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Abstract and CTBTO Relevance
Quantitative methods that enable multi-physics waveform fusion support explosion monitoring and general research in geophysical processes that comprises
background emissions for explosion monitoring. We offer a constructive method to fuse statistics that we derive from multi-physics waveforms and improve our
capability to detect small, above-ground explosions over methods that consume single waveforms. Our method advances Fisher’s Method to operate under both
hypotheses of a binary test on noisy data and provides density functions required to forecast our ability to screen fused explosion signatures from noise. We apply
this method against 12-day, multi-signature chemical explosion and noise records to illustrate three primary results. We show that: (1) a fused multi-physics statistic
that combines radio, acoustic, and seismic waveforms can identify explosions roughly 0.8 magnitude units lower than an acoustic emission, STA/LTA detector for the
same detection probability; (2) we can quantitively predict how this fused, multi-physics statistic performs with Fisher’s Method; and (3) that this data stream
method competes well with lower fidelity, decentralized detection approaches. We additionally present our preliminary, but more general work that addresses
multi-signature association of data streams to a common source.
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Overview
Surface explosions near ground release electromagnetic and mechanical
energy into their near-source environment, exciting radio, acoustic, and
seismic signals that appear as waveforms in the radiation-dominated range
of their sources (right). We fuse detection statistics output from single
waveform detectors that process these data to deliver three main
outcomes:

A
v

Seismic Data x3(t)

Acoustic Data x,(t)

1.  First, we build a method to fuse transformed p-values measured from
multiple source signatures into a single data stream.
2. We match predicted and empirical performance curves to measure

f/ (z3; Ho)

the probability and uncertainty that our method will detect explosion ‘g Fr (253 H)
(235
signatures against source size. Summarized Processing Stages a8
3. We apply our method against fused radio, acoustic, and seismic
waveform detection statistics measured from near-ground, bare, solid 2:(8) = s () > P =
. : : 1
charge explosions. 30 s Zy=-23NIn (Pk(fn: }6)) SZy2 7
Hy Fisher Fused Statistic (3 Statistics)

We show that the Fisher detector decreases detection thresholds,
reduces false alarm rates, and improves our predictive capability to
detect waveform signatures of near-ground explosions.
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Tests
We performed parametric tests of 68 bare COMP-B charges
detonated over 12 days at -1m to +4m heights of burst
(HoBs) (above ground to below ground), in multiple noise
environments

Mass HoB (# Shots) # Days ‘ B
7~ X A
CD;:@MI‘\-Q’ k’:‘-‘ !
1.5kg +4 (5), +1 (5) 4 ) ey Potrifio ‘
( * \é&, WA 4 s - 36-3 I
we| ~DARHT e EENIE
5kg +4(4), +1(6) 4 &y 36-
B : .stM,z-z : \\Q\%
76 . i LOWER
11kg +4 (13), +2 (6), 10 ; , e S AR L WA
+1(9), +0.5 (4), — : YA
0(4),-1(4)
15kg +4 (7), +1(3) 3

39-57
.W/ﬁA-SMA-Y

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

PUTTING AN END TO NUCLEAR EXPLOSIONS e CTBTO.ORG



S T A Method to Fuse Multi-Physics Waveforms and Improve Predictive
_ n Explosion Detection: Theory, Experiment, and Performance CTBTO

Joshua D Carmichael®’, Neill Symons', Michael L Begnaud', Dale N Anderson’, and Robert Nemzek'; PREPARATORY COMMISSION

Los Alamos National Laboratory, joshuac@lanl.gov

(a) We form detectors for any signature @ Analytical Formulation Computational Implementation
seismic in thIS exam Ie throu h 3 [LLL L L e e P L L LT b P L LELE LEC DL L L L L L L e b CE b EE L L e L EC R L L L L L L L L LR CECELLEERELCEL I -----------------------------
Linary hypothesis testp bLtweengtwo : Example hypotheses: seismicemissions (k=5 Generalized likelihood ratio I Detection statistic i
competing models of noisy data (left). P " max{ 1 Lexp( %IIx—AwIIZ)} ] s(x@; ) j=o01 |
The analytical ratio of PDFs (middle) : He:xEET) =n~NO.eD) GLR = (2mo)2 44 ]
defines a scalar detection statistic DHx(E€T) = n+ Aw ~ N (4w, 020) O G (_LGx"z) I - 1
(right). In this case, the statistic is a ) ) @2ro)z 20 I ce@) = tr(x"w)
correlation coefficient. Unknown noise and signal parameters ] llxll ¢ 1wl £ l
& Perform detection on each signature. Example: three-component seismic

