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| ABSTRACT

: A historical prospective on the methods that have been used
to automatically detect event signals and pick first arrival
times is developed. Then the data set used to characterize and
test the detec+tion techniques is described. ©Next the features
which discriminate seismic signals effectively from the back-
ground ncoise are characterized.

Two automatic detection methods are investigated. (1) The

AR (8)~spectral estimates of the signal and noise are used to

develop the AR (pl-spectral estimate for a synthetic waveform.
(2) Several non-parametric tests are employed in a time domain
detector to discriminate event signals from background.

The non-parametric detector chosen, RANK 2700, employs a
modified rank sum test to locate the seismic event and pick its

first arrival time. Errors in the automatic first arrival picks

for 152 of the event traces in the data set are used to analyze

the performance of the RANK 2700 detector.
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INTRODUCTION

Since the advent of the computer, work has been done
in many fields to develop techniques to harness the
computer to do large tedious Jjobs more swiftly and with
fewer fluctuations in performance than its human
counterpart. One of these fields is the identification
and classification of seismic signals from digital seismic
event records.

There are thousands of seismic events occurring every
day and hundreds of seismic stations. It is not practical
to evaluate all these seismic records at the speed
necessary to keep up with the influx of data. Thus, many
studies have been conducted to implement various
techniques to (1) determine first arrival times, (2)
classify the selsmic events correctly and (3) locate the
origins of the seismic events.

It 1s becoming increasingly uneconomical to pick
first arrivals by hand and a computer can be used to
identify first arrivals more consistently than would be
picked by hand on an oscillogram. At the same time,
digital recorders are becoming more common on even Jlow-
cost seismic systems, and it can be expected that in the

future computer techniques will become more attractive.
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Historical Prospective on Methods Used To ’
Automatically Detect Events and '
Pick First Arrival Times
'_
1
Many scientists, including R.V. Allen (1978), K.R. Y
Anderson (1978), R. Blandford (1983), K.S.Pu (1982), J.E. N
Gaby (1983), and H.H. Liu (1981) have tried to devise an )
effective automatic pattern recognition system for seismic 2
)
signals during the last twenty years. Computer techniques A
X
for picking first events have yet to gain widespread r
{]
acceptance (P.J. Hatherly, 1982). Effective results have hit:
)
been elusive due to the nature of the seismic signals and -
the methods used to model and predict the observed values. i
-\'
Both statistical methods; i.e. ,maximum likelihood "
)
estimator, maximum entropy spectra, etc. (C.H. Chen, ;
1981), and structural methods; i.e., pattern recognition ;f
i
iy
schemes that use shape features such as slope, radius of T
curvative, period and amplitude, (J.E. Gaby and K. )
Anderson, 1983), have been employed to characterize ang :j
Y
identify seismic events. =
]
Statistical classification algorithms can be grouped %‘
Y
into one of two types, parametric or non-parametric. &
'..F
Parametric algorithms assume a particular class =
)
statistical distribution, commonly the normal .
distribution, and then estimate the parameters of that A;
distribution, such as the mean and variance, to use in D
N
algorithm classification. Non-parametric algorithms make 'f
g
L
,aﬂ‘
2 )

‘;3(\-‘ \c‘: I\-' \i'"'\' I\I‘_;'_‘f.." ..f. f\-‘_‘d‘\-' \‘-“.‘.‘-.';!P.'i\;"\
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no assumptions about the class distributions. Non- E:

»

parametric technigues are sometimes termed robust because }{

they work well for a wide variety of class distributions, ré

o

. if the class signatures (mean, variance, etc.) are fg
reasonably distinct. Parametric techniques usually yield

gocod results under the same conditions as the non-
parametric techniques if the signatures of the classes are
reasonably distinct, even if the assumed class
distribution is invalid.

The most effective example of the statistical methods
is 94% correct recognition of regional and teleseismic
events using maximum entropy spectra and spectral ratio
(energy>0.5Hz/energy<0.5Hz), (C.H. Chen, 1982). But even
94% 1s not a good enough performance record for an
automatic pattern recognition system. A system cannot be
considered automatic if it requires human watchdogs to
monitor its progress and correct mistakes.

Part of the problem of correctly characterizing and
classifying seismic signals is in obtaining an accurate

first arrival time. There is always ambiguity associated

with measuring the first arrival time from seismograms,
whether it is done by seismologist or machine, since these
signals of finite bandwidth are of wunknown shape and
contaminated by noise. Such ambiguity can be reduced by
combining the processes of picking arrivals in an

iterative fashion (C.H. Chen, 1982). Inaccurate first

'\3&1‘1\;\3&:\}(\0{‘\'\\"\" :\.\" L ;N"-!"-'ll\-'-]‘.-—n\‘\ g
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arrivals distort the structural and statistical -
characterizations of a selismic event that are used for -
' W
classification. by
LY

Effective results have been elusive due to the nature A

of the seismic signal which contains events contaminated

by noise. In many flilelds of signal processing: for

.

example, the development of speech recognition systenms,

the automatic analysis of signals requires the recognition

of specific features in the signal. (Gaby and Anderson,
1983) Since more a priori knowledge exists about the
characteristic shapes of words, it is easier to

automatically Jidentify a word and classify it correctly.
The paucity of a priori information available on the
morphologies (shapes) of seisnic signals inhibits
automatic pattern recognition (Gaby and Anderson, 1983).
The lack of a priori knowledge characterizing seismic
signals has prompted the recent application of pattern
recognition techniques to find and develop methods to
discriminate and classify seismic signals. The methods
used to find the broad characteristics of a seismic event
include storing the trace in a binary tree structure and
using affinity techniques, first developed for image
processing, to combine small segments of the signal and
store the signal within the tree structure at different
levels of complexity (Gaby and Anderson, 1983). 1In other

words, this method would use features such as period,
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slope and amplitude to divide the event trace into
segments and then try to associate those segments with the
sequencé of arrival phases that make up a seismic event.
Augmented transition networks (ATN), originally
created to provide a formal environment to develop
grammatical rules describing finite state grammers, have
also been used ¢to develop seismic signal structural
characteristics interactively (Anderson, 1981).

All the techniges for seismic pattern recognition

schemes reqguire that the first arrival time of the
waveform be known. The seismologist uses the morphology
(shape) of <the seismic signal to identify <the first
arrival time correctly along with changes in period and
amplitude. Determining the correct first arrival time is
important in <classifying the signal and locating the
origin of the seismic event. For an automatic pattern
recognition system <to replace the seismologist 1t must
identify first arrival times correctly and classify the
event with better than the 94% current success rate of
techniques previously attempted.

Automatic processes that have been employed to

determine first arrival +times rely on statistics ¢to
distinguish between two populations (signal and noise)
occurring on a seismic trace. Since the density
distribution functions for both the signal and noise are

not known a priori they have traditionally been estimated
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by Gaussian density distribution functions. The reason

for this is that the statistics (i.e., the divergence and
linear discriminant functions) for characterizing Gaussian
(normal) distributions are well known and easily available
for computation. -

The standard statistics for a normal distribution
have traditionally been used to characterize the signal
and noise making it possible to determine first arrival
times by comparing parameters from the two populations.
Using the standard statistics for a normal distribution to
characterize the noise a predictive model is constructed
to predict future seismic noise values,

There should be a fallure of the observed data to
match the predicted value at the first arrival because the
arrival of the seismic signal is not predictable from the
background noise. Robinson(1967) wrote subroutines to
pass the proposed first arrival if there was a significant
prediction error at the first arrival and for two terms
after it. Significance was established by making
comparisions with the prediction errors within the noise.
A test, which predicts the values at the first arrival
from the previous values using the technique of 1linear
least-square prediction, was first used by Wadsworth et
al(1953) to identify selsmic events on the basis of a
prediction failure. (P.J. Hatherly, 1982)

Most techniques to distinguish noise from the first
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arrival signal use parametric statistics which assume the a
'
signal has a known distribution. This is an incorrect “
@
assumption for the background noise preceding a seismic ﬁ
L]
event. In general, background noise is a non-stationary B

process due to seasonal changes and atmospheric

vari. :ions, with an unknown distribution. Over a short

L W G YA

time interval, less than 100 seconds, background noise can
usually be considered stationary except in the case where
it precedes a seismic event. When a seismic event occurs
the mean of the signal often flucuates while the transient
signal is being recorded by the seismic instrument.

Non-stationary processes have time changing means
and/or variances. Stationary process implies that the
mean, the variance and the autocovariances of the process
are invariant under time translations. Thus the mean and
variance are constant, and the autocovariances depend only
on the lag time.

Non-stationary time series have been modeled by
several processes: (1) Harrison(1964) used an
exponentially weighted moving average, EWMA, to forecast
seasonal short term sales. (2) A modified autogressive
moving average, ARMA, model with time varying coefficients

of the form:

r

=2 bkt'et—k = J;cjt'xt—j + d¢ , r = max(p-1,9-m)

has been used by P. Whittle (1965), to model mnon-

-,
w2,
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stationary time series. Prediction formulas applied in
the stationary case are shown by Niemi(1983) to also be
valid in the non-stationary case. The effects of the non-
stationarity on the estimation of the parameters of the
underlying ARMA model are not shown to be significant. (3)
The autoregressive integrated moving average, ARIMA,
method, based on Gaussian stochastic processes was
developed by Box and Jenkins (1970) to model homogeneous
non-stationary time series.

Homogeneous non-stationarity implies the changing
mean can be described by a low order polynomial in time.

However, the coefficients of the polynomial are not

constant but vary with time. The observations are
described by random stochastic trends {polynomials).
Tintner (1940), Yaglom (1955), and Box and Jenkins (1976)

argue that homogeneous non-stationary sequences can be
transformed into stationary sequences by taking successive
differences of the series.

In practice it is wusually the first or second
integral of a non-stationary process which is stationary.
The ARIMA technique integrates the non-stationary time
series until it 1is stationary and then models the -
resulting time series as an ARMA process. Under fairly
general conditions the prediction interval for a future

observation in an ARIMA scheme is robust with respect to

symmetric non-normality of the error distribution,
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Heuts(1981).
Non-parametric methods that make no assumptions about

the deﬁsity distribution of the time series are outlined

TV B0 % SN R R b

. by Kassam and Thomas(1875). Cobben(1982) outlines a non-~
parametric detector based on a sign tesgt that w~
-
oY
discriminates between: &:
"~
i

b

H0: x(t) = n(t) //data nolise//

H : x(t) = s(t) + n(t) //data = signal + noise//

included in Kassam and Thomas (1980). The s8ign test was
extended by Cox (1955) to detect steps and ramps in the
presence of additive noise; i.e., signals with sharp onset
and gradual onset first arrivals. Cobben's method assumes
a stationary signal which may be a valid assumption for a
time window of less than 100 seconds, {(C.H. Chen, 1978).

Although background noise may possibly be considered

stationary, it cannot be assummed to be Gaussian. Various

known and unknown processes: microseisms which are "nen-
Gaussian”; thermal noise due to current across resistors
which 1is "Gaussian"; and seismometer noise which is

"distributed as 1/f"” contribute to form a non-Gaussian

density distribution. Although, Heuts (1981), has shown

that an ARIMA prediction model (based on an assumption of

Gaussian and stochastic data) is robust with respect to

symmetric non-normality of the error distribution, >
parametric techniques are generally incorrect for !
[,

'
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distinguishing noise from the first arrival.

Part of the difficulty in automatically classifying
seismic‘ signals and 1locating their origin is a direct
result of incorrect first arrival times picked by methods
assuming an underlying Gaussian distribution for the
signal. Since the seismic signals have an unknown
underlying distribution a method for first arrival
detection using non-parametric statistics should be
developed 1in the hopes that it will improve the accuracy
of the first arrival time.

Once the first arrival time can be swiftly and
accurately located the morphological and statistical
methods of classifying seismic signals can be used with
greater accuracy since the correct sequence of events (or
states) that characterize the seismic signal will be
readily available. The first arrival on the seismic trace
is identified as the first observation which is
statistically different from the observation before. The
peint chosen is dependent on the signal to noise (S/N)
ratio and the amplification of the seismic signal (P.J.
Hatherly, 1982).

Some signal detection schemes used to record events
in real time wuse the spectrum found using the Walsh
(Goforth and Herrin, 1881) or Fourier (Blandford, 1983)
transforms of the signal to distinguish the signal from

the background noise. These methods while effective for

10
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real time detection of events can only locate the first

arrival time within one window (a block of observed data
values transformed to provide a spectrum for comparision).
Figure 1 illustrates the fast Walsh transform.

If this window is large enough to detect the first
arrival (greater than two times the longest period of the
expected signal, 2.5 seconds in our case) it will not be
small enough to accurately determine first arrival times
for the purpose of classifying and locating the origin of
events. This indicates an effective automatic first

arrival picker should be implemented in the time domain.

Methods Attempted in this Study

Since the signal is nonstationary with an unknown
distribution function it is logical to develop a detector
that does not assume stationarity; i.e., constant mean and
constant variance, or a "known" distribution function.
There is a broad range of amplitudes and bandwidths which
characterize 1local, regional and teleseismic earthquakes
and explosions. Thus, we must develop features to
distinguish a broad category of signals from the
background noise.

Since the seismic signal we record has an unknown
distribution, it is important to determine how valid some
of the parametric techniques; i.e., techniques that assume

a know distribution, are when applied to a seismic signal.

11
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In particular, Niemi (1983) wrote a paper indicating an

ARMA scheme was rcobust with respect to symmetric non-
normality: The discrete density distributions for the
signal and noise were plotted for 100 seismic events
recorded at each of the four seismic stat.~ns in far west
Texas (Lajitas, Marathon, Shafter and Tres Cuevas) to find
out if the density distributions of the seismic signals
and noise from each station could be characterized as
symmetric even thougn the "true" wunderlying density
distributions were unknown. Histograms of the amplitude
of the selsmic signal were computed to approximate the
discrete density functions for the noise and signal plus
noise of each event trace. (See figures 2 through 4) In
all cases the discrete density functions for both the
signal and noise were symmetric. This assumption allows
us to model the non-stationary seismic signal with a
simplier model than the ARIMA model for which methods of
computation have been more fully explored.

Two methods were attempted to develor an automatic
first arrival picker. The first technigue uses the AR-
spectral estimation of the signal and the background noise
to develop a synthetic waveform to cross-correlate with
the event trace and pick out the first arrival phase. The
second technique employs a non-parametric test within a

sliding window detector to identify the seismic event

signal and pick the first arrival phase.
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Figure 2. The First 60 Seconds for a Local Event, N
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Functions for the First 20 Seconds of Background Noise and
‘ the Next 20 Seconds of Signal Plus Noise for Each Trace
1 are Shown from Left to Right. °
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Event, Recorded at Each of the Pour Seismic Stations,
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Discrete Density Punctions for the First 20 Seconds of
Background Noise and the Next 20 Seconds of Signal Plus
Noise for Each Trace are Shown from Left to Right.
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DESCRIPTION OF THE DATA SET

Instruments Used to Record the Data

Seismic events recorded at four stations in southwest
Texas, Lajitas, Maratnon, Shafter and Tres Cuevas, were
collected during the Group of Scientific Experts Technical
Test (GSETT) in which Southern Methodist University was a
participant. GSETT was conducted from October 15, 1984 to
December 14, 1984 to test procedures for exchanging
seismic data, which include: the extraction of Level I
signal parameters (seismic phase identifiers, arrival
times, signal amplitudes and periods}; the exchange of
these parameters primarily via the Global
Telecommunications System of the World Meteorological
Organization (WMO/GTS); and the collection and assesment
of these data at the Data Center in Washington, D.C.

Table 1 gives the locations and descriptions of the
instruments used to record the seismic events during the
test. The instrument responses are illustrated in figures
5 and 6.

A real time event detector utilizing the fast Walsh
transform (Goforth and Herrin, 1981) implemented on a DEC
RT/11 micro-computer received the seismic data from the

Lajitas, Marathon, Shafter and Tres Cuevas stations via
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TABLE 1. Locations and Descriptions
of Instruments Used to Record
the Event Data

SEISMOMETER DESCRIPTIONS

NRIE LAJITRS  MARATMON  SHAFTER TRES CUEVRS
10 LA HA $H ™
ORNNEL NUMBER 2 3 ‘ 1
INSTRUMENT TYPE 23900 23320 23902 18388
LATITUDE DEG N 29,333 38.326 29.924 29,316

LONGITUDE DEG W 193.667 183,255 184.371 183,717

r—_—'_ ELEVRTION METERS 1813 1356 1579 1897 '
— YO HZ 962 13g8 1788 2048
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telephone line. (See appendix A for a description of the
fast Walsh transform detector.) The detected events were
recorded on magnetic tape for later graphic display and
analysis by a seismologist.

The seismic analyst was responsible for identifying
phase (Pn,Pg,P or Lg) and picking first arrival <times,
amplitudes and periods. The bias of the analyst directly
effects the choice of 1local events v.s. "noise".
Discrimination of the phase of the first arrival (P or Lg)
is dependent on which phase the analyst's experience
indicates the waveform matches. Parameters for the events
chosen by the analyst as "true" events, not "glitches" or
"background noise", were sent to the U.S. National Data
center in Washington using the UNIX-net software of the
Eunice operating system.

GSETT's Final Event List associated all the event
information collected from throughout the world and
reported the origin time, 1location, magnitude and number
of stations used to define each event which was detected
during the two month time period of the test.

The residual travel time (the difference between the
arrival time at the station indicated by the best least
squares fit of the stations associated with an event and

the first arrival time picked by the analyst) was 1listed

for each station used to define an event. The "true"
estimates calculated by least sguares, assuming the
21
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correct location of the event was found, allow us to

.Aﬂ. .r

determine if the automatic detection method is doing as

well, worse, or better than the human analyst in ambiguous

Tl

cases.

VS el Lo

(3

Methods Used to Detect and Record
Events in the Event Files

)
¥
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The fast Walsh transform aetection window s 6.4
seconds long with a 50% overlap. (see figure 1) When the
spectra of the detection window exceeds the background
noise threshold the detection is triggered. Thirty
seconds of data preceding the detection window is written
at the beginning of the event file so that if the Walsh
detector triggered on an Lg arrival the P wave first
arrival should be present somewhere in the €first 30

seconds of the event file, Thirty seconds was originally

thought to be adeguate to make sure the P arrival was
included in the event trace but experience in working with
the data collected during the GSETT experiment has shown
that 60 seconds is a better predetection interval for
insuring the first arrival (Pn) is included in the event

file when the detector triggers on Pg.
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EVENT SIGNAL CLASSIFICATION

Variation in the Signals to be Distinguished
From the Background Nolise

IO BSOS @ VR sl e x
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The collection of seismic events we are attempting to Gg

. oA

distinguish from the background noise, (recorded on short <X
o

period seismic instruments with a bandwidth of 0-20 BHz),
encompasses a broad range of periods and amplitudes.
Local events, occurring within 25 to 150 kilometers of the
seismic station, are characterized by amplitudes which may
be nearly the same as the noise and by periods of 0.3 to
0.4 seconds. Regional events, occuring on the same
continent as the seismic station, are characterized by

varying amplitudes and periods of 0.5 to 0.7 seconds.

Teleseismic events, events that travel distances greater

than about 2000 km to reach the seismic recording station,

are characterized by periods of 0.8 to 1.2 seconds. The

AL

high frequency component of the background noise 1is

similar in spectral content to local seismic event signals

o

while <the wunderlying 1low frequency component of the

AL WP
ATy

background noise 1is similar 1in spectral content to

A
W L

- ’ji‘-:

teleseismic signals. Pn can often not be discriminated
from the background noise by the analyst, thus Lg which v

follows Pn is often picked as the first arrival phase for

23
Do

O A N N R :
N e N N = o e e e
~ -

»
f-f-)l"‘luf-.f-tﬂ‘n’_-’:f 4 'h.' P A A T T O




mmmmwwmm RULERA AL, Vb st RV SRR AR L bt hapt e 't'

i

Bl
ot
P
oo
Foa
a
e
,ﬂ.!
I
e
bary
a »
byr¥e
it
2
4
e ."
i %af.
®
LK
oy
o
S
-.,"r
'.
K]
%
o
N
®
:FE
e
! 8
| h'.'k
ﬂldlh' ‘1 w [ "llhn\\l\bly ‘L,\u.\\z'\‘r il w4
a "%’\H‘M MX%WAMW*MM ‘lUl ‘ I‘!l‘ ,‘[}l‘\‘ ‘&hl \lg‘l' ri \’J J“' 7Y
! ! “ i “ v
OP'n t: ;’—'
L3 ; ’
o
:“3‘
N
P :E::_:
. _________5* ‘ f#levﬁ*.ﬁi[lﬁl‘V'W-Mﬁr{\WW -'(N =:
l l Yo
pp P ) : .:
Figure 7. Examples of the Various Types of Seismic {2:
Signals Typically Encountered. (a) 33 km - Local Event - pRlat!
SPZ recorded in Berkeley, California. (b) 140 km - Local ®
Event - Closest distance Pn and Pg can be observed
separately - SPZ recorded in Colorado. (c) 6° - Regional &
Earthquake - SPZ recorded in Winner, South Dakota. (d)
139 - Regional to Teleseismic Earthquake - Gulf of ‘A
California - SPZ recorded in Colorado. (e) 91.59 - %
Teleseismic Earthquake - Offshore Peru - SPZ recorded in j'
Black Rapids, Alaska. v
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regional events. Figure 7 illustrates typical examples of ﬂé

@

'
.};.J 2

the types of seismic signals encountered. (R.B. Simon,

f_,{'

\

&

2

1981)

Appropriateness of the Data Set for Testing
the Effectiveness of Any Automatic
Technigues Devised

The data set collected during GSETT represents a

collection of event records of different types of events

RNF

with continuous background noise variations from four

different seismic stations. This data set has variations
in: signal type (local, regional and teleseismic);
background noise {due to changes in wind speed,

temperature, humidity, barometric pressure and cultural

activity); instrument type and local structure at the

seismic station. It is concluded that because the data

set includes variations in all the parameters normally

s
<@

4

expected to change when recording seismic events the data

L g

set will be a good test of the robustness of any detection

.
‘l .' f ‘l

LR e
r

method used to pick first arrival times.

[ J

Indentify the Characteristics of the Seismic i;
Signals Which Define a Class Distinctive 0y
From the Background Noise )

N

Any classification technique actually consists of a
one-time calculation of decision boundaries, followed by a
comparison of each sample's feature vector and the

location of those boundaries. By incorporating these

25
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facts 1in classification algorithms, theilr efficiency can
be improved by an order of magnitude or more, with little
or no reduction in accuracy. (Schowengerdt, R.A., 1983)

Easily calculatable features available in the time

domain for discriminating seismic signals and background ' b
noise are: period estimates, (intervals between zero- ;ﬁ
crossings and slope direction changes); amplitude; and E%
slope. PFigure 8 is a typical example of the background :

noise. This noise data was recorded during a background Ak
noise study February 8, 1985 at the Lajitas test site. 1In ?3
the next three sections we determine the effectiveness of 1

these features in distinguishing a broad class of seismic

. ¥ 1 on
W e

.

