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ABSTRACT

XWork performed on Contract Number ¥08606-76-C-0011 has
been reported in detail in a series of ten technical reports, This final re-
port summarizes the material covered in each of the technical reperts and
discusses the conclusions obtained., The four tasks in the progfam included

the following:

. Evaluate available data from the Iranian Long Period Array
{ILPA) and the Seismic Research Observatories {SRO}, and
evaluate the detection capability of the Korean Seismic Re-

search Statlon (KSRS) usmg an Ophmum seismic detect .@

———— e —_—

—

™ L,} Evaluate the detection capability of a global seismic network
of arrays, and determine the effectiveness of an adaptive
beamforming algorithm as a short-period (SP) detector

applied to off-line beamed SP KSRS datz)')
— o .“__—-_'"""—‘-—-—____ e et i o L
® "‘* Determine the n‘nprovements in Iong period signal egtimation

Siehioubedy
hy cascadmg prevxously developed technzqu/ eveloping a )
~" seismic f11ter which adapts to azimuthal wandering "o Incident
signals, and designing a long-period adaptive filter which in-~

corporates a surface wave group velocity dispersion relation,

® — Evaluate the discrimination capability of an expanded inter-
active graphics systern for the PDP-15 computer which in-
cludes complex cepstrum and frequency domain ctral

analysis, and examine the depth determination capability of

first-zone higher mode surface waves, ACCESSION for i
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SECTION 1
INTRODUCTION

This final report summarizes work performed under Contract
Number F08606-76-C-0011, entitled VELA Network Evaluation and Automatic
Processing Research, by Texas Instruments Incorporated at the Seismic Data
Analysis Ceanter {SDAC) in Alexandria, Virginia. This program, which was

conducted during the period from 1 July 1975 to 30 Qctober 1976, consisted of
e T USRI e T s e

i — ——

the following four tasks:

. Evaluate available data from the Iranian Long Period Array
(ILPA) and the Seismic Research Observatories {SRO}, and
evaluate the detection capability of the Korean Seismic Re-

search Station {KSRS} using an optimum seismic detector.

@ Evaluate the detection capability of a global seismic network
of arrays, and determine the effectiveness of an adaptive
beamforming algorithm used as a short-period {SP) detector

applied to off-line beamed SP KSRS data.

* Determine the improvements in long-period signal estimation
by cascading previously develuped techniques, developing a
seiamic filter which adapts to azimuthal wandering of incident
signals, and designing a long-period adaptive {ilter which in-

corporates a surface wave group velocity dispersion relation,

e Evaluate the discrimination capability of an expanded inter-
active graphics system for the PDP-15 computer which in-
ciudes canyplex cepstrum and frequency domain spectral
analysis, and examiae the depth determination capability of

first-zone higher mode surface waves,

1-1
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The detailed results obtained for these tasks have been pre-
sented in a series of ten technical reports. This final report summarizes
their results in Sections 1l through V. Section VI briefly describes the com-
puter program documeuntation of the Adaptive Beamforming {ABF) program
which has the capability to use Type 3 {format specification) data from the
Korean Seismic Research Station, References are given in Section VII, and

a list of all reports issued under this contract is in the Appendix.

1-2 .

ot ol



G T RS Tl TS UMGARCE TR S R R L - e

IR

4

cany  pe ey GED BE A N by

i}

S S S SO /= o/

SECTION II
EVALUATION TASKS

The majority of the results from these tasks were presented
in three technical reports. A preliminary evaluation of the capabilities of
the Iranian Long Period Array was given in Technical Repor{ No. 1, and a
preliminary evaluation of the five Seismic Research Observatories for which
data were received was described in Technical Report No. 2. An evaluation
of the detection capability of the Korean Seismic Research Station {KSRS) us-

ing an optimum seismic detector was presented in Techuaical Report No. 3.

