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Research Outline (1/5)

General Problem

How do we combine different
signatures from an event or source
together, in a defensible way?

Near-Surface Explosion Scenario

Multiple
sensor types

RF Antennae 1

Acoustic Source:

Cha"enges Volumetric injection

§>Near surface explosions produce
multiple signals that include radio,

acoustic, and seismic emissions Blast loading
- However, each signature (acoustic, 1 ] ;I Colocated infrasound
. . . . . ) and seismic sensors
seismic, radio emission) can exploit - | 4
i I isti Emplacement ] L PN ;
different detection statistics. Pl y % :
. .y . . = Source Loading
« Each detection statistic might give —N ==
marginal evidence of an explosive u
source
- Objective: build a digital detector that Multiple propagation media, with
continuously combines detection disparate noise stationarity
statistics recording explosions to screen (seismic, sound, light)

sources of interest from "null” sources
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Research Outline (2/5)

General Problem

How do we combine different
signatures from an event or source

Near-Surface Explosion Data

together, in a defensible way?

LOSL.FHE

Challenges

LOSL.FHN

Near surface explosions produce

Utiealtsnsont
—Sejsmic
—In%rasound

—Templates

LOSL.FHZ

multiple signals that include radio,
acoustic, and seismic emissions

LOSL.FD1

RF Durst——1I-
|

§>However, each signature (acoustic,

30

| — 1 1 1
Time, s

seismic, radio emission) can exploit

ADA.EM3

35 40 A5 50
T T T T T

L
Y

L
T

different detection statistics.

ADA.BM3

—RF Waveforms
—Templates

Each detection statistic might give
marginal evidence of an explosive
source

Objective: build a digital detector that
continuously combines detection
statistics recording explosions to screen
sources of interest from "null” sources

Seismic, acoustic and radio emission
waveforms recording the same above
ground explosion at the Los Alamos
Testing Range.



Research Outline (3/5)

General Problem

How do we combine different
signatures from an event or source
together, in a defensible way?

Challenges

» Near surface explosions produce
multiple signals that include radio,
acoustic, and seismic emissions

 However, each signature (acoustic,
seismic, radio emission) can exploit
different detection statistics.

§>Each detection statistic might give
marginal evidence of an explosive
source

LOSL.FHE

LOSL.FHN

LOSL.FHZ

LOSL.FD1

ADA.BM3

ADA EM3

* Objective: build a digital detector that

continuously combines detection

statistics recording explosions to screen
sources of interest from "null” sources

T T T T® T T
0 Fisher p-value Statistic True detection 7

Explosion Data Statistics

geismic Il ‘ I I || “II'

VIRRN

. |||| )
InfrafouAn !
= ;ﬁ”ﬂw%

RF »

<—— (.38 msec ——>

ST L

Time, Seconds

Seismic, acoustic and radio emission each
give weak individual evidence of an
explosion when used alone



Research Outline (4/5)

General Problem

How do we combine different
signatures from an event or source
together, in a defensible way?

Challenges
» Near surface explosions produce
multiple signals that include radio,
acoustic, and seismic emissions

 However, each signature (acoustic,
seismic, radio emission) can exploit
different detection statistics.

§>Each detection statistic might give
marginal evidence of an explosive
source

@)Objective: build a digital detector that

continuously combines detection

Explosion Data Statistics

Lost.Fii: ottt O hntposmencts i~
€e1S1mic !

LOSLFHZ | M o O oo
Infrafoun ‘

LOSL.FDI naan - jﬁw%
1

RF

ADA EM3

<—— (.38 msec ——>

T T T T® T T
801 Fisher p-value Statistic True detection

Time, Seconds

Seismic, acoustic and radio emission each
give strong evidence of an explosion when
combined together into a single statistic

statistics recording explosions to screen
sources of interest from "null” sources
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Research Outline (5/5)

General Problem

How do we combine different
signatures from an event or source
together, in a defensible way?