AAARERY

signals from the Dbackground noise by using: (1) a

threshold detector based on an estimate of the mean and
variance of the background nolise; (2) segmentation of the

signal based on the similarity of features to find a

pattern; and (3) division of the features based on their
ranks into rank quartiles to look for a relative pattern

in the feature distribution. ry
A Threshold Detector to Icdentify Features -

For the threshold detector the mean and variance were
calculated for the amplitude and slope (average difference
between the ith sample and the samples adjacent to it) of
the first 100 observations representating background noise J%

assuming a normal distribution. The threshold for signal

WY c o .
LB AT N A N o e S U
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Figu-e 8. Background Noise Recorded on 11 Different Instruments
During a Noise Survey at the Lajitas Test Site, February 8, 1985. In-
strument 1 - GS 13 2 (vault), Instrument 2 - GS13N (vault}, Instru-
ment 3 - GS13 E (vault), Instrument 4 - 18300 (mine site), Instru-
ment 5 - S750 2 (grouted in), Instrument 6 - S750 Z (vault), In-
strument 7 - S750 A (North of mud hut 150m), Instrument 8 - S750A
(East of mud hut 150m), Instrument 9 - GS21 (buried 330'), In-
strument 10 - GS21 (buried 50'), Instrument 11 - microphones (wind).

NQISE SURVEY LAJITAS. TEXAS 11 INSTRUMENTS
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detection was set at two standard deviations from the
estimated mean of the background noise. Thus, given that
background noise is all that is present in the seisnmic
signal, there is a 95% probability that the amplitude and
slope for any observation will be within two standard
deviations of its estimated mean. Figures 9 through 11
illustrate the results of this test on three types of
seismic events recorded at the four stations Lajitas,
Marathon, Shafter and Tres Cuevas. The state table for
the color changes occuring along the event traces in
figures 9 through 11 is shown in Table 2. The mean and
variance estimated for the slope and amplitude were not
very effective in clearly distinguishing the background
nolse from the seismic event signal.
Segmentation Using Affinity Technigues
to Identify Features

Segmentation of the trace using the estimated mean
and variance of the slope and amplitude of the background
noise was done using the nearest neighbor decision rule
and an affinity algorithm to combine the samples with the
most similar features into a finite number of segments.
The nearest neighbor decision rule decides which of a
segments neighbors is most similar. Then the affinity
algorithm combines those segments which mutually consider
each other most similar. Figures 12 through 14 illustrate

this technique on the three types of seismic signals,
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TABLE 2

State Table for Color Changes Used to
3 Graphically Depict the Results
of the Threshold Detector

PMPLITUDE  SLOPE

Y

powTRESOLD 8 | @

ABOVE THRESHOD 1 E 1

STATE (AMPLITUDE, SLOPE}

CoLeR
RED e
BUE 12
GREEN el
‘ BUACK u
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b
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local, regional and teleseismic. The colors represent
different segments. No clear pattern was identified in
the segmentation to make this a wuseful method for

distinguishing signal from noise.

Both the threshold detection and segmentation methods
made the assumption that the noise was Gaussian and y
stationary when the mean and the variance were estimated.
Since this 1s untrue, the noise could not be effectively
characterized by the estiﬁated mean and variance and
overlap occured between the boundaries defining the signal
and noise classes. The subroutine, "NEIGHBOR", listed in
appendix B uses the nearest neighbor rule and affinity

techniques to combine the segments.
Using Rank Quartiles to Identify Features

The next attempt to characterize the signal and noise
categories was to rank the amplitudes and periods,

estimated by the distance between zero crossings, of the

event trace. Then the ranks were divided into quartiles
and color coded on the event trace so any patterns in the
features associated with the signal or noise might be
identified. Table 3 1illustrates the color code used in
figures 15 through 19 to identify which rank quartile an
observation belongs.

This technigue showed a clear pattern for ranked

amplitudes of events with large S/N ratios but was

S T T e R RN 4 s AR Y Y X
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TABLE 3 4

State Table for Color Changes Used ey
to Graphically Depict the X
Rank Quartiles ":z

AMPLITUDE RANK QUARTILES oy

let__ 2nd _ Srd___ 4th g

let 1 2 3 4
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. Figure 15. The Ranks of Amplitudes and Periods are "3
Divided into Rank Quartiles. The Color Changes in the N
Event Traces, Recorded at the Stations Lajitas, Marathon, -
Shafter and Tres Cuevas, Bottom to Top Respectively, b
! Graphically Depict any Patterns that Exist in the P
: Features. (a) The Color Index Corresponding to the 186 :
" Rank Quartiles the Ranks of the Periods and Amplitudes of f‘
. Each Trace are Divided into as Shown in Table 3. (b) : L
) Shows the Rank Quartile Pattern for a Regional Event.
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Figure 16.a

Figure 16. The Ranks of Amplitudes and Periods are
Divided into Rank Quartiles. The Color Changes in the
Event Traces, Recorded at the Stations Lajitas, Marathon,
Shafter and Tres Cuevas, Bottom to Top Respectively,
Graphically Depict any Patterns that Exist in the
Features. (a) Illustrates the Rank Quartile Pattern for a

Regional Event. (b) Illustrates the Rank Quartile Pattern

i for a Regional Event. 39
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Figure 17. The Ranks of Amplitudes and Periods are ;t:

Divided into Rank Quartiles, The Color Changes in the
Event Traces, Recorded at the Stations Lajitas, Marathon,

Shafter and Tres Cuevas, Bottom to Top Respectively, ::
Graphically Depict any Patterns that Exist in the u:
Features. (a) Illustrates the Rank Quartile Pattern for a N
Regional Event. (b) Illustrates the Rank Quartile Pattern s
for a Regional Event. A
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Figure 18. The Ranks of Amplitudes and Periods are
Divided into Rank Quartiles. The Color Changes in the
Bvent Traces, Recorded at the Stations Lajitas, Marathon,
Shafter and Tres Cuevas, Bottom to Top Respectively,
Graphically Depict any Patterns that Exist in the
Features. (a) Illustrates the Rank Quartile Pattern for a
Regional Event. (b) Illustrates the Rank Quartile Pattern
for a Regional Event. 11
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Figure 19. The Ranks of Amplitudes and Periods are ®
Divided 1intc Rank Quartiles. The Color Changes in the 3
Event Traces, Recorded at the Stations Lajitas, Marathon, ;:
Shafter and Tres Cuevas, Bottom to Top Respectively, N
Graphically Depict any Patterns that Exist 1in the oA
Features. (a) Illustrates the Rank Quartile Pattern for a :f,
Local /Event. (b) Illustrates the Rank Quartile Pattern .
for a Regional Event. T
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ambiguous for signals buried in noise. The rank pattern
for estimated periods showed no strong pattern for
distinguishing signal from noise. However, the ranks for
the amplitude and estimated periods, which were added
together and divided into quartiles, was the the best
indicator of a clear pattern in the features to be used to
discriminate signal and noise. This 1s reasonable since
the criteria the human analyst uses to distinguish signal
from noise especially in ambiguous cases with low signal
to noise ratios is based on changes in both period and
amplitude from the preceding background. Slope is
sensitive to changes in both amplitude and period which

makes it the most favorable feature to use in creating an

I,

X7

automatic first arrival detection algorithm.

Conclusions

Since parametric techniques appear to allow too much

overlap in the <classifications to clearly distinguish

, signal from noise, a non-parametric technique using the
slope of the event trace appears to describe the detection
method with the best chance of discriminating background
noise from a broad class of seismic event signals.

The feature with the least amount of overlap between
background noise and seismic event signals, "modified"”
slope, was calculated through discrete integration of the

event trace slope over segments with the same slope
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’ direction. Figure 20 demonstrates this calculation.
’ Various period estimations of the background noise were
!
|

too similar to one or more of the 1local, regional or

RN A

teleseismic signal classes for effective discrimination
between signal and noise. Amplitude was a good
discriminator when the S/N ratio was high. However, the
detectors failed to <trigger on the first arrival for
events with low S/N ratios. Both the slope and "modified"”
slope of the event trace are characterized by a constant
mean equal to zero and a variance which changes with time.
This makes the "modified" slope of the event trace a more
attractive feature for distinguishing between signal and
noise than the unmodified event trace whose mean and

variance both change with time.
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SLOPE CALCULATION

2{\2 S{1) = (ALY - AN-11] + (RC1et) = AT

DRTR = A(I}, SLOPE = S(1), “MOIFIED® SLOPE = s\

gl A
) DATA v SLOPE \.

\V | ‘
st o n /¢
¥
7
6
DRTR SLOPE . 1ED°
All) = 4 - -
A2 = 6. §(2) = 8. di2 = 8.
A3 = 4. S(3) = -3, 13 = -3,
A& = B, sS4l = -3.75 S =-6.75
A(S) = =3.5 3(5) = -3, $15) = -8.75
A(6) = -6, S(6) = -2.75  S16) =~18.5
AT =-5. S(M = 1.25 STt = 1.25
Al@ =-3.5 s = (.75 Stay = 3.
RIS} = -1.5 §18 = 2.25 S$19) = 5.25
AlIBI= 1, sig= 1.7 Shai= 7,
Allllz 2, - -
10
2 9
14\
1 ]
:/\ "MODIFIED {7
DATA ¥ SLOPE 12 l
b
s {2 3
7 aOIFIED* SLOPE CRLCLLATION
é 4
1F tst1asti-11.56T.9.8) THEN
gt = sti-1) « St
s
ELSE ¢
$in = sm
o IF

Figure 20.
Slope and "Modified" Slope Calculgti
"Modified" Slope Features used to
Signals from Background Noise.
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AR-Spectral Estimation Used to Develob
a Svynthetic Waveform

Assumptions

The autoregressive (AR) model is correct for modeling
minimum phase stationary processes. To estimate the
spectral density function we must assume that we can
obtain an "adequate approximation" by using a finite order
AR model (Priestley, 1981). The development of a
synthetic waveform to pick out the first arrival phase 1in
an event trace from the autoregressive spectral estimate

of that same event trace requires several assumptions.

A
First, in order to use this technique. we must assume the ‘
first arrival phase of the seismic signal generated by an H
f

“w

earthquake or explosion is minimum phase. Second we k:
- ;__

assume the corner frequency, or dominate period, of the

seismic signal has the same period as the first arrival ’
..
phase. Third we assume that the background noise does not ::
o’
contain an obvious corner frequency. Forth we assume the :
b3
seismic signal 1s stationary or at least can be estimated (:
A
o
by a process that assumes the driving function 1is white ;:
%)
noise. Seismic signals contaminated by noise are ;
h)
nonstationary processes with unknown distributions. Hannu S
o)
.D‘-.
~
N
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Niemi, (1983), studied the effects of nonstationary noise
on ARMA models and concluded that the prediction formulas
applied 1in the stationary case were also valid in the
nonstationary case provided the underlying density
distribution of the nonstationary process was symmetric.
Discrete density distributions for 400 seismic signals and
their associated background noise.were plotted and in all
cases the density distributions were symmetric. This
allows us to conclude that an AR model is appropriate for
estimating the spectra of the event trace given our

initial assumptions.
Description of Method

The first step in developing a synthetic waveform was
to compute the coefficients for an eighth order AR model
using the Burg algorithm. See appendix B for the
subroutines, "Polr_ArBURG" and "AR_SPECTRA", to compute
the Burg coefficients and the AR-spectra. Coefficients
were computed for the first 800 samples of the event file
representing the background noise and the next 800 samples
of the event file thought to contain the first arrival
phase. Then the AR(8) spectra, pP(f), was computed for

both the signal and the noise and plotted (Priestley,

1981).
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1 - ’e‘le-iZ.-rf_..._ 'eae-ilﬁrrf
(8,...8g) = AR(8) coefficients
%2 = yariance of the white noise
f = frequency Hz
To determine the shape of the synthetic waveform's AR
power spectral density we edploy the doctrine of
parsimony. The minimum number of poles needed to describe
the spectral shape with the information we have available
is three. The poles are located at the low cut-off, high
cut-off and corner frequencies of the signal bandwidth.
The corner frequency is assumed to be the frequency with
the signal spectra's peak amplitude. The low and high
frequency cut-offs define the signal spectra interval

where the signal spectra is consistently above the noise

spectra. The amplitude of the low frequency cut-off is

determined by the roll-off below the corner frequency due Y
%
~, J

to the sensivity of the recording instrument, f
o

approximately 6dB per octave for the Lajitas station ®

instrument. The amplitude of the high frequency cut-off

is determined by the roll-off above the corner frequency

due to attenuation. The expected roll-off is -3dB to - ;
=

4dB per octave. Figure 21 illustrates the proposed é
Q&

method. :;
\l’

The coefficients of the synthetic AR(p) model are ®

Ly

* derived from the synthetic AR power spectral density, oo
1Y

Nt
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Pp(f), described in the preceding paragraph. The AR
LA
theoretical power spectral density, p(f), is defined by :t;
\
’i
p(f) = mfw2 3
¢
where 3
x :"
S(£){2 = s(£)s™(f) o
i
and I
oY
. ..
S(f) = Y20 o
_ =
[1 - Gle-inrf —es = epe—i27rfp] ::
\I
Now by making use of the fact that the theoretical power &.
" .
AY
spectral density, p(f), can also be written in terms of
the autocovariance, R(k), _g ﬁ:‘
‘)
p(f) = fe'iz”fkR(k)dk o
-9 R
we can obtain the autocovariance, R(k), of the synthetic ®
-}
~ 2
AR model by taking the inverse fast fourier transform ::
(IFFT) of thggsynthetic AR power sps;tral density, p(f). :”
oI
p(f) = fe‘iz”fkﬂ(k)dk ‘L_F_T,fx(k)x(k—t)dt = R(k) P
- -9 o
Then the autocovariance, R(k), of the synthetic process, Eﬁ
Ny
~
x(t), is used by the Yule-Walker algorithm (Kay and ij
N
Marple, 1981), (see subroutine "AKAIKE" in appendix B), to Y
e
e
obtain the AR(p) coefficients for an AR model of order p N
(determined by Akaike's information c¢riteria AIC, E:
Priestley, 1981). This synthetic AR(p) model is then ®
-
convolved with a spike plus white noise to create the 3&
I"
synthetic waveform. The synthetic waveform is then cross- %k
h
correlated with the event trace to try and pick out the
first arrival phase. tj
oS
N
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Effectiveness of Method and Conclusions

The method hypothesized above started to treak down
with the assumptions that the first arrival phase has the
same period as the corner frequency and the background
noise had no obvious corner frequency. The period
estimated by the analyst for the first arrival phase of
the Lajitas event traces only correlated well with the
corner frequencies of the éorresponding AR(8) spectral
estimates in 25% of the events studied; i.e., teleseismic
events with a high signal to noise (S/N) ratio.

Often a corner appeared in the background noise
making it difficult to determine the correct spectral
bandwidth for the signal automatically. For the above
reasons this method for identifying the first arrival

phase for a broad category of seismic events was abandoned

in favor of a more robust non-parametric technique, the
rank sum detector. Representative examples of the AR(8)
spectral estimations for several of the events studied are

shown in figures 22 through 26 with the analyst's

estimations of the dominate periods for the noise and the ;$
o

first arrival phase marked for the Lajitas seismic events. E:
%3
r":- >
o
(; Y

A

51

@ & x;;. AR

¥ ¥
7,

7

i . N e
N AT AT R AT AR PAPL TS P AL LTS P T I




. STRART TIME: 1984 289 14:18: 2.21 T428914168.334 REGIONAL.
3
-~ Ay
]
»
START TIME: 1984 289 14:18: 4. 48 S42891418.837 REGIONAL

i3.3¢

1

1

4

3

:
i

Lhie

START TIME: 1984 289 14:18:28. 41 M42881418.953 REGIONAL
_-E..'
b
v SYART TINE: 1684 289 141181 4. 48 L42891418.0%7 REGIONAL
R el
]
3
T T T T T T T T 1
0.8 8.67 1.1 20.00 26.67 13,93 .00 .67 5.1 62.20
SECONDS
Figure 22.a
Figure 22. AR(8)-Spectral Estimates for the Signal
and Noise for Event 1. (a) Event traces recorded at each
of the four stations, Lajitas, Marathon, Shafter and Tres
Cuevas, for Event 1. (b) Lajitas AR(8)-Spectral

Estimates. The Analyst Estimates for the Dominate Period
of the Noise and the First Arrival Phase are Indicated
with Dashed Lines Drawn to their Respective Spectral
Estimates. (c) Marathon AR(8)-Spectral Estimates. (a)
Shafter AR(B) Spectral Estimates. (e) Tres Cuevas AR(8)
Spectral Estimates.
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Figure 23. AR(8)-Spectral Estimates for the Signal
and Noise for BEvent 5 are Normalized by the Variance of
the Noise. {a) Event Traces Recorded at Each of the Four
Stations, Lajitas, Marathon, Shafter and Tres Cuevas, for
Event 5. {b) Lajitas AR(8)-Spectral Estimates. The
Analyst Estimates for the Dominate Period of the Nolse and
the First Arrival Phase are Indicated with Dashed Lines
Drawn to their Respective Spectral Estimates. (c)
Marathon AR{8)-Spectral Estimates. {d) Shafter AR(8)
Spectral Estimates. (e) Tres Cuevas AR(8) Spectral
Estimates.
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3 Figure 24. AR(B)-Spectral Estimates for the Signa.

A and Noise for Event 6 are Normalized by the Variance ot

- the Noise. (a) Event Traces Recorded at Each of the Four

X Stations, Lajitas, Marathon, Shafter and Tres Cuevas, for

‘,' Event 6. (b) Lajitas AR(8)-Spectral Estimates. The

- Analyst BEstimates for the Dominate Period of the Noise and

: the First Arrival Phase are Indicated with Dashed Lines

- Drawn to their Respective Spectral Estimates. (e)

| Marathon AR(8)-Spectral Estimates. (d) Shafter AR(8)
Spectral Estimates. (e} Tres Cuevas AR(8) Spectral

Estimates.
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Figure 25.a

Figure 25. AR(8)-Spectral Estimates for the Signal
and Noise for Event 8 are Normalized by the Variance of

the Noise. (a) Event Traces Recorded at Each of the Four
Stations, Lajitas, Marathon, Shafter and Tres Cuevas, for
Event 8. (b) Lajitas AR(8)-Spectral Estimates. The

Analyst Estimates for the Dominate Period of the Noise anad
the First Arrival Phase are Indicated with Dashed Lines

Drawn to their Respective Spectral Estimates, (c)
Marathon AR(8)-Spectral Estimates. {(d) Shafter AR(8)
Spectral Estimates. (e) Tres Cuevas AR(8) Spectral
Estimates.
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Figure 26. AR(8)-~Spectral Estimates for the Signal
and Noise for Event 11 are Normalized by the Variance of

the Noise. (a) Event Traces Recorded at EBach of the Four
Stations, Lajitas, Marathon, Shafter and Tres Cuevas, for
Event 11. {b) Lajitas AR(B8)-Spectral Estimates. The
Analyst Estimates for the Dominate Period of the Noise and
the First Arrival Phase are Indicated with Dashed Lines
Drawn to their Respective Spectral Estimates. (c)
Marathon AR(8)-Spectral Estimates. (d) Shafter AR(8)
Spectral Estimates. (e) Tres Cuevas AR(8) Spectral
Estimates.
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Non-parametric Detectors
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Description of the Detector Used to Implement
the Non-parametric Tests

Eﬁ(

i The non-parametric tests used to distinguish signal

>

S

._n
Y
v,

7 Y

-

from noise in the detector were performed on the

“modified" slope of the event trace observation data. d.

This "modified" slope is obtained.by discrete integration oS

of the slope of the event trace over segments with the

same slope direction. Figure 20 illustrates how the

slope and "modified" slope were calculated for each data ;

point in the event traces. The subroutine, "SLOPE", in E_

appendix B calculates the "modified" slope of the event k
N
W

trace. g:

The number of observations selected for testing the :;»

.
P
«
)

(3

performance of each non-parametric technique as a detector Ry
was 100. The sample size was chosen so that the time fL
period of each observation window would be greater than ;
the largest period expected to occur in the event trace. E«
The periods of the various components of the event trace :t
signal and noise range from 0.1 to 1.2 seconds. A window ;;
of 100 observations, taken at a sample rate of 40 samples E§
per second, correspondes to two and one-half seconds. The ;‘
first 100 observations of each event trace 1s assummed to lf
be a representative example of the background noise for E
the time period of the event trace. The first 100 ;z
observations representing background noise are denoted by é;
%
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X(1), 1=1,100, 1in the descriptions of the non-parametric
tests following this description of the detector. The
groups of 100 sequential cbservations taken at later times
in the event trace and compared with the background noise,
X(i), are denoted by Y(i), 1=1,100. The null hypothesis
used for each non-parametric test, Ho, is the assumption
that both X(i) and Y(i) are taken from the same
population; i.e., that the cummulative distribution
functions for X(i) and Y(i), P(x) and F(y), respectively

are the same.

Since we know the first 30 seconds into the event

trace precedes the 6.4 second window which triggered the

fast Walsh detector, we make the assumption that the first

arrival phase of the seismic event (P or Lg) is within the

L

first 60 seconds of the event trace. To detect the

oy

J

Ny

seismic signal a window of 100 observations is moved in

- -‘,r.;'.p "-

increments of 10 samples, 0.25 seconds, down the event

trace, Each window of 100 samples is compared to the

first 100 samples of the trace representing background

noise using a non-parametric statistical test. Detection

occurs when the non-parametric test indicates the two

windows of 100 samples are not from the same population;

i.e., the underlying distributions, F(x) and F(y), are not

the same,

Three non-parametric tests, (1) the two sample sign

test, {(2) the run test, and (3) the rank sum test, were

T N o R T VT I
........
-------
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tried in the detector to determine the most effective test

o @
b |

4
h .“'\'."

h ]

for discriminating between signal and noise. The

¥

following describes each test, the assumptions each test

RAARSNSS
J{P >,

. made, the validity of those assuaptions with respect to

the data set and the effectiveness of each test in —~—
discriminating between the background noise and the signal ;fA

:. \,:r.
plus nmnoise. The detector subroutine, "DETECTOR", is Loy

listed in appendix B.

Two sample sign test

Assumptions

'23507?552??

The data for the two sample sign test consists of two

random samples, N observations from the control
population; i.e., background noise, and N observations
from the treatment population; 1.e., signal plus noise.
In our case we choose N observations, X(1),...,X{(N}, from

the beginning of the event trace representative of the

background noise and N observations, Y(1),...,Y(N), from
the remaining portion of the event trace. Unfortunately,
the observations taken from a seismic signal are not
independent random variables. Instead there |is a
dependency between the observations. Walsh (1949,1951)
has shown that the sign test will have similar results 1if
the observations in the two samples are mildly dependent.