A, Tasks Using Iranian Long Period Array (ILPA) Data

Because the first ILPA data was not received until the con-
tract was well underway, this task was expandesd to include the systems pro-
gramming task of transferring ILPA data from the Seisinic Data Analysis
Center (SDAC) via the ARPANET to the Mass Store, A description of this

program will be given following the summary of Technical Report No, 1,

1. Technical Report No. 1: Preliminary Evaluaticn of the Iranian

Long Period Array

This report presented the results of a preliminary evaluation
of the seven element Iranian Long Period Array {ILPA). Since data did not
begin to arrive until the end of May 1976, it was necessary to sharply curtail
the goals of this evaluation. In the limited time remaining ic the contract
period, emphasis was placed on evaluating the quality of the ILPA data and
obtaining estimates of ILPA detection capability., The specific areas of in-
vestigation inciuded the following:
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e Data quality

Socurces of data errors

v
[ ]

Beamforming gains

AIE

. Seigmic event detection thresholds
- ', @ Seismic event Me' m, relationships,
ol |
i
¥ f The results determiaed from this first evaluation of the Iran-
¥ 4o

ian long Period Array are the following:

® The ILPA data quality is judged to be fairly good despite the
various problems encountered in reading the data tapes, Of

the 281 events in the data base, 84 percent were successfully

processed, 1,8 percent were lost due to no data being record-

ed, 5.3 percent were lost to uncorrectable malfunctions, and

8.9 percent were lost to unreadable data,

. . The highest gain in signal-to-noise ratio due to beamforming
was &, 17 dB on the vertical componeat., Gains on the hori-
( zontal components averaged hetween 3 and 4 dB.
v * The ILPA short-period 50 percent detection threshold was

estimated to be 4. 08 mb units. Detection statistics used in

! , making this estimation were obtained by visually reviewing

develocorder iilms for events 1 through 45.

! 1 e The absolute 50 percent detection threshold for 1LPA beam
! data is at m, = 4,55 for Rayleigh waves and ma, = 4, 48 for lovse
H
\1

waves, Absolute detection thresholds were arrived at by

counting all mixed events, events for which no data was avail-
3 able, events containing malfunctions, and events for which the

data was unreadable as non-detecticns.
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The conditional 50 percent detection threshold for ILPA beam
data is m, = 4,09 for Rayleigh waves and m, = 4, 04 for Love
waves. Couditional detection thresholds were arrived at by
including in the detection statistics only those events for which

a detection/non-detection decision could be made,

Beamforming lowered the conditional 50 percent detection

threshold by approximately 9. 15 m_ units,

b
Indirect estimates of the 50 percent detection threshold made
from noise samples agreed quite closely with the above de-

scribed direct estimates.

Combining the beam detection statistics of the individual com-
ponents resulted in a conditional 50 percent detection thresh-
old of m, = 4, 01 for the case where an event was declared de-
tected if it was detected on one or ruore compoaents. This
conditional 50 percent detection threshold is m, = 4. 13 for the
case where the event was declared detected ounly if it was de-

tected on all three components.,

M'- m, {fits were computed at pericds of 20, 30, and 40 sec-
ouds for earthquake data only, since the data base did not con-
tiin any presumed explosicns. For this data base, the surface

wave magnitude decreasad with increasing period.

The major areas which must be investigated in the future to

complete the evaluation of the Iraaian Long Period Array are as follows:

Noise analysis - A daily sampling of the noise fleld is need-
ed to provide us wikh estimutesz of RMS noise leveis, spectral

conteat of the noise, and noise coherency.
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Signal analysis - The data base must be greatly expanded so
that regional detection capability can be estimated. Also, the
work on signal-to-noise ratio gains due to beamforming should

be continued and expanded.

Discrimination capability - Depth information for the earth-
quakes and a suite of presumed explosions must be obtained to

determine the ILPA discrimination capability,

ILPA Data Tranafer Task

This task involved the development of software to transfer

I11LPA data from the SDAC via the ARPANET to the Masgs Store, This work

involved the following major steps:

In determining which Data Language transfer procedure would
be operationally feasible for ILPA files in the Mass Store, the
UPDATE statement was found to be the most satisfactory.

The ILPA port spacifications were written to support this ap-

proach.

The 11LPA Long-Period, Short-Period, und Coarse Status file

and port specifications were compiled and tested.