Challenges

» Near surface explosions produce
multiple signals that include radio,
acoustic, and seismic emissions

 However, each signature (acoustic,
seismic, radio emission) can exploit
different detection statistics.

« Each detection statistic might give
marginal evidence of an explosive
source

* Objective: build a digital detector that
continuously combines detection
statistics recording explosions to screen
sources of interest from "null” sources

Fun Metaphor

Individual pieces of evidence are
insufficient for conviction of a crime.
Does the sum of evidence make a case?

______

/\N\\\\\\\\'\\\\\
+

Cumulative Evidence of Crime




LANL Minie Parametric Experiments
(2013): Bare COMP-B Explosions

Seismic, Acoustic and Radio Emission
Records
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Near Surface Explosions at LANL

Did this happen? Did this happen?

Buried Source Above Ground Source

LA-UR-16-22502 o



Quantitative Theory for Fusing
Detection Statistics

Fisher’s Combined Probability Test
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Binary Hypothesis Testing/Detection (1/4)
Accumulating Evidence for an Explosive Source
Generalized Likelihood Ratio Detector  Detection Probability with s,(x)

n%afx{fx (zr (01); H1)} Hy

Prp = / fs (§k ; Hl) dSp
n

o P (@ @) 1) 0 7
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Binary Hypothesis Testing/Detection (2/4)
Accumulating Evidence for an Explosive Source

Generalized Likelihood Ratio Detector Detection Probability with s,(x)
max{fx (Tx (01); Hi)}

1

Prp =/ fs (5k; Hi) d5i
n

LAVE
3

Sk (ZB)

r%%x{fx (xx (60); Ho)}




Los Alamos National Laboratory

Binary Hypothesis Testing/Detection (4/4)
Accumulating Evidence for an Explosive Source
Generalized Likelihood Ratio Detector  Detection Probability with s,(x)

max{ fx (xx (01); H19F

01

max{fx (zr (00); Holg— ()

—Null T
M —Np! Frue

L | T o €= \ith waveform AR

Prp =/ fs (5k; H1)d5y
7

LA/E
3

LOSL.FHZ

Without waveform

h'

= mM‘ '
‘ { 1k
1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 9

TTTTTT




Binary Hypothesis Testing/Detection (3/4)

Accumulating Evidence for an Explosive Source

Generalized Likelihood Ratio Detector  Detection Probability with s,(x)

max{ fx (zr (61); H9F

H o0
91 1 _ _
= S, (gp) Z n Prp = / fs (sk. ; H1) dsy,
r%ax{fx (xy (69) ; Hog_ Ho n |
0
0.9 ; I 0.04 T
Without | With
' waveform | *** waveform |
0.7 - ] 0.03 i
_%‘0.6 f (g . H ) 'go.ozs
£ S (Sk; 7o 5 fs (5 : Hi)
2 T 0.02 ’
= 0.4 3
. £ 0.015 (approximate)
Z 03 =
ozl 0.01
0.1 77 0.005
- - 0 __8I0 100

1 1 1 ! 1 1
1 2 3 4 5 6 7 0 20 40 60

Detection Statistic si(z), Null True Detection Statistic sy (z), Alt. True

=3
>
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Null-Rejection/Detection with p-values

Accumulating Evidence for an Explosive Source

Generalized Likelihood Ratio Detector
max{ fx (xx (01); H1)}

01 o Th
mx{Fx (@ 00): H)y )

p-value computed from s,(x) under #, is uniformly distributed

0. @)

Pk (tn;Ho) L / fs (Ek; 7‘[0) dSp ~ Z/{(O, 1)
sk(tn;Ho)

Summation of log-transformed p-values is therefore y?-distributed

M-P Result invariant to distributional
Zy.p (tn; Ho) = —2 Z In[pr (tn; Ho)] ~ X5ar.p fOrm of the screening statistic
k=1 s,(x). This is why Fisher’s

Method is useful.