(b) A three channel seismic signal that ®)

—binned s|#;

records a near ground explosion = [t, t+ LAL]
defines a correlation detector template w € RV3 x € RN
w (left). The detector scans this

(left) t t+ LAt (M>»L)

template against target data (middle)
and where the CC value exceeds a

. . . H, true
threshold that is consistent with a false
alarm rate, the data no longer are H, true
statistically consistent with the null
hypothesis (right). The p-value does

CC(t) e RM*Y ¢

s(x(t); #;) = cc(ty)

H, true

lx(t)llr € RM*

not have a chi-square distribution A unknown A unknown

quart N lx(e)llp = 6(e)WN =1
anymore. The conventional form of Y—1|
Fisher’s test is now inapplicable. o unknown 7

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

PUTTING AN END TO NUCLEAR EXPLOSIONS - CTBTO.ORG



S nT A Method to Fuse Multi-Physics Waveforms and Improve Predictive

Explosion Detection: Theory, Experiment, and Performance CTBTO
CTBT: SCIENCE AND TECHNOLOGY CONFERENCE
Joshua D Carmichael®’, Neill Symons', Michael L Begnaud', Dale N Anderson’, and Robert Nemzek'; PREPARATORY COMMISSION
Los Alamos National Laboratory, jjoshuac@lanl.gov
(o) Analytical Formulation Geophysical Data Fusion

(c) We compute a p-value under each [ o e e r e ra T m e e e e reaaarrnnnaadonanaanennaanntsnsannasasanntnnsnnnnsssanstansanntsatanntsnttantsnnninatnstnnasnsannssnrannssnnannns]
hypothesis (left) and fuse the multi- Compute p- values Fusetransformed S€iSmic Compute Fisherdetector ~ Predict detector performance
signature data that includes radio, p-values w j=01 o
acoustic, and seismic data using ¥, Prp™ =f fz,(Z3;H1)dZ4

(middle). We set a threshold accordl.ng Prive = ¢ = f fr, (Z5iH,)dZ,
to a false alarm rate. To generalize f
Fisher’s test, we derive the correct PDF

for the fused data assuming 7| when
z3(t) > right). Computational Implementation
3(t) n (right) (@) Perform fusion on all detected signatures

|
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(d) Data from our explosion data show
single data streams (left), their fused ) : —
data stream (middle), and their [;4 ¥, true

observed distributions (right). The
curve overlap between the null and
alternative hypothesis PDFs quantify
the detection capability of the fused -~ At
detector that produces the middle time
series . This disagreement between the
theoretical PDFs and normalized —
histogram define the error in the

model.
H, true zs(t;)
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Predictive Detection Curves and Observed Detection Curves
Scale template waveforms of amplitude 4 that record a reference source of magnitude m to amplitude A, to mimic signals of source of magnitude m =
mo + Am so: A = 104™A . Then repeat and infuse this scaled waveform into noisy target data.

Constructing Predicted Performance Curves Constructing Observed Performance Curves
= Construct PDF curves and compute detection rates at each Am = Infuse scaled waveforms into real, recorded noise sampled from multiple
value, for many time windows times and over 12 days
=  Integrate the PDF over its concurrent detection threshold 7 to = Process noisy waveforms with detectors over days and Am. Algorithms
estimate detection probability pr(Pre) (Am) adjust detector thresholds 7 to maintain a fixed false alarm rate.

=  Compare error-weighted, time-averaged detection counts that approximate

= Scale probability by the true number of infused waveforms to C
N- Pr(o S) (Am) against N - Pr(Pre) (Am)