The ILPA Satellite Tape Reformat Program which geanerates
Long-Period, Short-Period, and Corase Status files cn 9 track,
1600 bpi tape that were compatible with corresponding ILPA

port specifications was designed, implemented, and tested,

The Dats Leaguage eniry procedure by which an operator may
realistically transfer 1LPA data files to the Mass Store was
apecified,




To formally complete the ILPA Data Transfer Task, a demoastration was
conducted for the Alr Force during which ILPA data was transferred to and
retrieved from Mass Store files managed by Computer Corporation of Amer-
ica's (CCA) 203 Datacomputer,

B. Techuical Report No, 2: Preliminary Evaluation of the Seismic

Research Observatories

It has been noted that a significant amount of long-period seis-
mic data recorded at surface-sited iustruments is degraded or obscured by
wind-induced earth tilts, Tests and theoretical data indicated that this aoise
could be avoided by locating the sensors at a depth of 100 meters or more,
This report presented the results of the work conducted to date on the evalua-
tion of the Seismic Research Observatoriee, which wers built to implement

this observatioa.

The specific goals of this evaluation were as follows:

* To evaiuate the quality of the short-period and long-period
data recorded at each SRO,

o To investigate the short-period and long-period noise field at
each SRO,

- To estimate the detection capability of each SRO,

* To estimate the discrimination capability of each SRO.

Suificient data was available from five SRO stations to permit
this evaluation in terms of the points listed above. These stations are Albu-
. guerque, New Mexico (ANMO); Guam, Marianas Islaads (GUMO); Mashhad,
Irzn (MAIO); Narrogin, western Australia (NWAQ); and Wellington, New Zea-
laod {SNZO). |




.....

The major results of this first evaluation of five of the SRO

stations were as follows:

In general, the gquality of the SRO data is good. In the worst
case for long-period data, that of the horiz..ontal componeants of
ANMO, the detectionr status of 14 percent of the signals analyzed
could not be determined due to malfunctions, At the other sta-
tions, approximately 10 percent or less of the signals analyzed
were lost due to malfunctions. The only short-period mal-
functions 'were calibratious at SNZO, where 1 percent of the

data could not be analyzed.

In order of increasing magaitude, the mean short-period RMS
noise valies were as follows: 0,36 mu at ANMO, 0.51 mu at
MAIO, 6,42 mp at NWAO. 19,42 mu at SNZO, and 31.01 myu
at GUMO, These values .re uncorrected for instrument re-

sponse,

Short-period noise for all GUMO noise samples and some
SNZO noise gsamples exceeded the system recording capability.
When this happened, the noise appeared as a continuous series
of spikes, This problem has been corrscted by changing the
quzdtization rate at these stations from 2000 computer counts

per millimicron to 2 computer counts per millimicron.

The lowest values of iastrument response corrected long-
period RMS noise were recorded at GUMO and MAIO. The
values at ANMO and NWAO were slightly higher. The values
for SNZO long -period RMS noise were approximately twice the
size of the other stations,

The average instrument respouse corrected RMS amplitude
spectrum for GUMO noise shows a local maximum near 25

v
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seconds period. The cause of this will have to be investigated

in future work.,

Based on the average RMS amplitude specira for the five sta-
tions, the optimum bandpass filter for the SRO data has corner

frequencies at 0.025 and 0. 050 Hz.

The short-period 50 percent detection threshold for events
with epicentral distances ranging between 0° and 103° is 4. 42

mb units for ANMO, 4.13 mb units for MAIO, 4.87 rnb units

for NWAQ, and 6, 14 m, units for SNZO. No events were de-~

tected on the GUMO short-period component. The vai_snces

. on the MAIO, NWAC, and SNZO 50 percent detection thresh-

olds were large, suggesting that more data are required at

these stations to better deiine the detection thresholds,

The indirect estimates of the long-period 50 percent detection
threshold agree quite well with the direct estimates excepy at
MAIQ, where the indirect siytimate is 0.22 m, units higher
thao the direct estimate.

The direct estimates of the long-period 50 percent detection
threshold are 4.57 my unite for ANMO, 4.51 m, anite for
GUMO, 4.34 m, units for MAIO, 4. 66 m, units for NWAQC,
and 4, 60 my units for SNZQ. These estimates were made us-

ing a data set from which all presumaed explosions and xnown

"deep events had been deleted.