The two sample sign test is sensitive to changes in
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the 1location and spread of the distribution. If a signal <
§
is present the spread of the X{i) observations should be ;1
‘h
significantly different from the spread of the background iy
O
noise, Y(1) observations. The sign test run on the 22
seismic data assumed that no ties, (i.e., X(i) = Y(i)), P
"
were present. ;
L
"
Procedure -
h
To test

A

Hy: F(x) = F(y)

1. Define indicator variables

PR Rl X AL A A O (g
- - an W

1 if [(Y(i) - X(1)] > 0O
Z(1i) = 0 if [(¥Y(i) - X(1)] =0
-1 1f [Y(i) - X(i)] < O ;
1 1f zZ(i) > 0 o
5(i) = ;
0 if  Z(i) <0 ;
~
I‘~
2. Set N - :
sn = 25;2(1)5(1). ,
=
3
The statistic Sn is the number of positive Z's. Ny
~3
3. For a one-sided test of HO versus the alternative, x
Y
~
Hy: F(x) = F(y), .

2

at the alpha level of significance,

Reject H, 41f sn < [N - b(alpha,N,1/2)] o

Accept Ho if Sn > {N - b(alpha,N,1/2)],

~u) -,
'y *

where the constant b{alpha,N,1/2) under the null

l

'l. F‘)"‘r I’i”ilﬁl ~
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hypothesis satifies P[Sn > b(alpha,N,1/2)] = alpha. That

is, b(alpha,N,1/2) is the upper alpha percentile point of
the binomial distribution with sample size N and p = 1/2.

For large sample approximation wunder the null
hypothesis define:

sn* = sn - E(Sn) = Sn - N/2
SQRT[Var(Sn)] SQRT(N/4)

When HO is true, the statistic Sn has an asymptotic (N

tending to infinity) standard normal distribution,

z(alpha). The normal theory approximation test of HO

significance is

Reject Hj if sn* > z(alpha)
Accept H, if sn® < z(alpha).
In regard to ties, X(i) = ¥(Jj), 41f there are zero

values among the Z's, discard them and redefine N to be
the number of nonzero Z's. Figure 27 is an example of the
two sample sign test with N = 30, k = 10 for a confidence

interval (0.137-0.583), and alpha = 0.01.

Effectiveness

A large number of ties occur when the X(1) and Y(1i)
observations taken from seismic signals are compared.
These ties are due to the limited dynamic range for small
values of seismic observations near zero; i.e., the same
values occur more often near zero since there is a more

limited range of values to choose from. Since the ties
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Figure 27. Example of the Two Sample Sign Test.
Sign, (?,O,-l), Indicates the Absolute Value of the X(i)

Observation is, Greater Than, Egual, gr Less Than, the
Absolute Value of the Y(1i) Observation. Sn is the
Summation of the Positive Signs.
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Figure 28. The Performance of the Two Sample Sign -
Test When Used to Detect Seismic Events. The Null

Hypothesis for this Test Assumes all <the Observations,

X(i1) and Y(i), Come from the Same Population,

Background Necise. The Blue Color Indicates a Rejection of
the Null Hypothesis, i.e. a Signal is Present. (a) Bvent

19. (b) Ewvent 14.
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Pigure 29. The Performance of the Two Sample Sign

Test When Used to Detect Seismic Events,. The Null

Hypothesis for this Test Assumes all the Observations,

(1) and Y(1), Come from the Same Population, the

Background Noise. The Blue Color Indicates a Rejection of
the Null Hypothesis, i.e. a Signal is Present.
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were not taken into consideration in calculating the value
of the sign test they dilute 1its sensitivity to

differences in the spread of the distributions. Ties were

» 5 4

not accounted for because of the increase in computation
time it would require; i.e., recalculation of the test for

q the reduced number of untied observations. Figures 28 and

29 illustrate the performance of the two sample sign test
when used to detect signals. The sign test subroutine,

"SIGNEXP", is listed in appendix B.

¥

[

et

Run test )
N

o

ol

Assumptions .
Nt

A ]

)‘l

The 7run test selects N observations, X(1),...,X(N}, b

of representative background noise taken from the =

R
»

beginning of the event trace and M observations, .

Y(1),...,¥Y(M), at some time later in the event trace.

l_q,r Al Y0

Then the observations are ordered in ascending order and

o«

the number of runs (groups of X or Y observations) are

counted. The run test in this application assumes the two

’, '-‘.,- P

samples, X and Y, are independent random variables. Since
there 1is a dependence between the observations in each
sample the designated level of significance for the run
test will not be preserved.

If X(i) and Y(j) are from the same population then X
and Y will be well mixed and the number of runs will be

large. However, if X(i) and Y(j) are from widely separate

o m R OW W TR W W .- §F O ® W
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populations then there will only be two runs. The run

test 1is sensitive to differences in both shape and

location of the distributions.

Procedure
To test
Hy: F(x) = F(y)
1. Order the observations, X(i), i=1,N and Y(i), i=1,bM,

together 1in ascending order from least to greatest.
2. Set Z equal to the number of distinct groups of Y's.
The statistic Z is the number of runs in the ordered array
of observations.
3. For a one-sided test of Ho versus the alternative

Hy: F(x) = F(y) ,

at the alpha level of significance,

Reject Ho if z > z0

Accept H, if z < zo ,

where the constant 2z0 1is the largest integer which

satisfies 26
;P[Z = z] = alpha.
That |is, 20 is the lower percentile point of the

distribution of Z for sample sizes N and M.
The following specifies P(Z = z] under the null

hypothesis so that we can determine the integer z0 for a

given test size.
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() (o)
P[Z = 2] = P{Z = 2k] = 2\k-1) \k-1
T /M+N)
(W)
() (o). () (%)
P[Z = z] = P(2Z = 2k+1] =\ k k-1) +\k-1 k
o <M+N)
M

For large sample approximation define

x

z2¥ =z - B(2)

SQRT(Var(Z) ]
E(Z) = 2MN + 1
M+N

Vvar(zZ) = 2MN ( 2MN-M-N)
{ (M+N)**2) (M+N-1}).

When Hy is true, the statistic z0 has an asymptotic (N
tending to infinity) standard normal distribution. The
normal theory approximation for the one-sided run test is
Re ject Ho if z‘ > z(alpha)
Accept Hj if z*° < z(alpha).
For M > 10 and N > 10 the asymptotic normal distribution
can be used to determine z0O (Mood, Graybill and Boes,
1974). 1If there are ties, Z(i) = Z(J), we delete the tied
observations and recalculate zO for the new value of N.
Figure 30 illustrates an example of the run test for N =
30, M = 30, zO0 = 40, and alpha = 0.01. The run test

subroutine, "RUNEXP", is listed in appendix B.
Effectiveness

Due to the way seismic signals are recorded

digitally, there are a large number of ties which impede
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Figure 30. Example of the Run Test. The X(1i) and
Y(i) Observations

are Ordered in Ascending Order.
the Number of Runs of X and Y Values, 2Z,
the Number of Runs 1s Less than the
Null Hypothesis that
Population is Rejected.

Then
are Counted. If
Threshold, z0, the
X and Y Both Come from the Samne
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Figure 31. The Performance of the Run Test When Used
to Derect Seismic Evencts. Tnhe Null Hyoocthesis for %tais
Test Assumes all the Obserwvations, X(i) and Y(i), Come
from the Same Population, the Background Noise. The Blue
Color Indicates a Rejection of the Null Hvpothesis, i.e. a
Signal is Presenct. (aj) Event 19. (b) Event 14.
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Figure 32. The PerZornmance of the Run Test Wnen Used
to Cezact Seismic Events. The Null Hypothesis fcr this
Tast Assumes all the Obserwvations, X{i) anéd Y(i), Come
from the Same Paculation, the Background Noise. The Blue

Color Indicat2s a Rejecticn of the Null Hypothesis, i1.e. a
Signal is Presenct.
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the effectiveness of the run test in distinguishing the
differences in shape between two different populations.
. Since this non-parametric technigque does not have a good
way of handling the number of ties naturally occurring in
seismic signal comparisons, this technique was rejected in
favor of <the rank sum test. Figures 31 through 32
illustrate the performance of the run test as a signal

detector.

Rank sum test

i
o~
Assumptions !f
"™
<&
A9
The rank sum test selects N sequential observations,
X(1),...,X{(N), of the "modified" slope of the
representative background noise from the beginning of the ?
l". 0
event trace. Then M sequential observations of "modified" .}
]
slope, Y(1),...,¥(M), are chosen from some time later in :
*~
the event trace. The N plus M observations are ordered in &}
w3
ascending order and assigned a rank based on their {:
o
position in the ordered sequence. The ranks for the Y(i) ;\
observations, Ry{(i), are summed and the absoclute value of E‘
o,
the dlfference between that rank sum, Ty, and the :y
.'.\
estimated mean, E(Ty), 1s compared with a predetermined r
threshold value, k. -
A
The rank sum test assumes the X(i) and Y(i) ?“
A
N\
observations are independent random variables. Since -
background noise is not a purely random process and the
81 ’
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seismic signal can be thought of as the background noise J!G
"treated" with the addition of a seismic event, neither ] ;:ﬁ
the X(i) or the Y(i) observations are independent randon &E
variables. Serfling (1968) investigating the robustness 7
of Wilcoxon test, wupon which the rank sum test is based, &}1
let the two samples, X and Y, be independent of each other §"
but let the random variables wifhin a sample be possible :i;
dependent. It 1s found that the robustness of the test E f
statistic for the Wilcoxon two-sample procedure under the §f§
null hypothesis with departures from the standard ;E'
assumption of random samples depends upon the grade of gz_
correlation of the variables X(i) and X(i+1). In other ﬁ:;
words, similar results for the rank sum test should be j;;
obtained when only mild dependence occurs between the &%
observations in the samples. Since we do not know the Esf
exact degree of dependence between the observations, there £&f
is a probability that the significance 1level, (alpha), ;i_
assumed for the rank sum test does not reflect the true §$'

v

.
@

significance level.

WY v oy
v .

Procedure N

To test :%C

._:‘.‘-

Py

H - = '\-.

o: F(x) F(y) 55

1. Order the N and M observations from least to greatest Eﬂ‘
o

and let Ry(i) denote the rank of Y(1) in this ordering. :Q
-

)

2. Set ‘a7
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M
Ty = EE;RY(i).

The statistic Ty is the sum of the ranks assigned to the
Y's.
3. For a one-sided test of HO versus the alternative
Ha: F(x) = Fly),
at the alpha level of significance,
Reject Hy,  4f Ty > w(alpha,M,N)

Accept Ho if Ty < w(alpha,M,N) ,

where the constant w(alpha,M,N) under the null hypothesis
satifies
P{Ty > w(alpha,M,N)] = alpha.
Values of w(alpha,M,N) are given in Table C.1, Appendix C
(Hollander and Wolfe, 1873).
For large sample approximation under the null
hypothesis define

Ty* = Ty - E(Ty)
SQRT{Var(Ty)]

When H, {5 true, the statistic Ty has an asymptotic

(minimum of N or M tending to infinity) stardard normal
distribution. The one-sided normal approximation theory

for the test statistic is

g{ Reject H, if TY‘ > z{alpha)

p Accept Ho if TY. < z{alpha).

.

t; For M > 7 and N > 7 the asymptotic normal approximation is
o

; gquite accurate. {Mood, Graybill and Boes, 1974)

-

g If <there are ties; i.e., the ith observation in
4

J
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SR T CCOR L ENE NS At SRR TP RS




ascending order is tied with the k observations following
the ith observation then the summation of the indices
divided by k+1 is the average rank assigned to each of the
tied values. For the large sample approximation, compute

Ty using average ranks, and replace Var(Ty) by
L
Var(Ty) = MN M+N+1- Zf(i)(f(i)"z - 1)

o

12 =P IM+N) (M+N-1) ,

where L is the number of tied groups of ranks and f(i) is
the size of the ith tied group. An untied observation is
considered to be a tied group of size 1. Hence if there
are no tied observations the right hand side of Var(Ty)
reduces to

MN (M+N+1)
12

Figure 33 illustrates an example of the rank sum test
for N=30, M=30, and alpha = 0.001. The rank sum test

subroutine, "RANKTEST", is listed in appendix B.

Effectiveness

Since the ties are handled by averaging the ranks
this test 1is sensitive to the relative changes in the
shape of the seismic signal's density distribution.
Figures 34 and 35 illustrate the application of the rank

sum test to detect a seismic event.

Conclusions

The rank sum test was the most effective of the non-
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Figure 34. The Performance of the Rank Sum Test Wnhen
Used to Detect Seismic Events. The Null Hypothesis for
this Test Assumes all the Observations, X(i) and Y(1),
Come from the Same Population, the Background Noise. The
Blue Color Indicates a Rejection of the Null Hypothesis,
i.e. a Signal is Present. (a) Event 19. (b) Event 14.
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Blue Color Indicates a Rejection of the Null Hvpothesis,
i.e. a Signal is Presenc.
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parametric tests in discriminating between signal and

noise. After studying figures 28,29,31,32,34 and 35 one

L2 g 3

can see that the rank sum test does the best job of
discriminating the event signal from background noise in a
trace where an event signal is known to be present. The

success of the rank sum test is due to its method of

- WX XN

handling the large number of ties indigenous to seismic

signals.
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DETECTION TECHNIQUE AND FIRST ARRIVAL PICKER
EMPLOYED TO FIND THE FIRST ARRIVAL PHASE OF
EARTHQUAKES AND EXPLOSIONS IN SEISMIC
SIGNALS CONTAMINATED BY NOISE

Description of Non-varametric
Detector and Picker

The rank sum test applied to the "modified" slope of
the event trace observation data most clearly
distinguished seismic signals from the background noise of
the three non-parametric techniques tested. Several
implementations of a detector based on the rank sum test
were run on a training set of 48 event traces. The level
of significance for the rank sum test was varled to find
the threshold for detection which would allow the rank sum
test to clearly discriminate between signal and noise.
However, the "unmodified"” application of the rank sum test
to discriminate between signal and noise was not
Yconsistent” 1in picking the seismic event due to varying
S/N ratios. To allow the threshold for detection to
change with S/N ratio a "modified" version of the rank sum
test was implemented.

The minimum and maximum rank sums for a each trace
were determined in this "modified" implementation of the
rank sum test. If the range of the rank sums, (i.e., sum

of the ranks in each window), for a trace,
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maximum rank sum - ainimum rank sum,
is greater than 3600, which was observed to constitute the

*"high" S/N case, then the threshold for signal detection

A (T2 O Wi a 2 ® o

5

is computed to be the minimum rank sum plus 2700. If the .

E 3 4

range of the rank sums is less than 3600, which was

Job el S

;A

a
'{r'i R_A

observed to constitute the "low" S/N case, then the signal t}
detection threshold is computed to be the minimum rank sum >
pPlus 75 percent of the range of the rank sums. Based on a br
detailed analysis of the rank sums test when applied to ‘Pé
the event traces 3in the data set, this allows é,
N

approximately 99.9 percent of the rank sums due to
background noise to fall below the threshold in the "high"
S/N cases and 99 percent in the "low" S/N cases.

The automatic first arrival pick is defined as the
first zero-crossing preceding the first observation in the

first detection window whose modified slope 1s at least

1.05 times greater than the maximum modified slope value

of the representative background noise. S;

The event detector based on the rank sum test takes

the first N=100 observations in the event trace to be a

P U

WA GN TN
} 2 2 N

&

representative sample of the background nolse present in

&

that event trace. The rank sum test 1is computed for

E 1
P

U

ocbservation windows, N equal 100 samples in length, mcoved

X3

2

in increments of 10 samples, 0.25 seconds, down the event

trace. The rank sum of each window is computed and

v

'{"_1'.

compared with the rank sum of the background noise window.
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The subroutine to detect and pick the first arrival phase,

"RANK2700", is listed in appendix B.
Results

The detector which used the "modified" version of the
rank sum test described in the preceding section to
discriminate between signal and noise was run on 152 of
the event files recorded during the GSETT experiment.
These event files were selected to give the broadest
representation of the wide variety of seismic signals we
would expect to encounter if the detector were run over
all events recorded by the fast Walsh detector on a daily
basis.

To analyze the performance of the "modified" rank sum
detector we looked at 128 of the event traces. Since 24
of the 152 event traces the detector was run on were also
included in the training set wused to develop the
"modified" wversion of the rank sum detector they were
excluded in this analysis to give us an unbiased look at
the detector's performance. One hundred and twenty-four
automatic picks were compared to their respective
analyst's picks. Sixty-five were within 0.4 seconds of the
analyst's pick. After analizing the automatic picks
differing from the analyst's picks by more than 0.4
seconds, it was concluded that 5 appeared to be more

correct than the analyst's original picks. Twenty-four of

91
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the automatic picks were ambiguous, either the automatic :
pick or the analyst pick could be correct. Thirty-five of &
sl

the automatic picks had errors larger than 0.4 seconds ) S
o

relative to the analyst picks: 4 local; 28 regional; and 3 ;
T ox

teleseismic events. The representative background noise

~
A
:

el

for 22 of the regional and local automatic picks with
errors larger than 0.4 seconds contained P arrivals. This
indicates that the violation of the assumption that the
first 100 samples 1s background noise causes a

deterioration in the accuracy of the automatic first

arrival pick. The apparently erroneous automatic picks
: that occur for teleseismic events are caused by small
emergent precursors to the P-arrival which the analyst
picked.

Occasionally, the assumption that the first 100
observations in the event trace represent background noise
is wvioclated. Either because the fast Walsh detector did
not detect the P arrival but instead triggered on the Lg

arrival or because the signatures from two seismic events

S T T TR AW R s Ba X

occurring near the same time overlap each other on the the
event trace. This causes either the P arrivals or the
coda from a preceding event to contaminate the first 100 ~
observations assummed to contain onl?tbackground noise.
When the 1initial assumption that the first 100
samples of the trace represent wuvackground noise is

violated the detector discriminates between signal and
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TABLE 4.

AL EVENTS

EVENT NAME RANGE
842831418.237 5857.8
L 42892313. 283 4832.5
H42911851.881 3742.8
142932323. 218 5323.2
T42873815.346 S751.5
L42971753.818 5272.2
$42971752. 818 B174.8
74258@218.85! §564.5
$42928136.33! 3881.8
M42882285. 338 42394.3
T42891418.234 8§348.5
H42912148. 2348 5148.8
T42912213.857 4214.5
L42922528. 228 5145.35
§42920@528. 33! 4184.8
T42928528. 028 5536.3
L42921533.236 5463.2
M42921533.223 5871.8
§429215323.326 8§¢61.5
L429214858. 331 3538.2
742921858. 928 4275.8
L42932129. 289 5485.5
142932129.¢@6 5§737.8
L42891418.237 4922.5
1429519@8.357 5529.5
1L42962037. 316 3723.5
542972815.339 £539.5
$42892313.916 S454.8
M42892328. 037 KEIRIN-1
M42330@19.353 4573.5
T42832054.344 5884.3
L429323€3. 213 5848.3
K42932283.22¢ €883.5
$42921432.33¢ 3994.8
N42851928.352 §725.2
§42911633. 600 4588.5
$4290d321.923 4569 S
M42891418.353 $475.5
L42930¢19.851 4862.8
L$2832354. 844 5§534.2
M42871753.9833 59328.°5
742892324.216 5748.82
M42931822.247 4772.3
$429118d7.328 4363.2
M42921432.214 4353.2
142911887.832 4578.5
142951948, 857 5312.5
T42921429.218 3944.8
142882327.312 £168.3
142811851.287 5@s5.5
T42911358.356 4682.5
142821828,9233 4112.5
742891335, 398 386@.2
T429@a136. 21 4554.5
142802298, 33Q 3713.3
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AL EVENTS

EYENT NAME RANGE
142921533, 236 g1.5
W¢2962828. 321 4733,
5§42981821.3%S 4187.
L42911837.323 4572,
L42812:42. 2158 5733,
®4231.887.328 4ldés.
Lé2312213.357 4443,
L42921429.222 2238.
Re2332128. 2 s&72.
T42882313.228 5583,
L42982247. 213 4145,
742512328, 223 5643.
$42932129. 18 g33s.
M¢2891815.3328 348,
L+231:85}, 382 4826,
H42512325.326 SS543.
W§25822.3.3¢2 852,
Lé2911888.2:7 4382,
542962238.314 4264
T42911682.222 5187,
§42892327.218 4236,
T425882246.238 3742.
M42921822. 328 3958,
M42372815.243 B12E.
MeZ3116d2.228 3788.
M4297185). 383 2483,
L42972815.248 62891,
$429515@9.2383 5251,
T42921829.338 48438
L42831718.2853 4166.
142891814.3¢6 4812
L42971852.227 4583,
$42332383. 235 56¢8.
L4291@325. 2% 5358
142962337.316 36SS
42891719, 857 3826
L42882327.216 4615
T42831719.3¢7 4242
34292:223.32 5631
M42812214.2352 4267,
$425921858.358 3923,
542911851.811 5646
M428913Q6.343 3349
T42812143.315 5518
L 42892228. 827 286¢
742871782.352 55es.
42920522, 384 5738
742971851, 222 3419,
M42982246. 328 4954
N42892384.328 4193,
542932211, 828 2868.
5429@2247. 016 2997,
$429119548.358 6332.
§42892324. 212 S48€.
142891815, 218 4178,

""';C'

Errors (Automatic Minus Analyst Picks in
Seconds), and Ranges of the Rank Sums for the
152 Events Used to Test RANK2700
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TABLE 4 (Continued)

ALL EVENTS LOCAL EVENTS
EVENT NAME RRNGE ERRCR EVENT NAME RANGE ERRCR .