“Fusing” 1 Explosion-Signature p-value

LOSL.FHE

Seismic

LOSL.FHN

LOSL.FHZ

40 T T T T T T

Fisher p-value Statistic

S
E
AR | | .

10f

0 100 200 300 400 500 600 700 800 900 1000
Time, Seconds
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Fusing 3 Explosion-Signature p-values

€1S1111C '

LOSL.FHN

LOSL.FHZ
Infrasound !

 ———

CTLL L

ADA.BM3
RF

ADA.EM3

<€— (.38 mse¢c —m>

| | | | T® | | | |
80 Fisher p-value Statistic True detection ]
§ ________________________________________________________________
L':J 60 Prpa = 10 8 7]
40

Time, Seconds



Fused Slgnatures Reject Null (1/2)

T
801 Flsher p—value Statlstlc T111(‘ (1(‘T((T1()11 7
§ ————————————————————————————————————————————————————————————————
;q 60 Prps = 1078 .
N 40 ' b M d o k| ol ol gL
0 100 200 300 400 _ 500 600 700 80 900 1000
Time, Seconds
0.2 T T T T T
-2 Inp; Histogram
0.18| II 2%: -
—x3 + pr Distribution
0.16 - ® Detection Value .
0.14 N
0.12F i
0.1+ Empirical Null Distribution for Combined -

Seismic, Infrasound & RF Statistic
0.08

Normalized Density of Z,(t)

0.06 L =
—
I

0.04 - .
o

0.02 -

0 | | | | | .
20 30 40 50 60 0 80

Statistic Z,(t)
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Fused Signatures Reject Nuli (2/2)

 What is the quantitative

significance of “large” fused
p-values?

* How sensitive is Fisher’s
Method under the null
hypothesis if a background
signal is present?

« Can we apply Fisher’s test
under the alternative
hypothesis with a present
signal?

1e (1( stec ‘rl()n

méodw._hkngéd.. i
S

1000

bgram

ution

Statistic

=108

PI‘FA

. |
r Combined !
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What if Alternative Hypothesis is True?

—Null T
MM —Alt. True

LOSL.FHZ

[ [ [ I [ [ [ —N H T
ab O@ With waveform 6§\(i;t.)T§3§
3 |

<
H
= . |
<l i p Without waveform -
N )
111
1- l
W(h“ \‘
0 | | | | | | | | |

0 10 20 30 40 50 60 70 80 90
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P-values & Alt. Hypothesis True (1/8)

— Histogram ! —

== (Central ¥ PDF
== Null s(t,)
Alt. s(ty)

1.2

[y
|

o
[
|

fs (513 Ho) -

Normalized Density
o o
H (o)}

o
N
I

3 3.5 4

2
STA/ITA

—Null Histogram
—x3 PDF
............. 10x Alt. Histogram

..........

| [ —

..................

Normalized Density

Fisher statistic Z
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P-values & Alt. Hypothesis True (2/8)

1.2 — Histogram —
== (Central ¥ PDF
== Null s(t,)
1 Alt. s(ty) ]

o
[
|

Normalized Density
o o
H (o)}

3.5 4

—Null Histogram
—x3 PDF
e 10x Alt. Histogram

o
N

0.15

..........
S

o
[y

Normalized Density

0.05
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P-values & Alt. Hypothesis True (3/8)

1.2+ — Histogram ! -
==Central ¥ PDF
== Null s(t,)
= 1- Alt. s(ty) 7
z
© 0.8 7
2 00
2 0.l : A . _ _
506 Pk (tn; Ho) = / fs (8k; Ho) dsy,
£ 0.4] sk(tn;Ho) N
Z
0.2 -
0 | | | ! ! !
0 3 3.5 4

—Null Histogram
—x3 PDF
e 10x Alt. Histogram

o
N

Fund

e
[
Vi

[ —

FonF

..........
S

o
[y

Normalized Density

Fisher statistic Z

40 45 50 55 60 65 70
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P-values & Alt. Hypothesis True (4/8)

« Histogram for Z under #, agrees well with predicted y * PDF

* Histogram for Z under weak #, show no analogous agreement

« Example shows weak signal provides a large distributional
disagreement for Z under the competing hypotheses.