Based on extremely limited preaumed explosior data, the Ms-

my discriminant works for presumed explosions from the

Eurasian landmass but breake down for presumed explosions

from anﬁdl.
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Future work on the evaluation of the SRO stations will be

directed toward the following points:

i,
it gomtpraterme A P sl WY Tty

. - & om R
e e —
R g we

. Evaluating all SRO stations as they become operational,
G E . Expanding the short-period and loag-period noise data base so l
| 3 that one vear of data is available. This will permit study of
. long ~-term noise treads. : ‘
| . Building into the Interactive Seismic Processing System the {
. b capability to make instrumeut response corrections.
e ' :
: * Expanding the signal data base so that detection and discrimina- !
: tion results can be regionalized. _
b . ,.
] cod » Expanding the presumed explosion data base to improve esti- ]
l | mates of discrimination capability. ) |
!

[ )
3 | i e Obtaining depth information so that deep earthquakes can be
% i )

deleted from the data base., This will improve estimates of

ol

long ~period discrimination capability.

1)
!
? ; C. Techunical Report No. 3: Evaloation of Two Automatic Signal Detec-
Ei tors Using the Korean Seismic _Raﬁearc!_i Station Short Period Array } 7
-' {? For this study, two autornatic sigual detectors were applied o
I f ' Korean Seismic Research Statisn (KSRS} short-period array daia. The two 72
i‘ detectcru 'are {1} the con{'eational power detector, which computes the ratio
L‘ﬂ of the m:mxt. tu-m average beam square to the gxponenr.ially-amoothod long - ‘ ]
‘ : term averagn baam squire ag the detector output. and {2} the Fiuher detector .
i. _1 p which cumymaa the vatio of shorhtqtm wam.ge bbm sqme to short-term il
( ‘:‘1 | ) ._avcmge varinnca t‘*rals the ary a,y. Thw ﬁctcctara were designed using a con- 3 _ | Y
T,,'!. i - stant dum raﬁa a.gorithm ﬁsr npduing thﬁ dat«sction thmqhoidq (Ln.ne. 29?&). R { |
' i ‘O :‘r!w nbjscf:wu ior &hin ntudy wez‘u ths following o ;‘1 ,
' _ _ L » Iy




Determine the seasonal detection performance using both de-

tectors.
Determine the detectors performance for regions of interest.

Determine the improveament in detection capability using an

automatic detector over that of an analyst.

The two detectors wel . . u.wuated for their detection perfor-

mance on the basis of a constant alarm rate design operated at 10 alarms per

3

A total of 330 events in November 1974 and January-February 1976

was used as a data base. The major results of this study were the following:

7":.'
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For a central Eurasia region, the 50 percent detection bodywave

magaitude was approximately 4.4 m, units using both detectors

b
on the basis of the November data, and 4.2 mb on the basis of

the January -February data.

For a Kurile-Kamchatka region, the 50 perceni detection body-

wave magnitude was approximately 4.2 m,_ or the basis of

January-February data,
I‘-,_ A single seasor power detector {using site 1) had a 50 per~cat
‘detection bodywave magnitude of 4.3 m

: b
1 .
the January-¥ebruary data.

for all regions using

li:ompared wit.-h the analyst's picks (using the KSRS detection
'ilogs),. both detectors approached the analyst's detection cap-
abitity, It was difficult to attach a precise number to this com-
j‘?-‘;ﬁarison hecause of the .lack o! accurate epicenter locations

| - i}]}:ence posaible large variatig ns of a; ~ival time}.

ln answer to the gwestion of which detector is superiovr, a par-

allei study by i‘:wind-ll aad Snell (19?6) indicates tlnt. the conventional power
_detactor is the ,;Pgtu;_ detectos Bncauu both datectora ha: ~ the same
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numerator in the mathematical algorithms, any difference in performance
must come from the denominators, The conclusion that the conventional
power detector can detect a signal more accurately than the Fisher detector
lies in the fact that the algorithm ia the conventional power detector was suc-
cessful in {reezing the long-term average (LTA, the denominator) upon the
signal arrivals. TRis mechanism effectively prevents the coatamiration of
signal energy in the LTA, yielding the desired greater cutput. The Fisher
detector in the denominator computes the amplitude variaace across the ar-
ray. When sigoal similarity is not perfect, the signal component of variance
degraded the performance significantly, in addition to the conventional beam-

forming loas {numerator),
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SECTION III
SIGNAL DETECTION METHODS

The detection methods task under this contract consisted of
two studies, one concerned with the determination of the detection capability
of a network {Technical Report No, 4} and the other the detection capability
of an array using an adaptive beamiorming {ABF} algorithm (Technical Re-
port No. 5).