342891719.@25 42385.5 7.4 L429717%3.818 5I72.8 0.3
L42981821.816 4485.5 7.5 542971753.318 6174.3 8.2
Ti191822. 837 3292.8 -9.1 L42562337. 216 I7.5 e.!
$42971950.848 4355.5 18.1 M42922255. 328 4234.8 8.! :
342912129, 238 3742.8 18.4 M42812142.342 S148.2 e..
S42891815.218 3473.5 18.4 T42892304.216 5742.2 8.2
M42580137.018 4228.2 12.6 T42382254. 344 S384.2 B.2
M42911953. 228 4189.2 13. 4 M42571753.733 §223.5 8.2
542891923.818 33s:.2 =iE. L42592354.344 5524.2 -3.2
Ne882313, 32 47€2.5 -15.3 M42582838. 831 aTs Q.4
L42891906.232 3868.5 -17.5 Lé2s12142.215 5733.2 8.4
L42892334. 239 §576.5 -18.9 $42562228.214 4264.5 8.8
$42913325.216 5376.2 -22.3 M42971851. 308 2423.5 -1.8
M42921858,05¢ 4645.5 ~23.6 L42971852.9¢7 4583.2 1.2
$42912215. 20y 5845.2 -23.7 142962237. 818 3655, 2 {.5
L42900136.053 4227.5 ~25.3 T42812148.815 5514.5 -2.9
542902054, 35! 6834.2 -26.8 T42871752.252 5585.3 3.3
L42911602. 8€7 4522.2 -33.3 T42371851. 282 3418.5 3.3

M42892224.228 4183.5 =51
MUMBER OF EVENTS = 128 S42832224. 212 5456.3 .3
MECIAN = 0.5 $42971952,048 438E.5 1.
MW = 3.2 $42912139.232 3742.2 18.4
YARIANCE = 2.2 L42892324.238 $576.5 -19.39

S$42592254.351 6694.2 -26.8

NUMBER OF EVENTS = 24

KEDIAN = 0.8

nEPN = 4.0

YARIANCE = 326.3
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TABLE 4 (Continued)

REGIONAL EVENTS REGIONAL EYENTS

EVENT NAME RANGE ERRCR EVENT NAHE RANGE ERRCR
$42851418.237 5257.2 8.8 T42891814.346 4312.3 1.2
L42882313. 823 4832.5 9.3 L42891718.853 4166.5 1.2
M42811451,85! 3742.8 8.2 $42932383.235 $628.5 -1.2
742932383, 213 5§323.2 2.2 742921829.233 4848.5 -1.2
$42892313.316 S454.2 g.1 L42318328.372 5353.3 1.4
M42892328. 387 33115 8.1 M42831718.857 5.3 T
542839136.23! 3581.2 8.l L42892377.816 15,2 -..8
742891418.33¢ 5348.5 -3.1 T42881718.847 4242, 1.3
T4238:12213.357 42.4.5 2. $423921823, 222 S6d..S -2.3
L42921533. 336 54€3.3 8.1 M42912214.852 dE7.2 P
®42921533.323 5871.2 8.: 542921858.258 3823.85 2.2
542921533, 326 S261.5 a.1 542311851311 5646.3 =2.4
L42921853. 331 3888.3 B.! M42831306.342 3348.2 2.7
7429218558, 328 4275.3 8.1 L42832238.227 2862.2 3.2
L42532129.328 5485.5 3.1 M42532246. 323 4554.5 4.4
742532129, 836 5757.3 8.1 S42592211.382 882,23 S.!
L42831418.237 4823.¢ -a.! 542882247.2:6 26587.2 S.4
$42521428.333 3884.2 3.2 542811358.@88 6332.2 5.2
M42881 418,353 5475.3 8.2 Lé2801815. 318 4178.3 6.5
L42932333. 214 5848.2 a.2 S542831719.325 482,35 7.4
M42332333. 23 5883.5 2.2 L4233182..216 4425.5 7.8
§42811623.8382 4528.5 4.2 74238:822.237 3282.3 -9.!
T42321428.218 3544.2 2.3 §428918!5.218 3473.5 18.4
742832225.2833 13.2 8.3 M42388137.318 4228.3 12.8
T42882327.312 Sig8.¢e 8.3 M42911853.23:28 4153.3 13. ¢
542911887.326 4353.3 8.3 542891883.2:8 3381.3 -{5.1
L42921823.339 4112.5 2.3 M42852312.922 4763.5 ~15.3
T42911887.932 4573.5 -2.3 L42831926.37%3 3868.35 ~17.5
742891385, 2e8 3883.2 2.3 542913225, 216 5378.2 ~22.3
T42811851.207 £859.5 a.3 M42321259.2354 645.5 -22.6
T42911858.856 4682.5 2.3 $42812215. 38! 5848.3 -23.7
742883136, 221 4554.5 2.3 L429@3136.253 4227.5 -25.4
M42921433.314 4353.3 8.3 L429116d2. 227 522,38 ~-32.3
42831829, 247 4778.2 8.3
L429118@7, 223 4572.5 2.4 NUMBER OF EVENTS = 88
742921533, 836 §751.5 2.4 MEDIAN = @.6
142912213, 257 4443.5 -3. 4 MERN = 3.5
M42311837.823 4144.5 2.4 YARIANCE = 135.6
$42501821. 325 4187.2 2.4
142521428, 322 2295.2 8.5
M42832128.22 Sg7e.2 2.5
742918325.228 5643.2 2.8
§42932129.2:8 63685.5 -3.8
742892313, 308 §583.5 8.6
L42911851.283 4626.5 2.6
Me2891815.228 3481.8 8.5
L42582247.813 4145.3 -4.6
K42918325.326 $548.2 e.7
M42%e2218. 322 4852.3 8.7
L42911858. 917 43%8.3 -3.7
T42911682, 382 5197.5 2.8
542892227.318 4236.8 -a.8
T42922246. 238 3742.2 9.3
M42911682, 338 3788.2 8.9
M42921833. 208 3858.5 a.3
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TABLE 4 (Continued)
TELESEISMIC EVENTS
EYENT NAME RANGE  ERROR
T42979815.846 5751.5 8.4
742922819, 251 5564.5 2.1
42528528, 928 5145.5 -2.1
542922524, 281 4184.0 2.1
142922528, 228 $536.8 -2.!
142951308, 357 §8523.5 2.
$42972815. 233 5339.5 2.1
142980813.853 4573.5 2.1
L42522919. 851 4862.8 -8.2
542982821, 223 4563.5 2.2
M42351398. 253 5725.8 2.2
142951928, 857 5912.5 2.3
#42978815.243 §135.5 2.3
142978815, 346 6291.8 -1.1
$429519@3. ¢ 5251.5 -1.1
M42528528. 324 5799.5 -4
NUMBER OF EVENTS = 16
MECIAN = B.1
MERH = B.5
VARIANCE = 853.8
96
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noise poorly. One way to improve the effectiveness of the
detection method is to extend the time preceding the 6.4
second window triggering the fast Walsh detector to 6C
seconds. Past experience in picking the first arrival has
shown that while the Pn arrival sometimes precedes the Pg

arrival triggering the Walsh detector by more than 3¢

seconds all of the Pn arrivals are included in the first
60 seconds preceding the window triggering the detector.
Then only overlapping seismic events will cause the
performance of the detector to deteriorate. Of the 400
event traces 1in the data set only four were overlapping
events. Table 4 1lists the errors relative to the
analyst's picks in the automatic first arrival picks and
the range of the rank sums for all the events and for ec<ch
individual type of event; i.e., local, regional :.:d
teleseismic. The illustrations depicting the performanc-
of the automatic detector and first arrival picker on 15¢

event traces are included in appendix D.
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CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK 7]

’

The rank sum detector 1is extremely robust and !

P

excellent for distinguishing a broad category of seismic ﬁ
signals from noise. However, - the time ©preceding the ‘
A

window triggering detection in the fast Walsh detector 3@
™M

should be increased to 60 seconds. To illustrate this 'y
XN

conclusion let us examine an extreme case where we would ®
L

like the detector to pick either Pn or Lg as the first F
arrival for later event association and lccation. Suppose t:g
o

-

the fast Walsh detector fails to trigger on the Pn arrival ®
ot
from a regional event 13° from the recording station. The ,@
Pyt

maximum time interval between Pn and Pg at 13° 4is §7 \
\J

A

seconds. So if the fast Walsh detector triggered on Pg, !
%)
iy

the Pn arrival would still be included in the event trace s
)
file if the predetection time was increased to 60 seconds. "Q
If the fast Walsh detector triggered on Lg instead of Pg, o
‘ F'Jq‘ 1
then we conclude the Pn arrival must be too far below the 3!
RS

background noise level for even a human analyst to discern Q;
. LS
otherwise the fast Walsh detector would have triggered on :‘
(S

Pg instead of Lg. 1In this event the human analyst would N
pick Pg as the first arrival when we would rather have him }:
L

pick Lg for later association purposes. Since the time ’
-J ‘
interval between Pg and Lg for a regional event 13° from f )
i
v ()
(]
98 2 -
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K the recording station is 3 minutes, the automatic detector would select Lg as \

. the first arrival. The real time fast Walsh detector writes seismic events oc-

curring closer together than 60 seconds into a continouous event file. There

I
.

should be no significant problem with overlapping events in extending the pre-

L -

detection time to 60 seconds for each event file. Then 99% of the automatic

[ picks should be correct within a median error of plus or minus 0.2 seconds A

(R

(see Table 5). by

",

The next step is to develop a criteria to break up the class of signals

detected into local, regional and teleseismic events and then into earthquakes \

A and explosions. Decision tree or stratified layer classification is designed to !
L~

take advantage of such situations (one or two features; i.e. slope, period or
[, t
- amplitude) to improve efficiency and, if possible accuracy. The decision tree ;
«’

classifier progresses through a series of stages or layers; at each layer certain

classes (local, regional and teleseismic) are separated in the simplest manner

3 possible. It is flexible and permits different features and classifications (boun-

3 daries) to be used to separate different classes. (Schowengerdt, R.A., 1983). !
) t
.‘

99
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TABLZ 5. Errors (Automatic Minus Analyst Picks in " -;
Seconds), and Ranges of the Rank Sums of Events bys
which do not Violate the Initial Assumptions -
|
AL EYENTS EXCEPT THOSE AHICH AL EVENTS EXCEPT THOSE WHICH ;“
VICLATE THE INITIAL RSSUMPTIONS VICLATE THE INITIAL ASSUMPTICNS v
OF THE RANKZTT8 CETECTIR OF THE RWNKZTI@ CETECTR »;'
&
EVENT NAME RENGE  ERRCR . EVENT NRKE RENGE  ERRCR E:
$42891418. 337 5357.2 9.2 542321423.722 1984.3 3.2 \_):
142897224, 338 §576.5 a.2 142832224. 318 574d.3 2.2 L
Lizean. e 4802.3 4.3 $42282821.2322 4383.3 8.2 ~
wizzad177. 313 azze.d 2.3 W4z223t 413, 253 €475.3 3.2 o
Lizzarasi.ais 4428.3 3.3 R 8 £343.0 b ~
T42331823.237 232.3 3.3 M4T322333.328 £3289,3 3.2 ."J
L42313725. 372 £323.3 3.3 W4z3T17S2, 322 £329.3 3.2 D
L42311832.297 4522.3 3.3 $42311632.28 23.3 3.z -;J
M4231.832.328 3738.3 8.3 L423320S4. d44 §234.3 ~3.2 :,,J
T42911532.293 5187.5 8.2 W42551904. 353 5725.3 2.2 >
L42911851.383 4626.5 8.2 (42624413, 351 4862.3 .2 ,\
M42911851.351 1742.3 8.2 42911887, 326 4369.3 2.3
M4o311953.308 4128.3 3.3 142311847.322 4§73.5 ~d4.2
T42912148. 15 $518.5 3.3 142397727.312 5163.d a.1
M43321373.238 28%3. 3 3.2 1462929136, 32! 4524. 5 3.3
$42321953,358 33223 8.3 M42321433.314 43£2.3 3.2
M42922123.328 £973.3 3.3 T4291:851.3387 £353. 5 a.3
§42272:28. 18 §335.3 8.2 T42921428.318 3944.4 3.2
§42332233.328 €328.3 8.3 142291585.288 2823.2 2.2
T42372232.313 §322.3 3.3 742911858.4356 4652.35 2.3
$42351239.28d gest.s 3.3 n42°a31823.347 4773.2 8.3
§42362223.314 4254.3 3.3 1429214329.339 4112.5 2.3
T4236%2337.016 2633.4d 4.3 1.42351284.357 S312.8 .2
T423572815.346 5751.3 4.3 142332739.323 37:2.3 8.3
L42371752.318 g3 4.3 ®e2311887. 23 144,85 3.4
54287 7532 6174.3 8.3 L42812212,357 4443.3 —3. 4
Ti2971752. 352 $535.3 8.3 742921533. 326 5751.5  =a. 4
M42371551.30Q 2433.5 8.2 M429623348. 231 4723.5 .4
T42371351.38¢ 2413.5 3.3 54293182.325 4187.3 -d.4
$47571572. 326 5251.5 3. Li291214.215 §722.3 .4
M42352723.337 211,35 3% 1L42911867.323 4572.5 3.4
L62321855. 320 2858.3 2.1 L42592247.013 J45.3 4.3
H42533813.352 4573.3 2.% 742892212.388 ge22.5 3.3
Ti2321253.328 42753 2.1 742919225, 323 £643.2 9.3
1L42322129.388 5455.3 .a n42891815.328 2431.5 9.8
Ti2233813. ast §554.3 ! #42810325. 326 §543.2 8.7
L42891418.337 4873.3 .1 L42311953.317 .2 =T
742372125 208 537.3 2.1 142332210, 322 «@s2.3 2.7
842323128, 328 282:.3 3. §42292327.418 48%8.3 —d.3
T42351418.324 §348.3 -3.1 T42332246. 228 3742.3 3.3
542392213, 318 5454.2 8.1 M42573815.343 6125.3 -3.3
T4255139.357 8529.3 3.1 1L42973815.348 §331.3 -{.1
L42552027. 315 3773, 2. *42321923.328 848.3 -i.2
He2512143.343 £149.2 2.1 LA2971352.337 LR | 1.2
N42592355. 329 4234.3 3.1 TAZ2913L 4. 346 4812.2 1.2
§42372815.329 §509.5 2.1 142841718.353 4166.3 1.2
T633122:2.357 4814.5 3.1 Nn42891713.357 3826.3 1.7
1 42923523.228 5145.3 -d. ! L42892327.31s8 4619.3 -1.3
$42379523.221 4184.3 a1 TI2831718.347 ., 4242.3 1.3 -
742522523, 208 $338.3 2.1 442891906.343  3343.3 2.7
142321532, 325 5463.3 8.1 L42922239.327 2863.3 1.2
M4292:532,323 €371.3 g.% M42923523.034 §729.5 ~3.4
742997054, 344 334,23 2.2 442892734. 328 A3s -5l

< -_"\_ N
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TABLE 5 (Continued) o
e
®
. ALL EVENTS EXCEPT THOSE MHICH LOCAL EVENTS EXCEPT THOSE sHICH N
VIGLATE THE INITIAL RSSUMPTIONS VIOLATE THE INITIRL RSSUMPTICNS
OF THE RANK2798 DETECTOR OF THE RANK2703 OETECTOR )
. EVENT NAE RANGE  ERROR EVENT NAHE RANGE  ERRCR
42897384, 212 54%6.8 5.3 L42892384. 239 §576.5  6.e
$428981718.825 4825.5 7.4 T4291214Q.215 8518.5 8.3
$429623248. 214 4264.5 8.3
NUMBER OF EVENTS = 128 T42362837. 816 3685.23 8.8
WEDIRN = .2 L2971753.218 w22 8.2
NN = B.5 $42971753. 218 8174, 8.2
VARIPHCE = 1.3 © T62971752.852 ses.a @2
W42571551, 203 435 B.e
T42971851.2e8 3414.58 g.a
H429@2255.838 4284.2 8.1
1 42862237.316 3722.5 2.1
M42912140.242 5149.8 8.1
14299285 4. 244 Ssaee 2.2
1428522384. 216 §743.8 6.2
142502254, 244 ssee.3 8.2
M42971752.238 S$2358.5 8.2
L42812142. 218 §7322.2 8.4
H42562438. 33t 4733.5 3.4
L42371852.287 4583.2 1.2
N42832334.328 4193.8 -5.1
$42892784.312 546,82 6.3
NUMBER OF EYENTS = 21
MEDIAN = 2.1
RERN = 0.7

YARIANCE = 11.5
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TABLE § (Continued)

"
"
A
)
,;-
%
“
%

REGIONAL EVENTS EXCEPT THOSE RHICH REGIONRL EVENTS EXCEPT THOSE WHICH
VIOLATE THE INITIARL ASSUMPTIONS VIOLATE THE INITIAL ASSUMPTIONS -
OF THE RANKI70@ DETECTOR OF THE RANK2722 DETECTOR
EVENT NAME RANGE ERROR EVENT NANME RANGE ERROR

$42891418.837 5957.8 8.8 742819325, 328 5643.8 [ X
142892313, 023 882.5 9.2 T42892313.088 §583.5 8.6
M423802137. 313 4228.8 2.3 L42882247.813 4145.8 ~3.6
L42821821.216 4435.5 2.8 n42891815.928 3481.5 8.6
742821823. 237 3292.3 8.2 ¥429822:8.32 4@52.2 a.7
L42919325.332 5858.8 8.2 M4231@8325. 826 5540.8 8.7
L42911682.897 4522.8 8.2 L42911858.817 4390.9 -2.7
M42911602.238 3788.3 g.8 $42892327.818 4296.8 3.8
T42811602.923 5197.5 e.8 T42882246.2338 3742.8 8.9
142911851.2@3 4628.5 8.8 T142921828.238 4844.5 -1.2
Mé2911851.851 3742.8 2.8 L42891718.2858 4166.5 1.2
M¢2311959. 2988 4188.2 8.2 74289181 4.846 4812.8 1.2
K42921838. 888 3858.5 2.2 n42891719.857 3826.3 1.7
$42921858. 256 3823.8 2.2 L42892327.816 4615.5 ~-1.8
M42932129.231 5872.3 8.2 142891719.047 4242.8 1.9
542932129, 818 6383.5 0.2 ¥42891936.842 3348.5 2.7
$42922303. 235 5628.5 8.8 142902228. 827 26862.3 3.2
742932283, 018 5323.2 e.2 $42891718.825 4805.5 7.4
142921533.936 5469.2 8.1
M42921533, 223 5871.3 8.1 NUMBER OF EVENTS = 71
$42921533. 326 5261.5 8.1 MEDIAN = 8.2
$42388136, 231 3581.3 8.1 HERN = 8.5
1.42821853.231 3938.3 2.1 VARIANCE = .S
L42891418.237 4823.5 2.1
742921859, 2328 4278.8 8.1
L429321239, 283 5488.5 2.
$4289313. 016 5454.2 8.1
M42882328.287 3311.5 8.1
742932125.8@6 5797.8 2.1
T42891418.834 §348.5 2.1
T42912213.357 4a14.5 a.t
M42891418.853 5475.5 a.2
L42932383. 813 5844.2 8.2

H42932383. 835 5883.5 8.2

$4232143%. 230 3994.8 -8.2

$42911623. 208 4588.5 8.2

142891985. 288 3889.8 .3

742911851, 387 5853.5 0.3

n42981828.247 4778.8 2.3

742911858.856 4692.5 8.3

742892327.812 5168.2 8.3

N42921430.814 4350.3 8.3

142982289, 422 3713.2 9.3

742921429.018 3944.8 -2.3

$42911837.0826 4369.32 9.3

742911827.832 4579.5 -2.3 -
742900136, 321 4554.5 2.3

1.42921829.239 4112.5 8.3

$42921821. 825 4187.8 2.4

T42921533. 836 §751.5 3.4

L42912213. 857 4443.5 2.4

142911887, 228 4572.5 8.4

n42911887.328 4144.5 8. ¢
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TABLE 5 (Continued)

TWLALSANANT o

%

. TELESEISMIC EVENTS EXCEPT THOSE RAICH
VIOLATE THE INITIAL RSSUMPTIONS
OF TME RANK2708 DETECTOR

g
e pd (%R

|

|

) EVENT NAE RANGE
J

t

i

)

$42951389. 200 5251.5 2.2

142978815. 846 5751.5 8.8

L42920528. 888 5145.5 8.1 %
§42922526. 981 4184.2 a.: !
142922528. 208 5536.2 -8.1 5
42382018, 853 4579.5 8.1 :ﬁ
742951928. 857 5533.5 B.1 n
542972815, 239 5599.5 2.1 ’
742922919. 851 55645 -9.1

542922221.823 4563.5 8.2

#42351328. 858 5725.2 8.2

L 42902219, 851 we2.p 9.2

L42951928. 257 5312.5 8.3

M42978815. 843 6135.5  ~8.9

L42978815. 846 seal.8 =11

K42922528. 834 5793,5  ~3.4

NUMBER OF EVENTS = 18

WEDIRN = 8.1

KERW = 8.4

YARIANCE = 22.3
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APPENDIX A

FAST WALSH TRANSFORM DETECTOR
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The Walsh functions are an ordered set of rectangular

waveforms whose amplitudes take the values +1 or -1. They

[ 20 S"ae Sin Te S sov oy

are arranged in order of increasing number of zero-
crossings per time interval, so called sequency order.

Seguency is defined as one half the number of zero-

!
J
‘J
g
3
h

crossings per interval. The segquency of Walsh transforms
is analogous to the frequency of sines and cosines used in

Fourier analysis.

Any time series can be expressed as the weighted sunm
of a series of Walsh functions. The Walsh transform
provides the coefficients for the summation in the same
way as done by a Fourier transform. The advantage of the
fast Walsh transform 1s that it can be computed much
faster than the Fourier transform because it involves only
integer addition and shifting. The macro subroutine for

the fast Walsh transform used in the real time event

detector is listed in appendix C.

One complication of the fast Walsh transform is that

it does not produce a spectrum in sequency order.

Instead, it produces a Paley ordered spectrum (sometimes

' *e' s
[ARIR

g a

called natural order) in which the subscripts have been

1

')l

bit-reversed, The seismic event detection program uses

’

Y -,

lookup table A.1 to convert a sequency subscript from the

A AR AE IR IR IREl V' a o W e w )l Faee wm

v

E)
AR al

4

passband into a bit-reversed Paley subscript in the

transformed spectrum. {GSETT Report, Paul Golden, 1985)

B & %p
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TABLE A.1 Seguency Subscript to Bit-Reversed
Paley Subscript Conversion

SEQUENCY ORDERED SUBSCRIPTS BIT-REVERSED PALEY ORDERED SUBSCRIPTS

t 1 1 1
2 64 2 n
3 » 3 49
4 n 4 17
5 16 5 25
6 4 6 s7
- 7 17 7 “
[ 48 [ 8
g8 8 ] 13
19 §7 12 4
1 >} 1 3
12 @ 12 Pl
13 9 13 2
\ 14 56 14 53
[ 15 24 15 7
! 16 41 16 5
\ 17 4 17 7
18 sl 18 39
19 29 18 55
22 36 28 2
21 13 21 3
2 52 7] 63
z 28 n 47 °
24 & 24 1S .
5 5 p-3 1
26 62 26 a
27 28 7 59 %
28 7 28 7 *
8 12 23 19 i,
3 53 38 51 e
3 2t 3 35 ®
2 4 32 3
33 2 n 4
3 63 3 36
s 3 35 52
'S k1Y 26 28
” 15 7 28
kY] s8 28 68
ag 18 39 “
! T 47 8 12 -
4 7 4 16 N
2 2 58 42 48 '
4 26 43 64
“ 3 “ n o
I 18 4 24 S
® 55 46 56 N
47 23 47 48 ®
48 «Q @ 8 o
4 3 43 ] o
2 62 ] 38 N,
st k"] 51 54 ::._
52 35 52 2
53 14 53 38 NG
S¢ 51 54 62 o
55 19 55 “® ®
56 % s6 34
57 6 s7 12 :"'
; g 59 58 @ RN
sg 27 s 58§ .\f.
68 E" 62 26 s:
61 it 61 18 oy
62 54 62 S8
63 2 63 u ®
54 43 64 2
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The time series data in the detection window 1is

!

transformed using the fast Walsh transform. The absoclute E

values of the weighted coefficients are summed across the E

pass band. The sum is then normalized by shifting to the é

value it would have had if the weights had all been 1. i

This normalized sum is the magnitude which 1s compared to E

h the threshold for the channel. = A magnitude below the §
o

g

threshold triggers the detecticn.