« While small p-value measured under #, suggests that
hypothesis tests should reject #,, we lacked predictively
capability to quantify screening power

- Quantification requires the PDF for Z under H,
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P-values & Alt. Hypothesis True (5/8)

Accumulating Evidence for an Explosive Source

Generalized Likelihood Ratio Detector

r%?X{fX (zr (01); Hi)} H
max P (0 00 1oy )

p-value computed from s,(x) under #, is NOT uniformly distributed

oo

Pk (tni H1) = / fs (8x;Ho) d5p ~ U(0, 1)
sk (tniH1)

Summation of log-transformed p-values is NOT y2-distributed

M-P Result now depends on

Zy.p (tn;Hi) = =2 Z In[pr (tn;H1)] >~ xapr.p distributional form of the
k=1 screening statistic s, (x). Is

Fisher’s Method still useful?
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P-values & Alt. Hypothesis True (6/8)

Accumulating Evidence for an Explosive Source

Generalized Likelihood Ratio Detector PDF for s5,(x) under ¢,
r%a;x{fx (xr (61); Hi)} ) 7;1 fs (53 Hi)
max{fx (@1 (60); Ho)} e Qp 2 Fg' (1= p|H1; Ho)
p-value for s,(x) under ¥, PDF for p-value for s,(x) under #,
pr (tni H1) = /Sk(tn;%l) fs (8k; Ho) d3y, friw, (pIH1) = ﬁz Egi:Z;;

PDF for Z under #, for signature k

1 1 1
ék) (25 H1) = 2 exXp {—5 Zk:} - [P, (eXp {—5 Zk})
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P-values & Alt. Hypothesis True (7/8)

Accumulating Evidence for an Explosive Source

Generalized Likelihood Ratio Detector PDF for s5,(x) under ¢,
r%a;x{fx (xr (61); Hi)} ) 7;1 fs (53 Hi)
max{fx (@1 (60); Ho)} e Qp 2 Fg' (1= p|H1; Ho)
p-value for s,(x) under ¥, PDF for p-value for s,(x) under #,
pr (tni H1) = /Sk(tn;Hl) fs (8k; Ho) d3y, friw, (pIH1) = ;z Egi::;;

PDF for Z under #, for signature k

1 1 1
ék) (25 H1) = 2 exXp {—5 Zk:} - [P, (eXp {—5 Zk})
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P-values & Alt. Hypothesis True (8/8)

Accumulating Evidence for an Explosive Source

Generalized Likelihood Ratio Detector PDF for s5,(x) under ¢,
r%?x{fx (xr (01); H1)} ) 7;1 fs (5rs Hi)
max{Fx (2 00) o)) ) 5 @y 2 P (1 = plts: Ho)
p-value for s,(x) under ¥, PDF for p-value for s,(x) under #,
pr (tni H1) = /Sk(tn;Hl)fs (8k; Ho) d5k friw, (pIH1) = ;z Egi::;;

PDF for Z under #, for fused signatures with characteristic method

fZup (2nmpiHy) = {H ]:{ ) ( Zk;Hl)}}
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Semi-Empirical Test: p-values
;.MMI i ulhlml.mwm Lt 1ot b =N e

one magnitude value

WWWWWWWWWWﬂ"ﬂwvm

« Bury scaled waveforms sampled over
a relative magnitude grid &
recorded in real noise thousands of

LOSL.FHZ

times L = N
it ? €<—— With waveforti*
* Process data with an signature- el Without wavgform |
specific detectors. Measure i
detection statistics when waveform is B B e v s e
present vs. absent e e
 Bin detection statistic, and compare
compute p-values in two cases. TV S,
— Signal Absent #, v\ Wi T
_9 0 Without With whvesdrm 5 e
— Signal Present H, : ¥ twaveform|| J|—""