A, Tecl nical Report No, 4: Network Capability Estimation

The purpose of this study was to evaluate the effect of certain
parameters upon the detection capability of a seismic network. Detection
capability is defined as the loweot magnitude at whick the probability of @
station detections exceeds a specified limit, Since the paramuters individual-
ly bave a wide range, the followiny plan was implemented, A baseline network
was established using station noise statistics furanished by Rothma= {1978), sad
best kaown values for the other parameters. Then the paran.eior- niag tested
were varied individually from the baseline value, and the resuiaag : hange ia

network detection capability was calculated.

The experiment was coaducied using a maﬁiﬁeﬁ version of the
computer program NETWORTH (Wilrth',, .:!“i?“’ Iﬁi@ag station parameteis and
epicenters, both network detecti‘uix I't'.haraahc:id mag_nttudea and location coufi-
dence regions are computed., The parameters 'which.s'igniﬁcantly aflect the
astwork detection capability luclude the stution .deCecti§a threshold (SDT),
possible station downtime, varisnce of ths _1(:3&35'&'\.:}1:'&5 of the .yis;g,ua.l amplitude,
aud station noise levels, The major couclusine from this study were the

following:

g .
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™ The station detection threshold (SDT) and the statioe reliability
were found to be the more critical parametera. Changing the

station detection thresholds {over the entire network) altered

the network magnitude detection capability by a constant; this
constant ecjvalled the logarithm of the ratio ¢ the two thresh-
olds. The relative ranking of the iudividual staticas was unaf-

fected by changing the SDT at z netwerk level,

. Station relizbility was fouud to have significaant impact upon net-
work capability; capability loss exceeded 0.4 m, as reliability,

{or percentage of station uptime) dropped below 70 percent.

. Changes in the signal amplitude variaace (ori) had little e'fect
upon detection capability for Eurasian events, For evenis far
removed from the network interior, detection capability de-
creased as a'i -acreased, However, since the anetwork ex-

ainined is primarily designed for Eurasiac surveillance, this

2

aetwork can be considered insensitive to changes in oL

B, Tecbnical Report No, 5: Study of the Adaptive Beamforming Detector
Using the Korean Seismic Research Station Short Pericd Array

The adaptive beamiorming (ABF) processing system ia a maxi-
mum likeliheod multichannsl tirme-domain adaptive filtering beamiormer. The
design goal is to minimize the fiiter output squared subject to unity responie
constraints in the look direction. The constraints are designed for passing a
plane waire sigom, from the look direction in array beanforming. 7The objec-
tives for this study were the foliowing:

¢  To determine e adaptive bearniorming aotse reduction reia-
| ﬂ.“iﬁg& to bewmateering and to deterraigs the falsc alarm proba
| bility for the sdaptive bsamforming detector at the Korean
‘Selsmic Resssrch Station {KSRS} short-poriod urray.
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To determine the ABF detector's performance and to estimate
the increased array detection capability using the ABF detec-

tor.

The performance of the adaptive beamforming detector was

evaluated using two hourdong noise samples and a total of 132 events in Eur-

asia. The major results of this experiment were the following:

The noise reduction of the adaptive beamformer was about 6-
10 dB gain relative to beamsteering in a lower frequency pass-
band (0,5 - 1,1 Hz) and 2-4 dB in a higher frequency passband
(1.5 - 2,4 Hz}).

Using 38 events in central Eurasia recorded in November 1974,
the detection probability estimate yielded a 50 percent detection

bodywave magnritude of 4. 35 m_ for beamsteering and 4.24 m

for the ABF detector., For 94 l:;\rem;s in the Kurile-Kamf.:hatk:
region recorded in January«February 1976, the 50 psrceat de-
tection bodywave magnitude was 4,10 m, for beamsteering and
4,12 m, for the ABF detestor,

A simulation study indicated tha: signal degradatioa usiag the
ABF algorithm iocreases for the lower single~chaanel input
sigrnal-to-noise ratios. {This explains the dissappointing re.
sults given alove.}) Freezing the ABF update mechanism pre-
vented this signal degradation somewhat, but for actual ap-
plicability as a detector this degradation depends on whether
or aot the noise is propagatiag in the look direction, Future
work will be directed toward minimizing this sigaasl deyrada-

sl
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SECTICNM IV
SIGNAL ESTIMATI{ N TECHNIQUES

The results of this task are presented in three reports. The
optimizing of three important signal processors for possible cascading is pre-
sented in Technical Report No. 6. An improved version of the three compo-
nent adaptive processor is studied in Technical Réport No. 7, and a time-
variant Wiener filter utilizing the regionally dispersive characteristics of

long-period surface waves is developed in Techaical Report No. 8.