When detection occurs the gsignal is written to an

event file. This event file 1is later graphically

L]
w34
1\
.
bV

displayed toc enable a seismic analyst to discriminate
between an "event" signal and "glitches" or "noise" and to

pick the event parameters. {Goforth and Herrin, 1981)
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LIST OF SUBROUTINES

AR_SPECTRA -~ COMPUTES AR(P) SPECTRAL ESTIMATES

RKAIKE - COMPUTES AR YULE—WALKER COEFFICIENTS

(oY - COMPUTES AUTCCCRRELATIONS FOR R TIME SERIES

DETECTOR - QETECTCR USED TO TEST NONPARAMETRIC TESTS

1F%M64 - INTEGER FRST WALSH TRANSFORM IN MACRO FOR G4 POINT WINGO®

NEIGHBIR - COMOINES SEGMENTS WITH NEAREST NEIGHBOR DECISION RULE

[]

»

[ ]

POF - COMPUTES DENSITY DISTRIBUTION MISTCRGRAMS ]
w
Polr A-BURG - COMPUTES AR BURG COEFFICIENTS \Vy
=
W

RANKFREQ -~ COMPUTES RANKS AND FREQUENCIES FOR N OBSERVRTIONS

e
A -

-

RANKTEST - COMPUTES THE RANK SUM SU~ "EST FOR NeM OBSERVATIONS

B

<

RANKZ739 - DETECTOR BRSEC ON R MOC[FIED RANK SuM TEST

§
RUNEXP ~ COMPUTES THE RUN TEST FOR NeM DBSERVATIONS *»
i
o
SIGNEXP -~ COMPUTES THE SIGN TEST FOR N GBSERVATIONS N
V’

SLOPE - COMPUTES MODIFIED SLCPE FOR A TIME SERIES

110
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SUBROUTINE AR_SPECTRA IFWAX ,FUIN,

*

-

C— defined by M.B.

This eubroul!ne cosoutse the fR speciral
Prieatly In Spectral Anaiyeis and Tise Serles,

c— (paperbock), p. gft, 1881,

REAL PMAX
REARL FMIN
REAL COEF INCOEF)

REAL PF(251)
REAL PFLOGI2SL)
REAL VAR

INTEGER NCCEF
COMPLEXR8 CMPLXF,CONST, 5L
a8 TWOPI1/18.2.6.28318530718)/

COMPLEX
REAL TWOP1/6,28318538718/
INTEGER NF

.,A\ “'*“‘ \*’v”!*\)‘\'-\ ~ R

F = (FLOAT(K~11/SRATE) + FRIN

SUM = PLX(1.8.08.2)
IF INCOSF. .11 TN
oo 131, NCOEF
OFLXF = OMPLX (Fal,B.8)

\WRRIANCE OF WHITE NOISE OF PRCT

COEF NCOEF
PF, PFLOG. NF . VAR . ARMAX)

estinals o

|FREQUENCY MAXIMIM

IFRESUENCY MINIMUM
IAR COEFFICIENTS

\RMPLITUDE OF AR.SPECTRA AT F

JAMPLITUCE IN dB OF ARSPECTRA AT F

~reg
—

|NMBER OF AR COSFFICIENTS

INUMBER OF POINTS IN RR-SPECTRAR

C~ COMPUTE SPECTRAL ESTIMRTE FOR EACH FREQUENCY

F = FAIN
SRATE = FLORT INF-1) 7 (FMAXFRHINY |COMPUTE FREQUENCY INCREMENT
DO K = 1.WF

1 (R-1)th FREGUENCY

toOMPLEX FREQUENCY

SUN = SN - D’PU(CBE.F(H.B.E]ICEXP(TNOPHIWLXH

€0 00
END IF
CONST = SUMBCONJG{SUM!
PFIK] = 1./REAL{CONST)
PFIK) = PFIK)Im2.8VAR
PFLOGIK) = 28, sRLOGLA (PF (K]
ARMAX = MRX (PFLOGIK) SARMAX
END 00 1K
RETURN
END

IVAR = VARIANCE OF NOISE DRTR
) (RHPLITUTE IN BB OF SPECTRA
(MAXINUN SPECTRAL RMPLITUDE
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SUBRQUT INE AKAIKE!X,N.M,RCF .M. COEF)

T RIS I T AL T R

c
c
L— Modifled from Gray—oodward ARMA epecirul analysie
C— packoge for the I!BM PC by Kothieen A. Riden [-38-~86. -
C— This suroutine compules the Yule—Walker ooefficiente
C— o8 described by Koy and Marple. [1882),
[
RERL X(1) ISERJES
REAL FPE(38) IWORK RRRAY FOR FINAL PREDICTION ERROR (FPE)
RERL ACF(1) |AUTOCORRELATION
REAL R(38,38) INORK RRRAY iy
REAL CCEF(1) IYUE—RALKER COEFFICIENTS -
INTESER N ILENGT OF X SERIES -~
INTEGER M IMAXIMUN ORDER OF FPE ,."‘
INTEGER M. JORCER SELECTED 8Y FPE - R
4
NLRG=138 ]
160EF =1 >
Sur=2.8 )
DO St I=1.M "
SUM = M e XID -
§1 CONTINUE N
XBAR=SUW/N o
x50=0.8 )
DO 52 I=l.N -
X1 = Xty - X .
XSG = XSQ « X(11aX(]) -
§2 CONTINUE “d
PY = XS/N o
4 CALCULATICN OF AR COEF'S. USING YWLE-WALXER EQUATIONS ‘o
Al1.1) = ACFI)
FPE{L) = (1.8={RAI1,118A(1,1))18(Ns)/7IN~2)
Ml = M-t
00 2 I=1.M1
SN =0.8
S0 = 9.8
00 3 J=t.1
SN = SN ¢ RUL.D1ARCF(192-N
30 = S0 « RUI.JIMACF (Jel)
3 CONTIMUE
Atlel,Ie1) = (RCF{]e2) = SNI/(1.B=SO)
FRE(Lel) = FPE(IIn(Ne]+2)miN=-]-1)a (1. B~R{Jel. Ie1)mAllel, [e1) } /7
e | IN-]=21miNe]el) )
08 ¢ J=l.]
Rilel,? = RILLD =~ ALU]el, Jel)nAl],)=dvl)
4 CONTINUE
2 CONTINUE
IF{JCOEF.ER. &) GO TO IS
16 CONTINUE
15 CONTINUE
I=t
J=
7 IFIFPE(D) (LE. FPE(N) G TO S
1=J
J=Jel .
G0 70 8
SJ=J+es
8 IFt) .GT. M GO TD 6
@17
[ §, &3
DO 65 I={.ML
&5 COEFIDI=ARMML. )
RETURN
END
O.
]
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SUBRQUTINE COVI(X.L.XB,G.D.N}

C~ Thie subroutires colculates N autocorreighione, the
C—~ oomoie wean. and Lhe variance equal Lo Lhe zero log auto~
C= varionoe for the Input Lime series, x{i}, 13,1,

C~ Token {ros Lhe Groy~Woodward ARMA speciral setliaation

C pockage., 188S,

C— X=SERIES -INPUT

— L=LENGTH OF SERIES - INPUT

C— XB=MEAN - QUTPUT

C— GY=VARIANCE - QUTPUT

C— C=WTCIURRELATIONS - QUTPUT

C— N=NUMBER OF RUTCCORRELATIONS TO CARLOULATE ~INPUT
C~— NOTE: D (J1=AUTOCORRELATIONS AT LAG I-1

Tk di

L

RER. X11)
REAL Q(1)

COMPUTE THE SAMPLE MEAN FOR X(I). I=1.L

XB=8.8

00 2% I=1.L
B xp=xBex(n

XB=XB/FLORT (L)

c
C— COMPUTE THE AUTOCOVARIANCES AT LAGS = 3., IN-1)
<
B0 38 I=L,N
Din=g.8
NK=L~[l
D0 & J=1.Nk
@ DIDNIX(N-XBla(X(l+J~1)~XB)+O (]}
32 CONTINUE
<
C— SAMPLE VARIANCE EQUALS THE AUTOCIVARIANCE AT LAG = Q.
[«
=0(1)
c
C— NORMALIZE THE AUTOCCYARIANCES TO QBTRIN THE RUTOCCRRELATION
c
DO 58 I=1.M
2 DIN=tNI/W
RETURN
ENC
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SUBROUTINE DETECTONNSMPLES,N.RPN.K'INC.

L]

nc.sem.mrmu.m.sn.ml

c
c—mxmmwmmsxmm
£— MOODY.GRAYBILL & BOES

<

RERL TEST
REAL PATTERN(1) |1.=H@,2.2R
REAL TRC(1) (VRACE CONTRINING SIGNAL

RESL SEGLEN(1] |SAMPLE LENGTH OF PATTERN

RESL WERN
REAL SN IMAX SIGNAL TO NOISE RATID FOR TRACE

INTEGER NSRMPLES
INTEGER INC |INCREMENT WINDOW MOVES DORN TRACE

INTEGER ST (ISTART IN WINOON

INTEGER N (NUMBER OF SAMPLES IN NOISE PART OF TEST
INTEGER X IACCEPT OR REJECT CRITERIR

REAL T1326.3] IWORK RARRAY FOR ORDERING SRWPLES

REAL RANK (1) ISUMATION OF RANKS OF SIGNAL
LOGiCAL ACCEPT/.FRLSE./

C
C—~ COMPUTE RANK SUM TEST OVER TRACE

c

N2 = 2wN

PRTTERN(NSAHPLES-L) = 1.8
SEGLENINSRMPLES~L) = 1.8
PRTTERNLI) = 1.8

SERENI]) = 1.8

TU1,1) = ABSITRC1IN2-1))
TUieN,1) = ABSITRC(182))
EMMAX = MAX(TU1. 11, ENMRXD
ENMRX = MAX (T UIeN, 1T, ENARXY

J « (I-1)
.11 = ABSITRCIIN]
121N
CALL WTIN.TILU.TlN’l,U,K-T‘bﬁCCE?Tl
SN = MAX(TY.SN)
RANK(IRY = TY
{F (RCCEPT! THEN
00 L=l (T« (INC~11)
PATTERN(L) = 2.8 IREECT H8
SEGLEN(L) = 1.8
END DO
28:12
Bo L=l (I+(INC-12)
PATTERNIL) = .8 {ACCEPT W@
SERENIL) = 1.0
60 00
0o IF
o 00 11
SN = SK/RANK (L] IMAX SIGNAL RANK /NOISE RRANK

RETURN

END
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LTIME IFHnE4
LEMGTH 64 INTEGER FRST NALSH TRANSFORM.
JMPLEMENTS FORTRAN VERSION IN IFWFE4.FOR .
LABELS AND VARIRBLE NAMES IN COMMENTS ARE
FROM THE FORTRAN VERSION.
BY OKIGHT CELRING ON 22-N0V-82,
Mod|fled 12-5EP~84 to handle tnteger overflow
INTEGERS2 X164)
CRLL IFRMB4IX)
PRODUCES TRANSFORM IN-PLACE WITH RESLT IN
BIT-REVERSED DYRGIC INATURAL) ORCER.
51764 se OF ELEMENTS
PYR=6 184 = 6
L=512/2
’
JPSECT 1FWME4
JENTRY 1RG4, JHeR2, K3, R4,R5.RE.RT>
» REGISTER USAGE:
’ RD 1 {TERATION CONTROL
> R a2 L RS WQRD INOEX
’ R2 R
» £ POINTS TO X{P)
[] R4 POINTS TO X(PPL)
’ RS J
’ %6 Kn2 K AS WORC [NOEX
’ ®7 xP
»
MOVZBL oPHR ,RE »ITERATION COUNT
L scl#2>,R} 1% ¥
MOVZEL ol R2 R
183 novL AAP1.R3 SROCRIX(PY), P=L
3 3R Ré JRODR (X (PPLIY . | gAY
WovZsL 1 ,RS =t
2s: MOVZBL 2.R6 )R (WORD INDEX)
3|8t MOV (R3] ,R7 PXP=X(F)
ADOW3 R7, (R4 (R3) JXIPI=XPKIPPLT, p=f+!
ave s 1o overflow, OK
BLSS 3ss salgn changed to negolive
MOVH «.X6381,~2(R3] s lorgest negativerl lso 1ABSHY
8RB s
k-1 1 HOYR .« XTFFF,=21(R3) suse largest positive
423 SUBHW3 (R4} R7, (Ra1+ S (PPLI=XP-XPPL] - PPL=PPL
8vC 5es 210 overflov. OK
mss 453 teign changed to negat. 1 ve
MOVW «e X8B01,~21R4) slargest neqativer! leo IRBSDY,
BRE Ses
455 MOVW s XTFFF,~21R4) suse lorgeat positive
SBs: ADDL2 2,RE Iy. & 2]
ofL RE.RL
BLEQ 303 sIFIK.LE.L)
RODL2 Rlcka PP
A2 R1.R¢ PPLPPLA
INCGL RS [N _Sha
oL RS.R2 .
BLEQ 225 JIFLILE.R)
ASHL o1.R1.R1 n=s2
ASHL ol R2.%2 sR=Ra2
SQUBGTR R, 128
RET
’
LENG
115
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SUBRCUT INE NEIGHEOR (MAXLEN, SEG, NSEGMENTS, NMIN)

¢

C— The neareei neighhor decision rule first coapares the

C~ foature vector forr soch segment of on arroy of sbaervallone.

C—~ Eoch segment le Lagoed vilh o 2 or | o Indicote Ile affinity

C~ to elther (he previous or next segmeni respectively. Then

C~ the segments shioh hove on affinity for sach other are combined -
C~ and their features ore averaged. This ocentinues unt(l the

C~ numdber of segments becomes lees Lhan or egual Lta the alnisua

C~ nuaber of segmente dJesired.

Code writlen by Kalhieen A, Riden, Morch 14.198¢.

SEGIIL.J) - INPUT VECTCR FUR [TH SEGMENT, Xxi.8
SEGUIL1) = AMPLITUDE
SEGUI.2] = ESTIMATED PERIOS .
SEGII.3) = NUMBER OF OBSZRVATIONS IN ITH SEGMENT
SEG{I.4! = ABSOLUTE DIFFERENCE BETWEEN
1-1 AND ] SEGMENT AMPLITUDES

" -~

x a®a e e Bema o oo

SEG( (.51

RABSOLUTE DIFFERENCE BETWEEN
I~ AND I SEGMENT PERIQOS

SEG(1.6) = AASOLUTE OIFFERENCE BETWEEN
{+1 AND 1 SEGMENT RRPLITUDES

SEGI1,7) = ABSQUUTE DIFFERENCE BETWEEN
I+] ANC | SEGMENT PERICCS
SEGI1.8) = 8 INDICATES AFFINITY WITH NEXT SECMENT
1 INDICATES AFFINITY WITH PREVIQUS SEGHENT
NSEGMENTSHENTS = NUMBER OFSEGMENTS [N TRACE
NAIN = MIHINUM MUMBER OF SEGMENTS IN TRACE

%

nnnnnnnnnnnnnnnnnnnnn?n

REAL SEG(MAXLEN.8)
INTEGER NSETMENTS ITOTRAL NUMBER OF SEGMENTS
INTECER NMIN IMINIMUM NUMBER OF SEGMENTS

¢
C— DETERMINE REFINITY OF ERCH SEGMENT
¢
00 WHILE INSEGMENTS. GT.NMIN)
SESi1.8) = 8. 11ST SAMPLE RFFINITY R/NEXT SECMENT
SEG(NSEGMENTS,8) = 1.8 ILAST SAMPLE AFFINITY W/PREVIOUS
00 =2, NSEGMENTS~1{
SEG(I,4) = ABSISEGII-1,1)-SEG(I. 1)) IPREY AMPLT OIF
SES(1,5) = ABSISEGII-1.2)~5EGIL,2)) IPREY PER  DIF
SEG(1,6] = ABSISEG(T+l.11~5EG(L, 11} (NEXT AMPLT OfF
SEG(],7) = PBS(SEG(1e1,2)-SEGII.2)) INEXT PER  DIF
IF (SEG(1.4).GT.SEGII,6)) THEN
IF (SEG(1,51.GT.SEGII.TY) THEN
SEGI1.8) = 8.8 IPERICD ¢ AMPLITUDE AFFINITY W/MEXT SEG
2833
SEG(L.8) = 0.9 IAMPLITURE AFFINITY WHEXT SEG
B0 IF
BsE
IF {SEG1{.S1,LE.SEG(L, 711 THEN
SEG(1.8) = 1.8 {PERICO & AMPLITUQE RFFINITY N/PREY SEC
ELSE
SEGI1.81 = 1.2 IAMPLITUQE AFFINITY K/PREV SEG :
END IF
BO IF
END 00
c -
C— COMBINE SEGMENTS NITH AN AFFINITY FOR ERCH OTHER "
c -
x=8 LINITIAL NUMBER OF NEW COMBINED SEGMENTS i,

116
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P I LA AL a L ' .2 . L% - W LD ot BT
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P ¢ BT B i 3 i f g MR R, folat aad Vet 5,

- CONTINUED -
SUBROUTINE NEXG-BDNHRXLEN.SEG.NSEMENTS.MIN!

) IF (SEG(.8).LT.8.5) THEN

TP Sl AA =Sl T

K=Kkel
eq r
t . 00 [ = 2,NSEDMENTS
If (SEG(1.8).GT.8.51 THEN
{F (SEGUI-1,8).LT.B.5) THEN \COMBINE FERTURES FOR NEW SEG ::",
, KzKkel
| SEGIK,1) = (SEGII-1.1) SEG(I. 11172 JAPLITUCE e
1 rik,) = (SEGII-1D) SEGIL, 21172 {PERICD E,
] SEG(K,3) = (SEGUI-1,3) v SEG(1.,3)) ILENSTH g:
ELSE \;
g=K+1 “
secix, ) = SEGILD RMPLITUCE }fﬂ
sEGiK,2) = SEGIL.2) {PERICS -
SEGIK.3) = SEGILD ILENGTH S
B IF .
ELSE
\F (SEG(I+1,8).LT.8.5) THEN
= kel
SEGiK.1) = SEGULL) {AMPL. ] TUOE
sEGiK.21 = SEGil,2) IPERICC
sE5iK.3) = SEGIILA ILENGTH
po IF
Exc IF
040 00
[F (SEG{1-1.8).LT.8.51 THEN {COMB[NE FEATURES FOR NEW SEC
k=%k~+1
SESIK.1) = (SEGUI-1.11 ¢ SEGUI, 1NV/2. {RMPLITUCE
sEGk.2) = (SEGtI-1.21 - SEGIL.2))/2. |PERICS
SEGIK.3! = (SEGUI-1. ¢ SEGII,3N) WLENG™
END IF
NSEQMENTS = K
END DO MR {LE (NSEGHENTS. GT, NAIN)
RETURN
END
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PROGRAM POF

Thie program calcuiates Lhe densily dletributlon
histograms for the background notae, flret 1BO2 pointa.
and Lthe signal + nolee. second 1888 pointa., of Lhe eeleaic
oveni trooce,

PARAMETER (MRXLEN=3222)

PARAMETER {MAXNTRC=4)

PARAMETER (IBUFSIZ=256)

PARAMETER ININTERV=1298)

QRATTERNSY BLANKS

CRRACTERWLS FLNAME [MAXNTRC)

CHRARACTERR2 TRCTYPE

CHARACTERmBE TCHAR

LOGICAL SRMESCALE/.FRLSE./ [RDXUST ALL TRACES TO SAME SCALE IF .TRLE.
LBGICAL CLASS

RESL CLASSINT ICLASS INTERVAL FOR PROB.DENS.CALCULRTION

REAL TRACE (MAXLEN.MRXNTRC) |TRRCES FOR SEISMIC EVENTS

REAL PONOISE ININTERV.MAXNTRC: IPRCBRBILITY DENSITY DIST. NOISE
REAL PDSIGNAL (NINTERV,MAXNTRC] (PROBABILITY DENSITY DIST. SIGNRL+NOISE
REAL SAMPIERRTE/48./ ISAMPLES PER SECOND

REFAL SCRLETRC(MAXNTRC)/1.8.1.8.1.8.1.8/ ISCALE TRACES FOR PLOTTING
REAL FSYRLUE/B.8/ {FIRST SAMPLE VALLE [N SECONDS

REAL XINPLOT/24./  IX LENGTH OF PLOT IN INCHES

REAL YINPLOT/Z23./ |Y LENGTH OF PLOT [N INCHES

REAL AMIN

REAL AMAX

REAL GMIN/1BR./

REAL GMAX/-188./

REAL FMIN/B. B/ IFREQUENCY MINIMUM

REAL FMAX/8.8/ IFREQUENCY MAX [MUM

REARL AMT/8.21/ fSITE OF CHARARCTERS [N INCHES

REAL XIN  IX-AXIS LENGTH

REAL YIN  JY-RAXIS LENGTH

REFRL EVTXIN/24./ 1EVENT X AXIS IN INCHES

REAL EYTYIN/12./ IEVENT Y RXIS IN INCHES

REAL PRCBXIN/S./ IPRCBABILITY DENS X RAXIS IN INCHES

REAL PROBYINAI./ (PROBRSILITY DENS Y RXIS IN INCHES

REAL EVTHAX/-18.8/ (EVENT MAXIMUM PLOTTED

REAL EVTMIN/18.3/ IEVENT MINIMUM PLOTTED

REAL FREQMIN/@.3/ IRELATIVE FRECUENCY MINIMUM PLOTTED

REAL FREQMAX/1.8/ IRELATIVE FREGUENCY MAXIMUM PLOTTED

REAL IXOFF/1.B/

REAL [YCOFF/1.8/

REAL FRC/1.8/ IFRCTOR TO SCALE PLOT

REAL XORIGIN/E.8/ IINITIAL PLOT ORIGIN

REAL YORIGIN/B.8/ (INITIAL PLCT CRIGIN

REAL AFACTOR/B.8/ 1Y-AXIS TRACES OQVERLAPP IF.LE.D.