: e Fisher statistic Z
Form Fisher statistics in both cases, " T T

30




Fisher’s Test at a Constant False Alarm Rate (1/3)

Theoretical vs. Observed Detector Performance

1 — I I
09 _
0.8 -
0.7 -
0.6 B PI'FA — 1078 -
o == SNR: Radio
=05 == STA /LTA: Acoustic
A ] ..
== Correlation: Seismic
0.4 mm All: Fused
0.3
0.2
0.1
0

-1.6 -1.4 -1.2 -1 -0.8 -0.6
Relative Magnitude Am



Fisher’s Test at a Constant False Alarm Rate (2/3)

Theoretical vs. Observed Detector Performance

1 — I I
09 _
Semi-Empirical
0.8 -
Counts \
0.7 : _
Theoretical
0.6 Curve Proy — 10~ i
o == SNR: Radio
=05 == STA /LTA: Acoustic
A ) ..
== Correlation: Seismic
0.4 mm All: Fused

0.3

0.2

0.1

-1.6 -1.4 -1.2 -1 -0.8 -0.6

Relative Magnitude Am



Fisher’s Test at a Constant False Alarm Rate (3/3)

Theoretical vs. Observed Detector Performance

1 — I I
0.9 - Observed ROCs outperform
Semi-Empirical predicted ROCs. Is that expected?
0.8 |
Counts \ Yes
0.7 . |
Theoretical
0.6 Curve Proy — 10~ i
o ==SNR: Radio
£ 05 == STA /LTA: Acoustic
w= Correlation: Seismic
0.4 mm All: Fused

0.3

0.2

0.1

-1.6 -1.4 -1.2 -1 -0.8 -0.6
Relative Magnitude Am
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SNR Detector ROC Curves (1/2)

Semi-Empirical vs. Predicted ROC Curves

1 S S —— o o J
Data: Radio Emission

18_ DetectOr SNR 44444444 ...................................... ............................. ‘‘‘‘‘‘
Standoff Distance: 117m :

[
=)
]

Semi- Emplrlcal

Cou nts

[y
=

[
[\

[
—

R

Detection Counts N- Prp

AN

== (bserved

2 — 4L Y oidhloi. == Predicted
g mmAv. Obs.

Ay, fl)red.

-2.2 -2.1 -2 -1.9 -1.8 -1.7 -1.6 -1.5
Relative Magnitude Am
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SNR Detector ROC Curves (2/2)

Semi-Empirical vs. Predicted ROC Curves

» Observed detection capability appears
to outperform predicted capability

« Compare red stair plot vs. smooth plot

* Observed capability includes more
detection opportunities per waveform

» Detector accepts event declarations over
a multiple point duration sliding window.

- Explicitly: if the SNR statistic exceeds a
it's concurrent threshold n at least twice f./¢@#F. .. [
over a intervals greater than Ar = 0.1usec
over the duration of the infused ' VA -
waveform segment, the true detector
declares an event.

—Obselived

° The predicted performance Only .................... ......... :gl{/ed&l)c‘lggd_
considers single detection opportunities | |  ==Av. Pred.
over each N-point processing window. ) -1.8 -1.7 -1.6 -1.5

Magnitude Am



Research Conclusions (1/4)

General Problem

How do we combine different
signatures from an event or source

Near-Surface Explosion Scenario

i : Theoretical vs. Observed Detector Performance
together, in a defensible way? — |
Synthesis 09}
« Fisher’'s Method is useful for rejecting  os}
the null hypothesis since fused 0.7
statistics are invariant to detectors o6 - Prny 108
. y . . . ==SNR: Radio
* However, Fisher’s statistics Z is Fost —STA/LTA: Acoustic 1
Pgn == Correlation: Seismic
sensitive to errors under null 04l —All: Fused
» Fisher’'s method also lacked a 03} .
predictive capability if signal present .}
* Result: we derived a PDF for Fisher's o1 .
statistic Z under the alternative 0 i
hypothesis and developed ROC e T Relative Magnitude Am e

curves over magnitude to provide
Fisher’s Test with a predictive
capability.