A, Techaical Report No, 6: Development of Three Signal Processing

Techniques

Thie report describves the periormance of three important pro-
cessors for seismic data: the Wiener filter, the matched filter, and the three
componeat adaptive (TCA) proceasor, Each has been optimized as far as pos-

sible for cascading ia the immediate futare.

The data used here were single-site Alaska Long Period Array
{ALPA) signals and noise samples, Single-gite data were used because the
detection problem is more severe for a single instrument than for an array,
and because the trend at preseat is toward deployment of single-site instrn-
mentation (Seismic Research Observatories) aad small arrays {Iranian Long
Peried Array}. ALPA data were used because they are of high quality and

because the sature of noise and signals at ALPA is well known,

Syanthetic data were prepared by seleciing a 2048-point seg-
mant of seismic noise, sampled svery two seconds, snd adding to it a suitably

scaled signal, originally recorded at high signal-to-noise ratio (SNR}, to form

V-1
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a composite trace. The ratio of the scaled peak to the root-mean-square
{RMS) value of the noise preceding the time at which the signal was added
was the true input signal-to-noise ratio. For the matched and Wiener filters,
different scale factors were used for each trace so that all had the same 5NR,
For the TCA, a common scaiw factor was used so that the signal was not dis-
torted. This procedure has ilke advantage over use of signals as recorded
that the true SNR and peak arrival time are known exactly, and can be varied

by the experimenter.

The general experimental procedure was as follows., The test
event was buried in noise at various known SNR's, and the processor under
study applied to the composite trace. The ratio of the largest peak in the sig~
aal arrival interval to the RMS value of the preceding noise was calculated,
The SNR was also calculated for the same composite trace filtered between
0.024 Hz and 0,059 Hez, the frequency range where the SNR of seismic events
is expected to be large. The difference {in dB) between these ratios was the

gain of the processor over the bandpass filter,

It is useful to present gains rather than absolute SNR's because
g2ins do not increase indefinitely with input SNR, but saturate at some maxi.
mum value, The bandpass filter was chesen as a standard because it is a

routine form of signal improvement whose performance is well known.

At low values of input SNR the signal is so far below the noise
that the peak of the processor cutput is not contributed by the signal. Conue-
quently, the gain is not a function of the input SNR. At sufficieat input SNR,
the processor cutput is determined by the signal, although, hopefully, the
bandpass filters® output is still due to noise. At this poiat the gain of the
processor begins to increase. At some higher SNR the bandpass filter peak
is due to the signal, and thereafter little gzin is obtained, In some cases the

gaia may decrease. In any case, the SNR gain reaches a maximum, aud this

maximum gaia i8 taken here as a measure of processor performance,
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The optimization of these processors yielded the following re-

The Wiener {ilter used a synthetic reference power spectrum
and had its greatest improvement in signal-to-noise ratio when
corvelation terms between the signal and noise were ignored.
The gain of this filter over the bandpass filter ranged from 2

to 6 dB, depending on the noise and signal samples examined,

A prewhitened matched filter using the same reference event
{as the Wiener filter) displayed from & to 10 dB improvement
over the bandpase {ilter, By tke nature of the matched and
Wiener filters, the matched filter is expected to have better

gain.

The TCA yielded from 10 to 17 dB improvement over the band-
pass filter when a weighting function based on the probability
distribution function of the variables of the surface wave par-

ticle motion was employed.

For all processors the gains found when signals were held con-
stant were more consistent than when noisc¢ samples were held
constant, This is presumably because details of the noise are
less important in determining gain than are details of the signal

being sought.