INTEGER ITIME(8) IRRRAY TO COMPUTE CCRRECT TIME FOR 1ST SAMPLE
INTEGER NPCFSMPS/1088/ INUMBER OF SAMPLES IN PROSARBILITY DISTR.
INTEGER NSAMPLES/ 2488/ INUMBER OF SAMPLES [N EACH TRARCE
INTEGER NCLASSINT/188/ INUMBER OF CLASS [NTERVALS

INTEGER NPLOTS/1/ |INITIALIZE THE MUMBER OF PLOTS PLOTTED TO 1
INTEGER STRTSAMP (MAXNTRC)/1.1.1.1/ IFIRST SAMPLE TO BE PLOTTER
INTEGER XLABEL (28) ILABEL FOR X-RXIS

INTEGER TLABEL (281  {LRBEL. FOR Y-RXIS

INTEGER PLRBEL 1281 ILRBEL FOR PLOT "

INTEGER NCHARSX/B/

INTEGER NCHARSY//

INTEGER NCHARSP/8/

INTEGER NTRRCES/4/ INUMBER QF TRRCES

Integer ibuff lbuffer size for standard colocomp

integer No Inumber stanaard calcomp
Integer igu tlogical unit numoer {or PLOTSIN nameliet
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= CONTINUED -
PROGRAM POF

g
’
. Integer 11728/ llogical unit number for plotiing device input g

integer 10/21/ lloglcsl unit mumber for plotting device output
Integer 16/1283/iresclulion of plotter inc/inch
Integer |u/8/ Iplotier width in Inches
Integer 1L/87 lchart Lype 2 = 1/2 from plol edge
] ] 1 =8 ° froa piot edge
Integer Ir/2/ |2=aultipen plotier with 1* offeet
Integer 12/8/ 12=run In Insediote modse
INTEGER NEWPEN/SS3/ 18G5 FOR PLOTIR.~3 FOR CRLCTHP
INTEGER®2 BUFFER(IBUFSIT! |ELEMENTS 3-16 OF FIRST RECTRC CONTRIN
FIYR, [MQ, 1ORY, IHR, IMIN, ISEC, IHSEC, JORY OF FIRST
c ISP E OF EVENT TRRCE
INTEGER IYR(MRXNTRS:
INTEGER MO (MAXNTRC]
INTEGER IDRY IMAXNTRC!
INTEGER IHR(MAXNTRC!
INTEGER IMIN(MAXNTRC)
INTEGER ISEC [MAXNTRC!
INTEGER IHSEL {MAXNTRS!
L INTEGER JORY [MRXNTRC)
INTEGER [DEC/2/ {NUMBER OF DECIMAL PLACES
BYTE BLK(2#[BUFSIZ) IBUFFER EQUIVALENT IN BYTES
EQUIVALENCE (BUFFER(1),BLK (1)}
COMMON /CHARS I Z/RAT, IDEC, AFRCTOR
NAMEL IST/LISTIN/FLNAHE . XINPLOT, YINPLOT  NSRMPLES , NTRRCES,

(g}

. STRTSAMP , FSYALUE, SRMPLERATE. ( (. lo. e,
. Ve, 1Lo 1ro 12, NEWPEN, EVTXIN. EVTY IN, PROBXIN,
. PROBY IN. FREZMAX , FREQM IN, EVTHAX . EVTHIN, FRC,
. SAMESCALE , NCLASS INT, IDEC. NPDFSMPS , AHT,
. SCRLETRC.AFACTOR
c
C— REFD IN NAMELIST
3 c
WRITE(E, 81 'TYPE IN FILENAME CONTRINING POF NAMELIST'
RERG(S,384) FLNRME(1])
OPEN (UNI T=22, NRHE FLNRHE (1) . TYPE="0LD ")
¥ 1STRT = @
! READ (22, ML ISTIN, 10STRT=ISTRT}
b ¢
00 WHILE(ISTAT,EDQ.8)
¢
C— RERD [N TRACES
c
GMIN = 189.3
! WAX = -182.2
FMIN = 182.8
FHAX = -1B2.3
10EV = 78
| DO I=1.NTRACES

) OPEN(  UNIT = IDEV,

* NRME = FLNAME(]),
. BLOCKSIZE = 2e1BUFSIZ.
- RECL = [BUFSIZ/2.
- FORM = 'UNFORMARTTED',
. RCCESS = 'QIRECT’,
* TYPE = '0LD")

ISTRT = @

B =1

RERD (IDEV' IBLK. IQSTAT = ISTAT) BLX
IF (ISTAT.EG.2) THEN
IYR(]) = BUFFER(9)
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- CONTINUER -
PROGRAM POF

IMO([) = BUFFER(1@!
{DAY (1) = BUFFER(11!
IMR(]) = BUFFER(12)
IMIN(]}= BUFFER(13}
ISEC (1) = BUFFER(LE)
IHSEC(I) = BUFFER(1S)
JOAY (11 = BUFFER(16)
J=2
KK =8
IBLK = IBLK + 1
RESOIDEY IBLK, IQSTAT = ISTAT) BLK
DO WHILE (ISTRT.ED, B.AND. J.LT. WAXLEN)
DO L=i.1BUFSIZ
K=sJe+Ll
IF (K. GE. STRTSAMP { 1) . AND. KK. LT. HRLEN) THEN

XK = KK + 1

TRACE (KK.1) = BUFFER(L)aSCALETRC(I)

IF (KK.LE.NPOFSMPS2) THEN

GMIN = ABS!TRACE (KK.IN
GMAX = MAX (GMAX, GMIN)

BO IF
END IF i
END 03
J = J+ 1BUFSIZ
1BLX = IBLK + 1
READ (IDEY 1BLK. IOSTAT = ISTAT) BLX
ENC 0O IRHILE {ISTAT.EC. 2. AND. KK.LT. MAXLEN)
BO IF
CLOSE (UNIT=IDEV)
BO 00
¢
C— DEFINE LIMITS
¢
MIN = -GMRX [
IF (EVTHAX.GT.EVTHIN] THEN !
mxn = EVTHIN
= EVTHAX P
2O rr
1F tsm“cn..) 'nF_N
EVTHAX =
EVIMIN = mm
B IF 1
¢ [
C— INITIRLIZE PROBABILITY CENSITY CLASS INTERVALS TO ZERC |
¢ ]
00 1=1,NCLASSINT s
DO J=!.NTRACES
PONCISE(], N = 2.2
POSIGNAL(I.J1 = 8.2
B0 00
B0 00 ]
¢

C— CALCULATE CLASS INTERVAL USING GREATEST MINIMUNM F\‘O
C— GRERTEST MAXIMUM VELOC:TY AMPLITUCES
C— FOR THE FOUR EVENT TRACES PLOTTED

¢ 1
CLASSINT = (GMAX - GMIN)/FLORT (NCLASSINT) [
FCYALLE = GMIN + CLASSINT/2. 9

C L

C— CRLCJLATE PROBABILITY DENSITY DISTRIBUTION FOR NOISE SAMPLE {~NPOFSHPS

c
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- CONTINUED -
PROGRAM POF

DO J=1.NTRRCES
DO 1=1,NPCFSHPS
k=t
¥ CLASS = JFRLSE.
2 9] HHILE(.MT.ULMS.M.K.LE.NQ_RSSINTI
IF ITRRCE(LJ‘!.GT.(K»CLRSSINT,G\INH THEN
K=K+l
2B
PONSISEK. O = PONDISEIR.D) « 1.B
CLASS = JTRUEE.
END IF
END 00 IWHILE (.NOT.CLASS
B oC
DO I=1,NCLASSINT
PONOISE(I,J) = PONOISE (1.J1/FLOAT (NPOFSMPS) {RELATIVE FREQUENCY
FWRX = MAX {FMAX, PONOISE (1, 1))
g 00
80 00

c
C— CALCARTE PROBABLITY DENSITY DISTRIBUTION FOR SIGNAL#NCISE

C— NPDFSHPS+1 TC 2NPOFSMPS

@y

NPOFSMPS2 = 2eNPCFEMPS
00 J=1 NTRACES
DO J=NPOFSHPS+l, NPOFSHPS2
=1
QLASS = FRLSE.
00 HHILE!.}UT.MSS.MD.K.LE.NC‘.RSSINTl
1F (TRACE (1,01 .G, (KCLASSINT+GHINI! THEN
K=K+l
3812
POSIGNAL (K, 0 = POSIGNALIXK.J) + 1.8
QLRSS = . [RUE.
N IF
END DO 1RHILE(.NOT.CLASS)
END DO
BC ! = 1NCLRSSINT
POSIGHAL LI, = POSIGHAL (1.1 /FLOAT (NPOFSHPS) {RELATIVE FREQUENCY

FHAX = MAX (FMAX POSIGNALLT.J)

P I B
LT A TN T PO O
PO Y T S T

B 00

e 0o

IF (FREQMAX.LT.FREQMIN) THEN
FREGMAX = FHAX
FRESMIN = FHIN

en IF

C
C~— SET STRTUS TO 2 ANG THEN TRY TO RERD ANOTHER NAPE ST
C
I1STAT = 8
mm,m=usnu,tusrm=xsm'n
END 00 IWAILE (JSTAT.EQ.B)
33¢ FORMATIRLE)
END
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SUBROUTINE POLR.ArBURG (X, N.COEF, IP)

c
C— Modifled from Groy—Hoodward ARMA spectral onaiysle
C— pockage for the IBM PC by o.hoyvard 1-28-88
L— Thie subrout ine computse the 3urg coefficients ce -
C— deecribed by Koy and Marpie, (1382),
c
Poraneter (MoxOrder=SB)
Porasster (MaxPias=12022)
Integer N Inuaber of Input pte
Rao! X(N) ILine serins Inpute
Rea! R{Maxlrder)
Rea! £ (MaxOrders1)
Real S (Moxiraer~1)
Rea! Coef [P}
Reai AT (Maxdrders!,2)
c
DIMENSION Q1 (maxpia) G2 (naxplel P! (maxpis) P2 (maxpls)
c
If IN.gt. MaxPis) then
Write(6.1] N
1 Foragt [I1n8, 'Nusber of Input points exceeds maximua’)
Writelll, 1) N
Stop 'Poir Ar8URG —— error |
End If
o
C— CRERTE A ZERC MEAN
C
Sum=g.2
00 I=i.N
SUM=SUM+X (1)
Eno Co
XBAR=SUM/N
o
19=2
C
C— INITIALIZE EQURTIONS
4
JEND=v-1
00 J=1.1END
PLIJI =X {J+1) -XBAR
Q1 (N =X {1 -XBR
End Do
THP=9
TENO=N-1L
00 J=R.IB0
THP=TIP« (X [N -XBAR ) ma2
End Oo
E S(14@8)=(X{1]1~XBAR) ma2+ (X (N) -XBAR ] na2+ 20 THP L
TMP=E :_
TENC=N-1 v
¥ 03 J=.IEND :‘
THP=THP+P 1 (J1 831 ()
g End Do Sy
i R{1s2)2THP
! Cl1+M =2m (RI1+D) /8 (14D} )
TENO=N-2 <
y oo ki IED »
PIN=P1{Je1)~Cl1+B10Q} 1 J+1) >
b QIN=qL (N~CU1+D) PN 4
. End do o
N T=114Cl14@) ma2) 8S (1 +@) ~daC (1 +8) aR (1 +B) \:
i Sl 12T~ {QUIN-B-{1-CL1+2) 0P} IN-D-1) ) me2- (P {1} =Cl1+2)mQ1 {1} ) m@2 -}
1 DO Ni=l. [P '
| IENO=N-2 .
/
|
{
|
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- CONTINUED -
SUBROUTINE POLR_ArBURG{X.N.COEF, IP1

00 IK={,IEND
PL{IK)=P2(IK)
R IKI=R2(IK)
A End do

THP=2

TEND=N-N1~1

0o k={.IEND

TMP=THP+P1 (X) Q! (K}

End do

R{leN1i=THP

™P=2

TENC=N=N1-1

0o k=i, [END

TMP=TMP « (P (K] mm2+3] (K1 ma2)

Eno Do
S[1eN])=TMP

Cll-N11=2m(RI1+N1)/S(1+NL))

[ENC=N-N1-2

0o L. IENC

PN =P (Je11=CI1eN1InQ1 t 1)
QR(N=CID~Cl1+NDaPL (]

Enc do

T:(IOC('.ONUIIZ)ISH'NU-MCH«NUIRHNU

Tl=7-(Q'.lN—NI—U-C[lo“UIPUN—Nl-H)ll2

5(1%1'11:71-(?1!U-CU.’NU!QZIU)HZ

End Co

o

e NOW CALCULATE THE A’ S

(n]

Do xI={,IP
AT(KI.2)=t
End do
oo IORDER=!.IP
00 KI=1.JORDER
AT(KI.1)=RT(KI,2]
End do
N1=[ORCER-1
JTENC=NL +]
po x=1.I180
IT=N1+1
IF{1T.EQ.XIAFIRST=2
4 ’ IFUIT.NE.KIAFIRST=RT (1+K. 1)
ITi=Nte1K
IF(ITL,ES. ITIRSECING=2
IF(1T1. ME. ITIRSECOND=RT {1 Nl +1-K, 1)
AT (14K, 2) =AF IRST~C (1+N1 1 mASECIND
End do
End do
Do Ik=1,lP
COEF { IK) =AY (IK+1,2)
End do
RETURN
ENO
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SUBRCUTINE RANKFREG (N, DATR, RANK , FRED., RANKMAX)

c
C— This subroutne computee the ronk and frequency
C— of occurrence for each data point In an arrdy of N
C— data values. .
c
REAL DATA(NI ICONTRINS DRTR
RERL RANK(N) ICONTRINS RANK
REAL FREJIN) ICONTRINS FREQUENCY
REAL RANKMAX
c
C— INITIALLY GIVE ALL N DATR POINTS A RANK OF 1.2
C— RANC R FREZUENCY OF 2.3
[
Bo I=i,N
RANK ) = 1.8 JINITIRLIZE RANK
FREZ(I) = 8.2 FINITIALIZE FRESUENCY
END JC
o
t— CRLCULATE RARK OF DRTA VRLLE
c— AN
{— CRLOULATE FREQUENCY OF DRTA YALUE
[
DO I=1.N
D0 J=i.N
{F (DRTRII1.GT.DATAL) THEN
RANK ([) = RARK(I) » 1.8 | INCREASE RANK OF DATA
END IF
IF (DRTR(I).EQ.ORTR(N ! THEN
FREG:(1) = FREQ(]) + 1.8 | INCRERSE FREDUENCY OF DATR
e IF
B oC
END 30
o
C— AOXNST RANK OF DATA RCCORDING TO FRECUENCY
c
po I=i,
RANK (1) = RANK!]) + (FREQ()-1.81/72.8
RANKMAX = MAX [RANK 1), RANKMAX)
ENO DO
c
C— RETURN RANKS AND FREQUENCIES
c
RETURN
END

SN AN N
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SUBROUTINE XANKTEST [N, XDRTA, YDATR, K., TEST.RCCEPT)
c
C— SUBROUTINE TO PERFURM RRNK SUM TEST
£—~ MGODY.GRAYBILL § BOES
c
REAL XDATR(N)
REAL YORTAIN)
. INTEGER N INUMBER OF SAMPLES IN RUN TEST
INTEGER K IRCCEPT OR REJECT CRITERIA
RERL Z(288.3) IHORK ARRAY FOR ORDERING SAWPLES
LOGICA. RCCEPT
¢ .
C— (CMPUTE RANK SU TEST FCR WINCOWS OF SITE N ‘ ';,
[ .IA"
N2 = 2aM o
00 [=1.N ,}
Z211.1) = AASIXDATRIIY) 'y
i1, 1) = pBs (YCATALL)) i'
XD 00
CALL RANKFRER (N2.2(1. 1) L201,2).,201.3) , RANKMAX]
T = 8.9
po I=t.N
J=1+N
™Y =T« 2102
N0 00
¢ .
€1 = FLORT( N2 + 1) >
€2 = FLOAT [NaN)
c o
EXV = FLORT (N aCl/2. VEXPECTED VALE OF Ty 0
c -
VAR = C28Cl/12. IVARIANTE OF Ty L
c ,;.,
TEST = ABSITY = EXYV) >
c [od
IF (TEST.GE.FLRATIK)) THEN
RCCEPT = LFALSE. {REJECT THE NULL HYPOTHESIS
ELSE
RCCEPT = L TRUE. {RCCEPT THE NULL. HYPCTHESIS
END IF
RETURN
B
‘ L]
! -
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SUBROUTINE RAMKZTOR INSAMFLES , AMPTRC, TRC. N, MEAN, INC. TEST. SEGLEN,
b PRTTERN, IST.RANGE , RMAX ., RMIN, NRANK , RRNK |

Thie eubroutine coapules the rank eus Lest ce described
in the Introcustion to the Theory of Stallet!ce, Moocd. Graybill
and Boes., MoGraw-tiil, 3rd Edition, {974, The observetione.
x(1), 1=1.N. ore Lloken from the represantalive baokground nalee
cesuned Lo be present In the first 2.5 secands of the event
troce. The second group of observatlone. ylil, 1Z1.N, 1e
ochosen from o vindow of N samoles moved Incresentiolly along
the event troce for eaoh excutlon of the ramk sus teet.

The rarx sus Leel statlslic le coaputed for ecoh vindow
of obasrvoiions. yl{1l. 131N, and Lhe representative roiee
observaiiona, x(ll, 121.N. Delectlon ococurs when Lhe ranx
sun of the y(I] ranke exceeas the Lhresrcid for proccole
noles, The automatic fireti arrival plok te the firet
Zera orcesing preceaing Lhe firel modified siope vgiue that
sxceeas Lhe naximunm sodif{led aicpe vaiue of Lhe representative
notese aompiee, xll}, 1T1,N, ocowrring In Lthe firel detection
windos.

REAL TEST

REAL RMAX

REAL RMIN

REFL PRTTERN(S INULL HYPCTHESIS = 1.8 // ALTERNARTIVE = 2.8
REA TRC!L) IARRAY CONTRINING FEATURE OF SIDNAL 7O RFARK
REAL. AMPTRCY) IARRAY CONTRINING AMPLITUDES OF SIGNRL POINTS
REAL SEGREM(L) JLENGTH OF PRTTERN SESMENT
REAL MERN [EXPECTED VALUE OF RANK SUM TEST
REAL RANGE iRANK SUM RANGE OF VRLLES
INTEGER NSAMPLES INUMBER OF OBSERVRTIONS IN EVENT TRACE
INTEGER NRANK INUMBER OF RANK SUM VALUES COMPUTED FOR TRACE
INTEGER INC 1 INCREMENT WINDOW MOVES QOWN TRACE
INTECRR 187 IFIRST ARRIVAL PICK INDEX
INTECER N INUMBER OF SAMPLES REFERENCE BROXGROUND NOISE WINDCW
REAL T(382,1) INORK RRRAY TO RANK NOISE & SIGNAL WINOOWS
REAL RANK (1] ISUMRTION  TY OF RANKS OF SIGNAL

LOGICA. FOUND/.FALSE./
LOGICAL SECONY/ . FRLSE./
LOGICAL FIRST/.TRUE./

COMPUTE RANK SUM TEST QVER TRACE

N2 = 2mH

RMAX = MERN

RMIN = MERN

BeRX = 8.8 TEVENT NOISE MAXIMUM MODIFIED SLOPE MAGNITUOE

C— STORE REFTRENCE BACKGROUND NOISE IN WORK VECTOR
C— FIND EVENT NOISE MAXIMUM
c

c

00 I=i.N
L=1-1
PRTTERN (NSRMPLES~L] = 1.8
SEGLEN INSARMPLES-L) = 1.8
PRTTERN(]) = 1.8
SEGLEN(IY = 1.8
Til.1) = RBS(TRC(le2~11) R
T(IsN.1) = ABS{TRC(]a2})
ENMRX = MRXI(T(], 1}, ENMAX)
ENMRX = MAX(T(1eN. 1}, ENMAX)
END 00
ENMAX = ENMRXelL. Q1 ITHRESHMOLZ FOR FIRST RRRIVAL PICKER

C— COMPUTE RANK SUM FOR A WINCOW OF LENGHT N COMPARED

m&t&&%&:&&a—:;}.:{'L&Hvi PONIVIVICT s
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SUBROUTINE RRNK2728 INSRMPLES . AMPTRC, TRC, N. MERN, INC, TEST, SEREN, )
v
C— NITH THE REFERENCE BACKGROUND NOISE WINDON OF LENGHT N vﬁ{
c
= Ay
C— SLIDE THE NINDOW DOWN THE TRACE IN INCREMENTS = INC ﬁ
c
DO I=1. (NSAMPLES-N) . INC a
JR=1IR « 1 »
Do J=iN [
JI= 2« (I-1} ~
T(JeN, 1) = RBS{TRCIJD)
XD DO 131N . >
CALL RANKFREQ (N2, T(1,11,7(1,2),7{1.3),RANKHAX) [
™ =8.8 )
DO J=i.N
TY = TY « T{JN.2)
END OO
RMAX = MRX(TY,RMAX) IRANK SUM MAXIMUM YRLUE
RHIN = MIN(TY,RMIN) IRANK SUM MIN[MUM VALUE
RANKIIR) = TY IRANK SUM OF THE IRth WINOCW
END DO I
NRANK = [R
RANGE = RMAX ~ RMIN ISIGNRL AND NOISE RANK SUM INTERVAL
c
C— NOW DETERHMINE THRESHOLD = 2788 « RMIN.CR.B.7Ss (RMAX-RMIN! + RMIN
[+
IF ((RMAX~RMIN).LY.3682.) THEN  (LOW SIGNRL TO NOISE RANK SUMS
TEST = (RMAX-RMIN)»2.TS + RMIN
ELSE
TEST = 278d. « RMIN
END [F
¢
C— FIND SIGNAL
[~
FIRST = .TRUE, ILOOKING FOR FIRST DETECTION WINOCKW
00 I=1,NRANK

R = [I-1)aINC + 1}
IF (RANKIIN,GT.TEST) THEN IPROBABLE SIGNAL PRESENT IN WINOOW

DO L=, (K+[JNC-1))

PRTTERN(L! = 2.8 IREJECT M8
SEGLENIL) = 1.8
BN oo
L=K
00 MHILE (FIRST.ANG. (L. LT. (Ke (N-111)
1sT = L
IF (RBSITRCIL)),GT. BNMAX) THEN
MM =L -1 .
DO WHILE (FIRST.AND. (MM.GE. 1))
IST = mM ")
IF (RMPTRC (MM+1) wRMPTRC (), LT. 8.8} THEN
FIRST = ,FALSE, IFOUND 1ST=ZERO CROSSING o
BLcE S
R T ICONTINUE LOOKING FOR ZERQ CROSSING )
B IF
END DO IWHILE
ELSE
L=l
END IF
END 00 IRMILE
IF (FIRSTI THEN J0BSERVATIONS IN NINDOW NOT .GT, NOISE
w=L -1
!
|
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= CONTINXD -
SUBRCUTINE RANK27BE (NSAMPLES . AMPTRC. TRC.N. MERN, INC, TEST, SEGLEN.
DO WHMILE (FIRST.AND. (MM.GE.1)) IPICK 18T ZERO CRQSSING B
I1ST = mn {BEFURE END OF NINDOW
IF (AMPTRC (MM+1)AMPTRC (M1, LT.8.8) THEN
FIRST = .FALSE. {FOUND [ST=ZERC CROSSING
ELsE
LN It ICONTINUE LOOKING FOR ZERO CRCSSING :
END IF
ENC DO IRHILE
B IF
L=z
DO L=X, [Ke{INC-1}}
PATTERN(L) = 1.8 . IRCCERT M8
SERENIL) = 1,8
ENC OO
S IF
END DO 1]
RETURN
END
4
o
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SUBROUTINE RUNEXP (N.XDRTR. YORTA, 128, NRUNS , EXY . VAR)

! c— Thie subroullne ogloulates the run Lest stotlettc
C— for two arroys of data. x(i}, 1=1,N and yli)., 1=1.N,

C— The threencid. zd, for the number of runs below whioh we
C— reject the null hypothesis., Fix) = Flyl, le provided os

C— trnput to the subroutine. It la caloulated cutside the
. C— wuwproutine using Lhe noreal diatrtbulion ond o epecifled
C— aipha level. The aigorithe 18 bosed on the descriptlon of
‘ C—  the run Leet given In the Intraductien to the Theory of
C— Stotictice. Mocd, Gragb!!! and Boes., McGraw—H1!!., 3rd Editlon.
C— 1974,
[
REAL XDATA(N)
REAL YDRTAIN)
RESL EXV IDEPECTED VALLE OF NUMBER OF RUNS
REGL VAR IVARIANCE OF NUMBER OF RUNS
INTEGER N INUMBER OF SRMPLES [N RUN TEST
INTEGER 1Z3 IACCEPT OR REZECT CRITERIA
RERL 71288.2) |NORK RRRAY FOR QROERING SARMPLES
c
C— COMPUTE RUN TEST OVER TRACE
C
N2 = 2aN
0o I=i.
i 211.1) = ABSIXDATRII}}
! 211.,2) = 1.2
) 2{]eN.1] = ABS(YDRTR(I1}
] ZU1eN,2) = -1.8
END 00
[
C— DORDER COM8INED., X({I) AND Y(I), DATR INTO RSCENJING ORCER
[
00 I=i.,N2-1
D0 J=l+1,N2
IF (Z(J.1L,LT.Z11.13) THEN
TEM® = Z(1,.1)
UL,1) = 220
Z1J,1) = TEMP
TEMP = Z2(1,2)
(1,2 = 215.2)
21J.2) = TEMP
BN IF
END 20
80 Do
| c
C— COUNT THE NUMBER OF RUNS
c
ISION = 211,2)
NRUNS = §

IF ({ZSICN=Z(].2)),.LT7.8.8) THEN
ZSIGN = Z(1,2)
‘ NRUNS = NRUNS + 1
END IF
80 00 11

I
i DO 1=2,N2

C— CoMPUTE SXPECTED VALUE AND VARIANCE OF THE NUMBER OF RUNS
C— RSSUMING THE MAL HYPCTHESIS IS TRUE

Cl = FLOAT (2aNaN)

€2 = FLOATIN2)

By = C1/02 « 1.