Research Conclusions (2/4)

General Problem

How do we combine different
signatures from an event or source

Near-Surface Explosion Scenario

together, in a defensible Wayf) . | Theoreltlcal vs. Observed Detector Performance
Remaining Implications 09} E>
§>Determine how deploying signature- 0.8
specific sensors increases 0.7
screening/detection capability o6 - Prny 108
predictively IR
- Determine at what magnitude N-fused | e
signatures provides a desired detection

03

probability for fixed false alarm rate. sl

« Example: N-acoustic sensors that o1k y
exploit power detectors provide a given |
detection capability. Can supplementing 1.6 14 Relat;gMagm a8 0.6
these receivers with a seismometer that
exploits a correlation detector increase
the detection capability by Am
magnitude units?




Research Conclusions (3/4)

General Problem

How do we combine different
signatures from an event or source

together in a defenSible Way’) Theoretical vs. Observed Detector Performance
Pr;, =0.9

Near-Surface Explosion Scenario

Remaining Implications %;

* Determine how deploying signature- 0.8
specific sensors increases 07
screening/detection capability o6 - Prny 108
predictively TN

== Correlation: Seismic
mm All: Fused

§>Determine at what magnitude N-fused 4}
signatures provides a desired detection
probability for fixed false alarm rate.

03

0.2 -

7

« Example: N-acoustic sensors that o1k
exploit power detectors provide a given
detection capability. Can supplementing L6 i e A 0.6
these receivers with a seismometer that
exploits a correlation detector increase Supplementary slides provide
the detection capability by Am examples that quantify that in very
magnitude units? synthetic tests



Research Conclusions (4/4)

General Problem

How do we combine different
signatures from an event or source

Near-Surface Explosion Scenario

together, in a defensible Way’? . | Theoreltlcal vs. Observed Detector Performance
Remaining Implications 09|
« Determine how deploying signature- 0.8
specific sensors increases 0.7
screening/detection capability o6 - Prny 108
predictively eV
- Determine at what magnitude N-fused | e
signatures provides a desired detection

03

probability for fixed false alarm rate. sl

7

§>Example: N-acoustic sensors that o1k
exploit power detectors provide a given
detection capability. Can supplementing L6 i e A 0.6
these receivers with a seismometer that
exploits a correlation detector increase E> Supplementary slides provide
the detection capability by Am examples that quantify that in very
magnitude units? synthetic tests



Synthetic Tests for Combining
Detection Statistics

Fisher’s Combined Probability Test




Synthetic Test Fusing F Statistics

Fisher Test, All STA/LTA

Detectors

—One STA/LTA Statistic
| A Two Fused STA/LTA Statistics

© Three Fused STA/LTA Statistics

£ Four Fused STA/LTA Statistics

0.9

0.8

0.7

0.6

0.5

PI‘D

0.4

0.3

0.2

0.1




Synthetic Test Fusing F and Correlation Statistics

Fisher Test, STA/LTA Detectors and

—One STA/LTA Statistic

i A-STA/LTA + Correlation
© Two STA/LTA + Correlation
£ Three STA/LTA + Correlation

0.9

0.8




Synthetic Test Fusing F, Correlation, and SNR Statistics

Fisher Test: An STA/LTA Detector, A Correlation Detector, and an SNR Detector
1 [— T T T T T T I T T T T T = - "}:‘:'!,i\:.: oA vw die il viaa)
—STA/LTA s
0.9 A:STA/LTA+Correlation i

[ © STA/LTA+Correlation+SNR

0.8