estimate the expected number of counts N - Pr(Pre) (Am)
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(a) A hypothetical predictive detection curve plots detection probability for a given
signature against source magnitude. The disagreement between any two points on
curves of constant detection probability quantify the magnitude discrepancy. This
discrepancy is a simple measure of predicted versus observed source size
disagreement for that particular detection probability.
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(b) The fused radio (R), acoustic (A) and seismic (S) data empirically out-performs all
other detectors in the detection band of interest (red curve). The error-weighted,
time-averaged observed performance curve closely matches its associated predicted
performance curve (blue curve). Magnitude discrepancies (orange circles) between
12-day detection averages are smallest for the three-signature fused Fisher
detector.
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The predictive capability of seven Fisher detectors and their threshold magnitudes, at three probability values, against signature type. Left: The magnitude discrepancy
between observed and predicted detection curves compared against fused statistic type (S = seismic, A = acoustic, R = radio), for three probability values Prp =
0.8,0.9,0.97. Right: The difference in relative magnitude (Amy, k = R, A, or S) at which a Fisher detector empirically identifies an explosion waveform statistic, when
compared the relative magnitude a Fisher detector that fuses radio, acoustic, and seismic data (Ampg,a+s) empirically identifies the same explosion. The three-signature
fused Fisher detector shows the greatest observed improvement in magnitude discrepancy over any single signature. These data quantify relative threshold magnitudes for
the different Fisher detectors.

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

PUTTING AN END TO NUCLEAR EXPLOSIONS _— ' CTBTO.ORG




A Method to Fuse Multi-Physics Waveforms and Improve Predictive
Explosion Detection: Theory, Experiment, and Performance
Joshua D Carmichael®’, Neill Symons', Michael L Begnaud', Dale N Anderson’, and Robert Nemzek';

SnT

CTBT: SCIENCE AND TECHNOLOGY CONFERENCE

Poster No.: T3.5-127

CTBTO

PREPARATORY COMMISSION

o
&

Los Alamos National Laboratory, joshuac@lanl.gov

Fusion Reduces Thresholds, Variability, and Provides a Predictive Capability
Our work provides three contributions to our research goals to exploit more physical signatures of
explosions, while predictively improving the performance of the signal detection monitoring
function:

1.  We build a generalized theory for Fisher’s Method to fuse and detect signatures output by
the same explosion source

2.  We improve detection rates for small explosion sources when compared to constituent
detectors (right), and at reduced false alarm rates

3.  Our fused detector shows an improved predictive capability to detect explosion sources,
when compared to that of single signature detectors

This work further addresses how building compound signals from multiple signatures with high
noise contamination provides an increased monitoring capability. In summary, we reduced
thresholds, reduced false alarms, increased detection rates, and improved our ability to
predictively detect signals from explosions.

Publications
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The smallest explosion yield that various waveform detectors can identify
(vertical axis), compared to explosions that our fused detectors can identify.
These fused detectors combine radio (R), acoustic (A), and seismic (S) data
streams from the same explosion. The three-signature fused detector shows
the greatest decrease in monitoring threshold (right data points) and our
algorithm’s ability to detect smaller explosions, at the same false positive
rate. This fused detector further reduces detection variability.

PUTTING AN END TO NUCLEAR EXPLOSIONS

CTBTO.ORG



S T A Method to Fuse Multi-Physics Waveforms and Improve Predictive
_ n Explosion Detection: Theory, Experiment, and Performance CTBTO

Joshua D Carmichael®’, Neill Symons', Michael L Begnaud', Dale N Anderson’, and Robert Nemzek'; PREPARATORY COMMISSION

Los Alamos National Laboratory, joshuac@lanl.gov

Remarks on Assumptions for the Correlation Detector

1.8 T T T T T T T T
Our algorithm parameterizes sample correlation p, by relative source magnitude m — m,. A source
with absolute magnitude mg produces the template waveform, and sources with absolute magnitude 1.6k 1L6ke <Y < 15 k (m] J
m produce the target waveform. For underground explosions, the target waveform amplitude << O'ne %O one &
A relates to relative source magnitude through: £14F  Oa=3/4 e i
A=10Mm"Mog,. g 1 Misfit-weighted mean O o -
% 1.2k Oda = 4/3 i
The relative yield between two such underground explosions similarly relates to magnitude linearly: § o .
2,
a 1k ]
10MmM0 = —. 2 Ol O
Y§ = o= O
g 0.8} .
Our limited waveform correlation comparison between the 4m HoB shots suggests that the =
. . . ; . <
relative amplitude scaling still works for aboveground shots too (right). We conclude that the =< 0.6k (] i
waveform similarity assumptions on amplitude scaling required for correlation detectors g O -|-
apply to near-surface aboveground shots. = O O
= 04F o .
éé o)
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