 Upaampling, Cor 10 0skra
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Other prospects
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The SnT conference: A forum of ideas exchange

Session 03.6 Artificial Intelligence and machine learning (Tuesday)

* Markov chain Monte Carlo estimate of origin error for SHI in
NET-VISA (Arora etal)

* Emulation of seismic-phase travel times using the Deep Learning
Travel Time (DelTTa) method (Myers etal)

* Identification of repeating seismic events using non-linear
dimensionality reduction (Bregman etal)

* Using machine learning to detect and characterize long-range
infrasound signals from high explosives (Witsil etal)
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The SnT conference: A forum of ideas exchange

Session 03.6 Artificial Intelligence and machine learning (Tuesday)

* Markov chain Monte Carlo estimate of origin error for SHI in
NET-VISA (Arora etal)

* Emulation of seismic-phase travel times using the Deep Learning
Travel Time (DelTTa) method (Myers etal)

* Identification of repeating seismic events using non-linear
dimensionality reduction (Bregman etal)

* Using machine learning to detect and characterize long-range
infrasound signals from high explosives (Witsil etal)
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e-poster session P3.6 (Thursday)

326. A neural network architecture for detecting repeating events using seismic arrays

£ " Steffen Maeland
@ 01/07/2021, 09200

96. Al Enabled System for OSI IT/ISP Living/Working Area Management
A i Peng L
@ 01/07/2021, 09:00
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Vision

An environment where integration/testing of such methods is easy.
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Vision

An environment where integration/testing of such methods is easy.

Solutions

* VDEC GET INVOLVED NOW!
e Containerization of the IDC
pipeline (Re-engineering project)

https://www.ctbto.org/specials/vdec/
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Vision

An environment where integration/testing of such methods is easy.

Solutions

* VDEC GET INVOLVED NOW!
e Containerization of the IDC
pipeline (Re-engineering project)

from docker.com
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Recap

* The CTBTO has been using ML algorithms since the beginning (the presentation is not
exhaustive)

* Application of ML algorithms has been limited due to computational limitations.

* Improvements in computer hardware (processing power and storage) have made it
possible to test and use algorithms that were once unattainable.

* The IDC has already started testing ML and DL algorithms and plan to test more.
* Possibilities exist in enhancing automatic processing:
* signal detection
* phase identification
* phase association and
other subprocesses that could improve the above
* event screening (?)

* Containerisation of the IDC pipeline will allow for simultaneous testing!
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