VAR = (C1a{C1-C2) )/ ((2wm2m(C2~1,))
RETURN
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CBRIUTING SLOPEINSAMPLES. TRC.S)

C— This subrout lne computes the Integrated elope of
C— a selsnic signai for diecrete segments of Lhe signal
C— with continuous slope direction.

C— [Kathlesn R. Rlden, Marech 16. 1886.

REAL S(1} IMODIFIED SLOPE OF CBSERVATION
REAL TRC(1) ITRACE CONTRINING SEISMIC SIGNAL OBSERVATIONS
INTEGER NSRMPLES {NMMBER OF OBSERVRTIONS IN TRRCE -
c
C— ASSUME SAMPLE MERN OF TRACE INPUT [S ZERQ
c
c
C— COMPUTE SEISMIC TRRCE MODIFIED SLOPE
¢
$(11 = TRCI2) - TRC(1) ISLOPE OF 19T SAMPLE
00 I =2,NSRMPLES - 1
S(I1 s UTRCII«1)~TRC(III«(TRCIDI-TRC(I~1]))/2. {1th SLOPE

IF (S{I1eS({I~1}.GT.8.8) THEN ISLOPE DIRECTION IS CONTINUOUS

S{I1 = S(I} « S(I-1) | INTEGRATE SLOPE
B IF
ENO DO
SINSRMPLES) = TRC(NSAMPLES) - TRC(NSAMPLES~1) ISLOPE LAST SAMPLE
RETURN
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SUBROUTINE SIGNEAP (N. XDRTA. YDATA, K. SN, &Y, TCTT}

Cc— Thie subrout !ne calculotes the sign Lesl sloilstle

C— for the abealute value of iwe arrogye of data, xf{il. 1=, N and
t— ylil. (SN The Lhesenald, k. wnich sust be leee thun ihe
C— \Leat statistle to reject the null lwpotheels, Fixl = Fiyl, \s
C— provided ae lnput Lo the subroutine. It le caloulated outside
C— ihe subrout(ne using the norsal dlstributlon and o epecifies
C— aipho level. The aigaritha le based on the description of
C— the sign test glven In the Iniroduction to the Theary of

C— Statlctice. Mood. Grayb!!! and Baee. MoGraw-Hi 11, 3rd Edition,

c— 1974
o
RERL TRIN)
RERL YDATR(N)
INTEGER K | THRESHOLD FOR THE TEST STRTISTIC
INTEGER N INUMBER OF SAMPLES IN SIGN TEST
REFAL SN ISUMATION OF THE POSITIVE SIDNS oF (Y(1) - XUI)
REAL XV JEXPECTED VALUE OF SUMMATION OF SIGNS
REARL TEST : 1A8SOLUTE YALUE OF (SN - EXY)
C
C— COMPUTE SIGN TEST OVER TRRCE
c
SN = 8.8
oa I=i.N
IF (MS!WTR(I)).LT.PBS[YDRTR[IH] THEN
SN = SN + 1.8
N IF
END 00

c
C—~ COMPUTE EXPECTED VR_E OF SUMMATION
C— AND THE TEST STRTISTIC
c
BXv = FLORTINI/2.
TEST = RBSI(SN - EXV}
RETURN
ENO
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APPENDIX C
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Values of w(alpha,M,N)
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TABLE C.1 (Continued)

ne2
msJ] me4 ms§ maé m=7 ms§ me9 ms=10 me=]}

6 .600

7 400 £00

8 .200 400 571

9 .100 267 429 571

10 133 .286 429 556

11 067 190 321 444 556

12 095§ 214 333 444 545

13 048 143 .250 .356 ASS 545

14 071 167 .267 364 455 .538
15 036 dil .200 .291 379 462
16 .056 133 218 303 .18s
17 .028 .089 164 242 321
18 044 109 .182 .256
19 .022 073 136 .205
20 .03 .091 154
21 018 061 A1
22 .010 077
23 015 051
24 026
25 013

ns 2
m=12 ma=|l] mej4 m=}S m=16 m=]7 m=)8 m=z19 m=2Q

15 .538

16 .462 533

17 .396 367 533

18 .330 400 467 .529

19 .275 343 408 471 .529

20 .220 .286 350 412 471 526

21 .17 238 .300 .360 418 474 .526

22 an .190 .250 309 .366 421 474 524

23 .099 182 .208 265 320 J374 426 476 524
24 066 114 167 .22t 278 327 379 429 476
25 044 .086 133 184 235 287 337 386 413
26 .022 057 100 .147 196 246 .295 343 2390
27 011 .038 075 118 .163 211 258 305 351
28 019 050 .088 A3 175 221 .267 312
29 010 .033 066 .105 .146 189 233 211
30 017 044 078 JA17 .158 200 242
3t .008 .029 059 .094 432 AT 212
32 .01 039 .070 105 143 182
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TABLE C.1 (Continued) :
]
- ¢
s
n=2 ’t::'.-
. ..‘
x mell mel) mei4 ms=|S m=16 m=]17 me=1§ m=19 m=~20 - -
k)] .007 .026 083 .084 119 .156 {’
34 013 035 063 095 130 X0
35 007 .023 047 076  .108 L
36 012 032 057  .087 Y
37 . .006 021 0543 069 oA
38 o1t 029 082 ®
39 .00$ 019  .0)9 M
40 010 .02 st
41 005 .017 AN
42 .009 Vy
43 004 NGt
ne=} ®
e
LY
x me} msd4d me§S munbé6 m=] m=8 ms*s9 m=|0 ma=i]| {EN
11 .500 ,c:\
12 .50 .57 g
13 .200  .429 N
14 100 314 .00 [ )
1S 056 .200  .393 548 il
16 Jl4 286 4s2 0
17 0S7 196  .3s?7  .500 t“:
18 029 125 274 417 539 W
19 071 190 333 461 sy
20 036 an .258 .388 .500 i \
2 018 .08 .192 31§ 432 .83 4
22 M8 133 248 364 469 o
23 024 092 .18 300 406 .S00 s
24 .012 058 139 .241 J46 49 N
2 033 097 186 287 L38S P
26 017 067 J41 234 30 N
r2) .008 042 .108 .185 an
28 024 073 143 .28 L
29 012 .050 .108 184 .:«;.j
30 006 032 .080  .146 <7
3 018 086  .113 o1
32 .009 038 085
33 005 024 .06) N
34 014 044 -
35 007 .030 e
36 - 003 .019 vaN
3 o NN
38 .005$ Y
39 .003 '_::.*-
-4.‘: X
l‘
{
e
% ¢
1% \
N
L
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TABLE C.1 (Continued)
nej
. x me12 mell mel4 melS m=16 m=17 mei8 m=19 me=20
24 527
28 473
26 420 500
27 367 450 524
28 .36 400 476
29 .268 382 429 .500
30 224 J0S 384 456 521
31 182 261 338 A12 479
32 147 .220 .296 J69 438 500
kk} Jd16 .182 254 327 .396 461 519
34 .090 .148 216 .287 356 421 481
© 35 068 120 .181 249 317 382 444 500

36 051 095 .150 213 .280 348 407 464 517
37 038 073 122 .180 .244 .Jos .37 429 483
b1} 024 KiL%) 099 A8t 211 273 338 394 449
39 01Ss 041 078 128 .180 .239 .300 .59 415
40 009 029 060 102 182 .208 .267 328 382
41 004 A20 046 082" 127 179 238 293 349
42 002 012 034 06§ 105 18] .206 262 J1?
43 .007 024 050 .086 129 178 232 .286
44 004 016 .08 .069 108 183 .204 257
45 .002 010 028 05§ .08% A 178 .229
46 006 .020 042 013 A1l 154 202
47 .003 013 .032 059 092 132 AN
43 001 009 024 046 077 13 155
49 .008 017 .036 .062 09§ 134
50 .002 .01t .027 050 080 RER
51 .00! .007 .020 .040 066 098
52 004 KJR) .031 0S4 .083
53 .002 010 .023 044 069
S4 .001 008 017 034 .058
55 004 012 .027 047
56 .002 008 020 .0318
57 .001 .005 013 030
58 .003 010 023
59 002 007 018
60 .001 005 013
61 .003 .009
62 .001 006
63 .001 004
64 .002
65 .001
66 .001
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. TABLE C.1 (Continued) .
} Py
. &
[)
.l
3 n=4
x m=4 ms$§ mag m=7 m=28 m=9 m=10 m=ll
18 .587 ]
19 443 N
R 20 .343 .48 ]
X 1 .243 452 e
22 171 365 .43 , t
23 .100 .278 457 )
‘ 24 .07 .206 381 536 N
- 25 029  .14)  .305 464
i 26 .04 .095  .238 394 833 N
27 056 176 BhE 467 N
28 01 129 .264 A0 .530 o
29 016  .086  .206 341 420 -
0 008 057 .1S8 .25 413 527 '
y 3t .01} 1S .230 .38 473 -
X 32 019 .082 184 302 4200 828 i
' 33 010 .05S 41 .252 .367 475 .
H 005 .06 .07 207 )18 428 pt
3s .021 17 165 2700 M :
36 012 085 130 20 30 '
37 006 U6 099  .I8T  .2%6 )
: 38 003 024 074 082 45 b
39 014 053 A0 206 g
40 008 .018 094 REX! B
4 o004 028 0TI 44U oy
42 .002 .017 .053 A1) ’,
a3 010 038 .0¥9 *
n‘ 43 .006 017 069 ":-.
4 45 .003 o8 082 8
] 4% 00! 012 w9 ’
b 47 007 028 .
43 .004 a2 :
49 .002 IR} >__
) 50 .00l 109 )
51 <00 H
52 A0) .
53 0l “w
N
54 008 :}
i
1

LAY

l.; -

-y
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TABLE C.1 (Continued)

TERSAALSR Y Tt cucj

ned
. x m=l2 mei3 me]l4 m=1l5 m=16 m=2i7 m=|8 m=19 me20
34 524
35 476

36 431 532

37 .38 4738

38 342 435 521

39 299 392 479

40 260 Js2 439 19

41 .223 312 199 481

42 .190 274 .360 443 - 518

43 158 239 323 405 482

44 131 .206 .287 368 446 517
45 106 478 253 332 410 483
46 085 148 221 .298 375 449 516

47 066 123 91 265 340 Al 484
48 052 .101 164 .238 o8 JR1 A4S1 S16
49 Q39 .082 139 208 2N 349 419 484
$0 029 .065 116 179 247 318 .87 453 1S
st 021 051 096 154 219 .287 356 422 4x3
$2 .01 039 079 A3 192 238 32 392 453
$3  .0l10 .030 063 110 168 231 297 363 4
s 007 022 051 092 A48 .20 .269 34 A9
§S .004 016 040 076 124 .181 242 306 . MK
$6 002 011 .031 062 106 158 217 279 RIY
sT .00l .008 .023 .050 .0K9 138 193 283 314
$8  .00! 005 .017 .040 074 A19 171 228 2K
59 .003 012 031 061 10t 150 L2058 I
60 002 .009 024 0850 036 AN 183 AL
61 001 .006 018 040 072 13 162 21
62 .000 004 014 032 060 098 43 194
63 .002 .010 025 049 083 128 174
&4 .001 .007 .019 040 070 109 A8
' .001 .0us 015§ 032 059 094 137
66 .000 .003 011 026 049 081 A
» 67 .002 008 .020 M0 069, tus
I‘ 68 .00t 006 016 013 058 D9}
" 69 .001 004 012 027 049 aty
b 70 .000 .002 .009 021 041 063
L 7 001 006 017 .03} 083
: 7 001 .005 013 027 AN
i 7 000 .003 010 .022 041
T 7] 000 .002 007 018 (RE}
| 15 .00t 005 014 AN
K 16 .00t 004 ot al
v 7 000 .002 008 X
!
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TABLE C.1 (Continued)

nw4
x m=|2 mell msj4a m=15S m=16 m=17 m=si8 me|9 me20
78 Q00 002 .006 ms
19 .001 .004 O
80 a0t .003 .0ns
84 000 002 067
82 . 000 004 .00s
83 001! 404
M 000 Rileh]
85 .000 002 §
86 000 001 ;
87 001 ;
82 0o »
29 U0 ¢
90 000 A
ns$ :;
< maS$ ms=é ma7 mae§g m=9 meiQ
28 .S00
29 421

30 .48 RER

3 2 k65

37 210 396

3y .ass At .500

SL I B 268 438

35 .07 214 378 528

36 .048 165 319 472

37 .02 12 .268 A6

g8 016 089 216 362 .$00
9 .008 063 472 a1 449
40 004 O Jd34 262 L399 .53

'='=' ’:-:— -

A) 0% 101 218 350 477

42 018 074 RS 303 A0

43 .009 053 142 259 384
44 D08 011 RER! 219 339 d
45 002 .024 .08S 182 297 r
46 015 064 149 287 .
47 009 047 120 220 .
AR 005 013 .095 185 a
49 003 023 073 155 .

50 001 018 .056 J27

51 009 04 103
$2 00S .030 D2 y
:~
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TABLE C.1 (Continued)

J;j'.jkx"_ yt

n=s
m=s meag m=7 m=8 me9 me (g

$3 003 021 065
$4 002 014 050
$5 Q01 009 038
56 006 .028
57 .00} .020
58 002 014
59 001 010
60 000 .006
61 004
62 002
63 .001
64 001
65 .000

n=6

( l{.\J..A---nL.:n':.A et

me«é ms17 ms=§ m=9 me|g

R 5§
40 469
41 409

42 350 527
291 473

a4 242 s

45197 365 828§

46 155 314 418

47 120 267 426

48 09 223 317 523
49 066 183 331 4aM

.50 047 147 286 432

st 032 17 245 388
51 .02 090 207 344
$3 013 .06% 172 303

54 008 051 141 .264
85 .04 037 d14 .228
$6 002 026 091 194
§T  .00f 017 .07t 164
58 Ot 0354 136
59 007 O 112
60 004 .030 091
61 002 021 ¢+ .072
62 001 01§ 057
63 001 010 044
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437
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318
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248
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TABLE C.1 (Continued)

n=6
x m=»6 mse7] m=8§ m=9 ms=I0
64 006 .033 .090
6S 004 .025 074
66 .002 018 .059
67 .001 013 047
68 .001 .009 .036
69 .000 .006 .028
70 004 021
71 .002 .016
72 .001 0l1
73 .001 .008
74 .000 .00S
75 000 004
76 .002
n 001
78 00!
79 000
80 000
81 .000
nsz1
x ms=7 ms3§ ms9 ms|Q
53 .500
$4 451
$S 402

s6 355 522
s1 3o ATR
58 .67 433
59 .22 389

60 .191 347500 N
61 159 306  .459 o
61 I3 .28 .419 >
63 .10+ 232 319 519 X
64 082 198 .40 481 i
65  .064 68 303 .44) o
66 .049 040 .268 406 v
67 036 .16 235 370 T
68 .027  .095 .24 335 Do)
69 .019  .076  .176 .30
70 013  .060  .1S0  .268 N\
.00 047 .126 237 o
72 006 036  .105  .209 oy
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TABLE C.1 (Continued)
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)
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J‘ 1
i
4
c" :
1)) :
b .
.l'p
TABLE C.1 {(Continued)
"
) ;
\‘.: '
::' n=9 ney ne10 ‘
DY) ———
x m=9 m=\Q x msg ms|0 x m=10
A ——
i 86 .S00 122 .000 004 121 124
:'o 87 466 123 .000 003 122 .109
z"' g8 432 124 .000 .002 123 095
R 89 .398 125 .000 .001 124 083
KX 90  .36S 516 126 .000 .001 125 072
91 .33 484 127 ' .001 126  .062
’ 92 .02 452 128 000 127 053
~' 93  .273 421 129 000 128 045
I 94 245 390 130 000 129  .018 !
iy 95 218 .360 131 000 130 .032 ﬁ
- 9% 193 .330 132 000 131 026 a
0 97 170 302 133 .000 132 012 y
98  .149 274 134 000 133 018
B 9 .129 .248 138 000 134 014
R 100 .11 213 135 012
Wy 101 .095 .200 136 009
"y 102 .081 178 ns|0 137 .007 .
i 103 .068 .158 138 .006
' 104 .087 .139 x mai0 139 004
_ 105 .047 a2 140 .003
Y 106 .039 .106 105 515 141 .003
X ‘ 107 .031 091 106 485 142 © 002 -
) 108 .025 .078 107 456 143 001 *
L% 109 .020 067 108 427 144  .001 :
fv' 110 .016 056 109 .398 145 .00l \
' 10102 047 1o 310 146  .00) ;
) 1 .009 .039 1t 342 147 .000
) 113 007 033 12 318 148 .000 ;
) 114 005 .027 13 .289 149 000 .
3 115 .004 .022 14 264 150 .000
116 .003 017 s a9 151 .000 )
" < 17T 002 014 e .218 152 .000 ,;
; 118 .00l 011 17 197 153 .000 :
- 119 .00l 009 118 .176 154  ~.000
b 120 001 007 19 .1s7 155 .000 .
" 121 .000 .005 120 .140 ;
: : Adapted (rom Table B of A Nonparamerric Introduction to Stanstics, by C. H. Kraft and
% C. van Eecden, Macmillan, New York, 1968, with the permisson of the authots and the 4
publisher. Copyright © 1968, by the Macmiilan Company,
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APPENDIX D

Illustration of the Results of the Automatic Detector

and Picker When Run on the Event Traces Recordecd
by the Four Seismic Stations, Lajitas, Marathon,
Shafter and Tres Cuevas for 38 Seismic events
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TABLE D.1 Event Flle Names, Errars (Automatic Minus
Analyst Picks in Seconds), and the Range of Rank Sums
for the 38 Events Used to Test the RANK2700 Detectar

FILE NAME ERRCR IN AUTOMATIC PICX  RANGE OF RRNK SUMS
EVENT |
L42891 018,97 -1 d928.5
H42891418.953 8.2 5475.5
342891418.037 8.8 5057.2
T42891418.834 2.1 5§348.5
EVENT 2
142891718, 852 .2 4186.5 :
#42891719, 357 1.7 3426.2 .
$42891718.925 7.4 4895.5 ,
T42891719. 947 1.9 Q242.5 ‘
EVENT 3 )
L42891815. 18 8.5 4178.9
M42091815. 838 | X] 3481.5
342891815018 8.4 3475
T42891814.845 1.2 “12.9
EVENT 4
L 42891386, 238 “17.% 68.5
Hi2891906. 842 2.7 48,5
$42891993. 313 -15.1 61.8
742891585, 388 8.3 $822.8
EVENT §
L42892384, 839 -18.3 5576.5
N42892794. 628 5.1 41535
342892384. 212 6.3 5496.23
T42892284. 2168 2.2 574.2
EVENT 6
142892313, 003 .2 821.5
Mi2892313. €22 -15.3 47685
$42892312. 916 et 5454.2
142892312, 928 8.6 5583.5
EVENT 7
L42892727. 916 -1.8 415.5
! M42892228, 207 1 oS
tI‘ 342892327, 818 -2.8 4396.2
" Te897377. 8012 8.3 5168.9
Y EVENT @
J L4293214. 851 2.2 4852.9
N M42382213. 853 8.1 4578.5
N 342320321823 8.2 4589.5
) T423823149.851 2.1 $564.5
% EVENT 4
» 142900136, 253 -25.8 2215
v M42829137. 219 12.8 4208.2
' 54290¢126.83! 8.1 1581.2
X 142328136, 22 8.3 4554.5
\ EvENT 19
‘ 142901821016 7.8 4405.5
H42921820. 047 a.3 778.2
342921821, 925 .4 4187.8
T42901820. 837 3.3 9292.9
EVENT 1)
L 2992854. 844 .2 5524.8
M42882855. 238 8.1 4284.2
$4299295¢. 951 -25.8 6634.8
142992854, 844 8.2 5984.2
EVENT 12
Li2eaz2a9. 227 3.9 2869.9
wi2382212. 822 8.7 4s2.8
342892211, 809 5.1 2860.2
142302209, 332 2.2 3713.9
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TABLE D.1 (Cont inued)
FILE NAME ERROR IN AUTOMATIC PICK  RANGE OF RARK SUKS
EVENT 13
L42992247.013 3.8 €45.2
H42982246. 829 bt 4854.5
$42982247.816 5.4 2987.9
T42382246.238 8.3 3742.82
- EVENT 14
L42918325.232 1.4 5558.2
M42518325. 226 2.7 5543.2
$42919325. 216 -22.9 5376.2
142910225, d28 8.5 5643.2
. EVENT 15
L42913922.842 -1.§ 5457.2
M42918922.842 8.2 4527.8
$42918922.335 8.1 5262.5
742918322.242 8.1 5462.2
EVENT 16
142911632, 867 -33.3 45228
142911682, 338 8.9 3788.8
$42911603.909¢2 8.2 4528.5
T42911682.883 2.8 5187.5
EVENT 17
L42911897. 229 2.4 4572.5
M42911897. 829 .4 A1446.5
$42911887.826 2.3 4369.2
T429118987.232 2.3 4579.5
s EVENT 18
L42911819.839 -5.S 3839.5
¥42911818.935 ~23.8 30895.5
$42911818,23@ .! 3885.5
742911619.838 .2 4139.5
EVENT 19
L42911651.8e3 -2.8 4626.5
M42911851.851 8.8 T742.2
$42911851.011 2.4 5646.2
742911851.08¢7 8.3 5859.5
EVENT 28
L42911853.817 -.7 §393.2
M42911853.208 13.4 4199.8
§42911358.0858 -6.3 §332.2
T42811358.856 9.3 92.5
i EVENT 21
} Lé2912142.018 8.4 5738.8
M42512140,842 8.1 §149.0
$42912129. 932 18. 4 748.8
142912144.815 -2.8 5518.5
EVENT 22
L42912213.857 2.4 4443.5
M42912214.852 2.1 4267.2 .
$42912215.281 0.7 5845.3 "
T42912213.257 g.1 K145 ey
EVENT 23 )
L 42920528. 308 2.1 5145.5 o
: H42928528. 024 -3.4 5798.5 v
542923523, 8at 2.1 4184.8 oy
142928528. 208 -1.2 §536.8
EVENT 24
142921429, 222 8.5 2235.3
¥42921438.814 2.3 4353.8
$42921430.932 .2 1994.8
142921429.218 -2.2 3944.2
EVENT 25
L42921533.936 8.t 5469.2
¥42921533,823 8.1 5871.2
§42921533. 9826 a.1 §261.5

T42921533.836 ~2.4 5751.§
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TABLE D.1 (Continued)

FILE NWME

EVENT 26
1L42921829.333
M42921833.208
$42921629.323
T42921829.238

EVENT 27
L 42921859.83!
H42921858.85¢
$42921838.856
T425218%3.228
L] EVENT 28
L42922.57.214
Ke2522157. 314
§42322157.814
T4#2922:57.817
» EVENT 28
142922384, 842
M42522304.838
$42922304.339
T42522304.835
] EVENT 32
L42930148.225
M42930148,229
542938148.823
T42330148.825
L} EVENT 31
L42931453. 814
M42931448.847
$42931458.210
T42931452.21 4

EVENT 32
L42932129,8¢8
742932129, 0821
$42932128. 218
T42532123.386

EVENT 32
142932222, 218
Mé2932203. 235
$429323¢3. 038
Y42932323. 818

EVENT 34
L 42851388, 857
#42951908,85¢
542951598, 8e2
T429515898.9857

EVENT 35
Lé2052237. 316
M42962238.381
542962238.214
T42962237.316

EVENT 36
L42979815. 846
M42978615.343
§42979815.833
142973815.846

EVENT 37
L42871753.218
M42971773.330
§42971753. 318
T42971752.352

EVENT 38
L42971852. 087
M42971951.802
$42971959. 843
T42971351.@@8

Denotes the Events Used a

ERROR IN AUTOMRTIC PICX RANGE OF RFANK SUMS

8.3
8.8
~2.3
-1.2

-4.9

2.6

w o e %
wm e

1.
-1,
18

W=

3.

aiz.s
3958.5
5631.5
4848.5

3338.2
46458.5
3923.5
4275.8

§787.5
5188.5
1081.5
5378.8

5178.8
5818.5
4682.5
44522

4853.9
5876.5
S253.5
843.8

§375.5
5161.8
TeT2.8
S6686. 8

5485.5
278.2
§385.5
5797.8

5844.2
$888.5
5628.5
$323.4

5912.5
STS.8
5251.5
§534.5

IT0.5
4733.5
£264.5
3655.2

68s1.8
8135.5
5924.5
sT8L.5

s2T2.8
538.5
§174.8
$58s. 3

¢583.4
2482.5
4355.5
3418.8

s Part of the Training Set.
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5'] RANK 3MS OF INTECRATED SLOPE N = 1@ K = {1717, ME = |@853.9 RANGE = 5475.5

:} DISCRETE INTEGRATION OF SLOPE SECMENTS NITH THE SAME S.OPF DIRECTION

g- - . N
u :~ START TIME: 1984 289 14:18:20, 41 M428S1418. 853 RELIONAL SCALED v: 1.3
TN L il

| b 0 /! iy, ‘ “ ” N THE
s "V" '}“‘"}\‘4‘ l ‘ "F\ i vl ‘ -"'“".i'

l Yt 1k St
,? SRS S S——
0.00 657 13.73 = y , ' y I '
. . . .89 26.67 .z } .8 . .2

SECCNO? = .22 46.%7 ) 63.23

-
§ K SUMS OF INTEGRATED SLOPE N = 1A K = (2115, MUE = \@953.3 RANGE = 4329.5
2‘., W
-3
'.W
R
Eq DISCRETE INTEGRATION OF SLOPE SECMENTS WITH THE SRME SLOPE DIRECTION
L)
Sn || l
- l i
\\ ‘
g. GRS ry auba. res
- ——— v wow. e
)
5- STRRT TIME: 1984 229 14:18: 4.43 L42B91418.9%7 REGIONAL SCALED 8Y: 1.8
s I ) U[
| AR ll nl
‘ < 3’53? (v h(l' J &f“”‘fh
g AR e g, FEE
o) Slnsn ras apm. e
1
I R4 T v T T i L L 1
s.28 8.687 13.33 29.22 26.67 3.3 48.2¢ 46,67 3.7 68.29

SECONDS

EVENT 1 - Regional (P-Lg) = 2 Minutes

o
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H
g
[
'P

. MR ‘t

W :,)

TN y
. tj
P nxm INTEGRATION OF SLOPT SEMENTS WITH ﬂ'! P m DI!!E"’I‘N L
il '*‘} i |
‘H\‘ w J\N’W’Mw W It '; \ﬂ'ﬁ ww I'WM Afw -
I.H 5.57 13.33 8.8 5 CaNDS \';3 48.38 46.57 5.3'3 Gﬂ.&’.
;-\ RANK SUNS OF INTECRATED SLOPE N = 18@ K = 11186, ME = 139S3,9 RANCE = {186.5

N o~ _

/ W \W_-

DISORETE INTEGRRTION OF SLOPE SEGMENTS W VH SLOPE DIRECTION

WMM

L

'

]
3
: STRRT TIME: 1984 289 17:19:18. 1 L42891718.858 REGIONAL SCALED BY: 1.8
(|
ulltltlu M}M\w t«\
}/‘«1 |; {l m i A “
; ‘?"_::."-';..
1 r" T T L 1
“Skconos B e mm BA
Event 2 Regional (P-Lg) = 20 Seconds
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Vsl 1%

RANK SUMS OF INTEGRATED SLOPE N = 188 X = 11679. ME = 18053.8 RANGE = 3826.8

NSNS AVA\/W

i

e
15s.08 lg?.l)
Y
2

'l'.
Ty ol

IJI

___-J
. e

L
LA

<

R

-15.89

; START TIME: 1984 288 17119124.41 M42891719, 857 REGIONAL SCALED BY: 1.8
=_ L M W Wﬂﬂ
: i [
. e
13 1] T L I T T 1 saT n B; -
6.67 13.33 28,88 26.67 3.3 48.29 46.687 . .
.5 SECONDS

-~
& RANK SUMS OF INTEGRATED SLOPE N = 188 X = 11186, ME = 19853.9 RANGE = 4186.5

E £

W—"

'@

o
h'.“:
SLOPE DIRECTION ;;'t
VLY
|
.l gt
\ o
ey
._‘_\
BN
. REGIONAL SCRLED BY: 1.8 e ~.
: e i :
-~ KR >
|( i ﬁ :
- ~
3
?
. r” T T T f Tf T — T 1
.67 L 29 . . .
1 SECDNDS n.n 42.02 46.67 53.33 6.0
EVENT 2 - Regional (P-Lg) = 20 Seconds
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" RANK SUMS OF INTEGRRTED SLOPE N = 190 K = 121804, ME = 128S3.8 RANGE = 3481.S

ke

i
L

DISCRETE INTELRATION OF RLOPE SECMENTS WITH

entanl Mw o

:.i START TIME: 1984 289 18115: 4.21 M62851815,238 REGIONRL SCALED BY: 1.9

Wa RTY SRS /"‘Wﬁ vw,’ l‘ltb 'M’

{¥
R

NN TN

I?EDIXitTm

’_:5_-'

' T 1 T T R 1 '
.23 6.67 13.32 zs.aa 2 57 1.3 4@.29 46.67 53.23 62.22
'SECONDS

b dan it 1 b lg'

1
|

Y

STRRT TIME: 1884 283 18:14:146. 2 L42881815.818 REGIONAL. SCALED BY:1 1.3

) i) [ ,l
? me‘ * lf'ulirll” {hl ‘,I‘ |“l fﬂ? NMNW

-
;, --—n-
¥ I8 T v T T T T 1 L
9.24 6.67 13.713 28.28 2667_ P.33 43.82 46.67 5.3 63.88
SECONDS

EVENT 3 - Regional (P-Lg) =1 Minute
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E'q RANK SUMS OF INTEGRATED SLOPE N = 188 K = 12961, ME = 19853.9 RANGE = 4812.8
-1 |
....:.‘M
e
| 3
. ;-1 DISCRETE INTEGRATION OF SLOPE SEGMENTS WITH THE SRME SLOPE DIRECTION
f]
-
g —— a—
q"‘ tl_—_
s START TIME: 1984 289 18114113, 3 T42891814.846

5.2
—

' S
, . r r v |
| — sl T T T T T — T —_—
g.00 &7 13.33 29.20 26.67 3, 43.28 6.67 s3.m 6d.82
SECONDS i
£
N
. P,
B~ RAK SUMS OF INTEGRATED SLOPE N = 188 K = 11833, MUE = 182S0.2 RANGE = 3470.5 ,.'\-.
3"_-.
-1 o~
g /\'\/\ri— "::‘
NN Y £
s 2
¥
[ __4.-‘
g DISCRETE INTEGRATION OF SLOPE SEGMENTS WITH THE SR SLOPE DIRECTION =
~
S
| 3
S | N
[ ] l ' !
E - raw eman. e '-"."
" S e ~
! -..--
5 START TIME: 1984 289 18114145, 1 $42891815.813 REGIONAL SCRLED BY: 1.8 -
) o IN ; o
: “ A r{‘ T
v
r .
% i e antm, rey .,
L L 2 3. ] -'-
— T T T T T | — T T 1
g.09 6.57 13.7 28.00 26.67 3,73 @.22 46.67 3.7 62. 08
SECONDS
|
I
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, a4
g Y.
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W
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E ':"\Jx
: 2
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) 3 1'
o 'I" " 1
‘ ) ‘ it |
. l
¥
: START TIME: 1984 289 18) 4134, 532 T{289198S.388 REGIONAL SCRLED BY! 8.5
! i
vttt e
L ' ! \ ' ! i ol ¢ '¢
i .
i r 1 ‘ ‘ é 1 At u ] f
g p—— "
" L F ¥ 1
| a— T 1 T Tl 1 T 1 15 —7
8.28 6.57 13.33 28.33 26.67 m.’ 43.28 46.67 53,13 63.22
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2]
£+ PR SUNS OF [NTEGRATED SLOPE N = 108 K = 11675, MK © (BNS3.0 RRNGE = 3%61.9
o1
J:l —_ N e+ e
]
E
: DISCRETE INTEGRATION OF SLOPE SEMENTS WITH THE SRE€ SLOPE DIRECTION
z - , ™)
- 1 o ag =ty -y !
) u
# —— e — e \‘f‘
] A
£ START TIME: 1984 288 {91 2146, 2 S42BS1983.1218 REGIONAL. SCRUED BY: 1.8 \\,,
t S
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- o ~
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LT X 9 ] ~ "
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RANK SUMS OF INTELRATED SLOPE N = 188 X = 11881, MK = 15858.5 RANCE = ST4.8
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:. DISCRETE INTECRATION OF SLOPE SPMENTS WITH TME SPME SLOPF DIRECTION
-
-3 e
-
el
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1 1 Ly 1 i 1 T 1 1 -1
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THE CURIOUS CASE OF THE MISSING EXFLOSION -
Eugene Herrin

Geophysical Laboratory
Southern Methaodist University

“ls there any point to which you would wish tao draw my
attention?"
“"To the curious incident of the dog in the night-time."
"The dog did nothing in the night-time."
"That was the curious incident,” remarked Sherlock Holmes.
("Silver Blaze”, A. Conan Daovyle)

This narrative could properly be classified as historical
fiction. Most of what is repaorted here actually happened, but
some of the evenus occuwred only in the imagination of the
writer. We begin by considering the capabilities of a regional
network designed to monitor an area of thick salt deposits in
the western portion of the Fermian Rasin of Texas and New Mexico.
The stations in the network are at Lajitas, Teuxas; Hobart,
Oklahoma; and Winnemucca, Nevada (see Figure J). Noise levels at
the three stations are based upon actual noise observed at these
sites and at similar sites. The minimum backgraound noise at
Lajitas is the lowest ever observed in the frequency band of S to
40 Hz. This minimum noise level is shown in Figure 1. The
minimum levels reported for NORSAR (NORESS site) are somewhat
higher, by about 10 dB or more. Measurements at Hobart in the
frequency band 1 to 4 Hz show noise levels similar to NORSAR.
The background level at Winmemucca based on early measurements is

between the Lajitas and the Hobart values. The Lajitas and

Winnemucca stations have state-cf-the-art, three-component, short
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period instruments in S0 ft. boreholes. At Hobart, a 15 element,
short period array of surface instruments is located on basement
rock. This array is identical to the NORESS array without the
outer ring.

Rackground levels shown in Figure 1 are the minimum noise
levels under ideal conditions which exist only a small fraction
of the time. The major source aof background noise is the effect
of wind at the site as is shown in Figure 2. NORSAR has noise
levels similar to those at Lajitas under high—-wind conditions.
We expect to observe the same effect at the Hobart array.

Figure 3 shows the location of a number of events as well as
the locations of the stations. GNOME was a 2 kt explosion tamped
in salt which was actually observed at Lajitas, Hobart and
Winnemucca. SLEUTH 1s a planned 3 kt decoupled shot in the
Salado formation in the same general area as the GNOME event.
Figure 4 shows the stratigraphic units in the area. The Salado
salt provides the depth and thickness needed to decouple a I kt
nuclear explosion.

The southeastern corner of New Mexico is an area dotted with
potash mines as shown in Figure S. Mining potassium bearing
minerals from the salt and anhydrite units is accomplished using
the room-and-pillar method with the separation of the ore bteing

done on the surface near the working shafts. The area is almost

a wasteland covered with mounds of discarded evaporites and

dessication ponds. Once the mining has proceeded as far away

from the working shaft as 1s practical, the pillars are

systematically removed allowing the mine to subside. This
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collapse leads to obvious surface effects over the area which has
been mined. After this procedure is completed, a new shaft is
dug and the operation is repeated. Travellers crossing this
region must beware of dangerous scarps which develop 1in the
highways above collapsing mines.

In the midst of this region under one of the mined areas a
cavity with a 40 meter radius has been constructed at a depth of
1000 meters in the Salado salt. The salt removed in this process
represents only a small addition to the wastes already present on
the surface. A 3 kt nuclear device is placed in the cavity ready
for the decoupled test which has been code-named SLEUTH.

The Fn signal levels from a T kt shot fully tamped in salt
(GNOME) observed at the three stations in the maonitoring netw-rk
are given in Table 1, along with the distances to the stations.
The very low signal level at Winnemucca resulted from the high
attenuation of Fn across the Easin and Range province.
Fropagation to Lajitas and Hobart, however, is as expected in the
mid-continent. We assume a decoupling ratio of 100 at 1 to 2 Hz
for SLEUTH compared to GNOME, thus we can accurately predict the
Fn amplitude levels (1-2 H:z) at the three stations for the
decoupled shot.

On Tuesday, 25 June 1985, preparations were being made for a
4 kt HE shot (MINOR SCALE) at the White Sands test site (see
Figure I). A cold front was crossing Colorado and Utah at that
time as shown in Figure 6. The pattern of fronts moving west to

east shown in this map is typical of the weather pattern in thie

;egion in the spring and early summer and again in the fall. The
frontal movements and wind patterns are highly predictable. On
229
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Wednesday, 26 June (Julian day 177), the cold front had passed Q:
into New Mexico, but had not yet begun to affect the wind ;
patterns at Lajitas. That afternoon an earthquake of about ?:
magnitude T occurred west of Amarillo, Texas, and was recorded on ’s
the high-frequency (sample rate 250 per sec) system operating at %-
the Lajitas station. The distance to Lajitas from the epicenter Jﬁ
is 670 km. Figure 8 shows the signal and the signal-to-noise I}
;

spectrum for this event. There is good signal-to—-noise-ratio to :v
frequencies greater than 15 Hz. This event was located within Qf
the 1lé6-element seismic network operated by Stone and Webster :%
Engineering as part of the nuclear waste disposal survey in the !J
N

Texas Fanhandley therefore, we were able to compute an accurate
epicenter for the event using the network records. Digital data

were available for a statian 48 km from the epicenter so that a

good displacement spectrum could be computed. This spectrum :
showed a <clear corner at 6 Hz, a constant 1level at lower };
frequencies and a roll-off above the carner frequency of &0 t
dB/decade (f -3 ). Using this spectrum and the digital record at :ﬁ
Lajitas, we were able to produce a good estimate of the apparent X
@ for Fn along this path. The value of Q was 246 which 1is ;T
consistent with Q(Fn) reported from northeast of Moscow along a ;S
line from the Volga River to Vorkuta (Yegorkin and Kun, E:
Izvestiya, 1978, Vol. 14, No. 4, 262-269). ;}
On Thursday, 27 June (Day 178) 1985, the cold front bhad ‘
moved through Oklahaoma and much of Texas (Figure 9). Winds at ; :
Hobart and Lajitas were 20 to J0 mph from the north. That E&
morning MINDR SCALE was fired at White Sands, and thirty seconds Rﬁ
o
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later the decoupled nuclear shot, SLEUTH, was fired. Figure 10
shows the signal from MINOR SCALE. The amplitude of Fn from this

event was about 4 times as large as from the Amarillo earthquake

- the previous day, as would be expected based on the vyield of

MINOR SCALE. The wind at Lajitas was 20-20 mph at the time of
the event (Figure 10), whereas conditions had been nearly calm
during the recording of the Amarillo earthquake on the previous
day. Even though the vertical instrument was located at a depth
of 160 meters, wind-noise was & major problem on day 178. This
effect 1is clearly seen in Figure 11, where the signal-to-noise
spectrum falls to cero dR at &6 Hz for MINOR SCALE. This result
can be contrasted with the effective bandwidth of 16 Hz seen for
the more distant, significantly smaller event recorded on the
previous day when the wind was nearly calm.

SLEUTH was not detected at Lajitas. Fn was below the noise
level and the Lg wave train was swamped by the Lg signal from
MINOR SCALE. Figure 12 shows the predicted displacement spectra
for GNOME and SLEUTH based on the corner frequencies for 2 kt
tamped and decoupled events given by Archambeau and the G-value
obtained from the Amarillo earthquake. The displacement spectra
of the background noise on days 177 and 178 are also shown. From
this figure we see that if SLEUTH had been fired on day 177, Fn
would have been detected at Lajitas, in agreement with
Archambeau’s predictions. By picking the right time to fire
SLEUTH, based on the weather patterns and the known time of PMINOR
SCALE, the most sensitive high—-frequency station in the network
was mede incapable of detecting the event. At Hobart, Oklahoma,

the wind was 1S5 to 20 knots (around 25 mph) from the north
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(Figure %). The surface array there could be expected to produce
signal—-to-noise improvement over a single surface instrument of
about 3I.5 at 1 to Z Hz and about 2 at 10 Hz. The backgrou;d
noise:; however, could be eupected to be higher by at 1least a
factor of S because ©f the high winds. Thus the Hobart array
would fail to detect FPn from SLEUTH. Again, Lg would be lost in
the coda of MINOR SCALE, and could not be pulled out by array
processing because of the similarity of azimuths for the two
events relative to the array. Because of poor progpagation across
the Basin and Range Fraovince, Fn from SLEUTH could not be
detected at Winnemucca no matter what the noice conditions were
at that station. Thus we see that an excellent reginal networt
designed to monitor an area with salt deposits failed to detect a

I kt decoupled shot.

"The dog did nothing in the night-time."

The failure of the netwaork occurred because the evader could
pick the most advantageous time to fire the clandestine test.
SLEUTH 1is not one-of-a-kind. Fredictable weather conditions
similar to those on 27 June 1983, occur in West Teias and
Ogt.lahoma several times each year. Sthots of 1/2 kt of HE or
larger are not uncommon at White Sands Test Site. Cavity mining
could go on year after year in southeastern New Me:nicoc completely

masted by the potash mining in the area. By waiting for the
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same sequence of events that occurred on 27 June, several
decoupled nuclear tests a vyear could bBe carried ocut with

virtually no chance of detection.

Two factors are required faor a successful clandestine test
of the kind described in this paper. The first is a degradation

of detection capability at the critical stations because of high

wind. The second 1is a legitimate HE test under the contrcl of
the evader which can be used to mask the decoupled shot. The
second factor must be regulated by legal means. Control of the

first factor depends upaon cur ability to protect instruments from
the effect of wind-induced seismic noise. Until these problems
are solved, a clever evader can pick the right time to fire a

decoupled shot with little risk cf detection.
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Figure 1. Minimum Seismic Noise Levels at Lajitas and Norsar.
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Table 1.

SIGNAL LEVELS

(km) Pn Amplitudes(millimcrons)
Distance GNOME SLEUTH
378 42 0.4
561 35 0.3
1574 ' 1 0.01
3 kt tamped in salt
3 kt in salt cavity,

radius 40 meters

depth 1000 meters in
Salado formation.
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