Technical Report No. 7: Evaluation of the Three-Cornponent Adaptive

Processor

The three-compoaent adaptive processor {TCA) was developed

at the Lamont Geophysical Observatory {Shimshoni and Smith, 1964) and was

evaluated for single-site and heam data by Texas Instruments Incorporated

{Lane, 1973},

Thie processor, designed to improve the detectability of long-

Iv-3




pericd Rayleigh and Love waves, takes advantage of the known phase relation-
ships among the three mutually perpendicular long-period seismometer traces.
Improvements in the signal-to-noise ratio {SNR) can be achieved when these

phase relationships are utilized in the processor design.

The evaluation of the original TCA processor (Lane, 1973) re-
vealed that improvements in sighal-to-noise ratio are much greater for Ray.
leigh wave processing than for Love wave processing. This is due to two fac-
tors, First, Love wave energy may arrive as rauch as 20° off the great cir-
cle azimuth, and the TCA processor suppresses this motion as though it were
noise. Second, the TCA processor confuses the radial motion of the Rayleigh
wave with off-azimuth Love waves, and suppresses whatever genuine Love
wave energy which is preseat. Thus, the TCA processor has shown itgelf to

be less effective in separating love waves than Rayleigh waves from acise.

This study describes an attempt to rectify this situation. The
TCA processor is modified to track the incoming Love wave in azimuth and to
pass its entire duration. This is accomplished by using in the design of the
transverse component filter the additional information contained in the phase
relationships of the Rayleigh waves. The evaluation of this modification of
the TCA processor used hoth synthetic and real data. The synthetic data con-
sisted of known signals with high signal-tc -noise ratios buried in seismic
noise. These were used to study the signal-to-noise ratio improvement char-
acteristics of the processor. Part of the real data used consisted of hour-
long noise samples, which were used to determine signal detection criteria
and false-alarm characteristics of the processor. The remainder of the real
data consisted of single-site and beam data recorded at the Alaskan Long Per-
fod Array (ALPA)., This data was used to study the detection performance of

the processor.

To allow disect comparinons between the original and new Love

wave precessors, the original Liove wave processor was sé-~¢valuated using

V-4
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the same data base as was used for the evaluation of the new lLove wave pro-

Cessor.

The Rayleigh wave processor was also re-evaluated, since the nec-

essary data processing for this was performed automatically with the Love

wave data processing. Use of the larger data base should improve previous

estimates of Rayleigh wave detection capability improvement due to applica-

tion of the TCA processor.

The following results were found during the course of this

evaluation of the TCA processor:

The most effective form of the new Love wave TCA processor
contains rotation of the love wave frequency components about
the vertical axis to the transverse component with an accept-

reject limit placed on the Love wave arrival azimuth,

At 12 dB true signal-to-noise ratic, we can expect 7-9 dB gain
for Rayleigh waves and 6-7 dB gain for Love waves from the

original TCA processor on single-site data.

At 12 dB true signal-to-noise ratio, we can expect about § dB
gain for Love waves from the new TCA processor on single-

site data.

Ounly low or negative gains can be expected from either version

of the TCA processor when applied to beam data.

Use of the original TCA processor on single-site data lowered
the fifty percent Rayleigh wave detection threshold by about

0.25 - 0.4 my
threshold by abgut 0. 15 m, uaits.

units and the {if ty perceat Love wave detection

Use of the new love wave TCA processor ou single-site data

lowered the fifty percent iove v-ave detection threshold by

b

. about 0. 35 m, units.
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e Use of the original TCA processor on beam data yislded a
small (0. 15 my uait) improvement in the Rayleigh wave fifty
percent detection threshold and essentially no chafige in the

love wave fifty percent detection threshold,

L Use of the new Love wave TCA processor on beam data yielded
essentially no change in the Love wave fifty percent detection

threshold.

The above points make it clear that the original Rayleigh wave
TCA processor and the new Love wave TCA processor are effective when ap-

plied to single-site data. No version iz effective when applied to beam data.

C. Technical Report No. 8: Time-~Variant Wiener Filter for Diespersed

Waveforms

The dispersive characteristics of the surface waves generated
by seismic events have been used in various forms in the signal processing
and analysis of long-period {LP) waveforms, For instance, correlation pro-
cesses, such as reference waveform and chirp waveform matched filtering

{MF)}, compress the available signal energy while averaging the supposedly

‘random noise, to yield corrslation peaks of high signal-to-noise ratio {SNR).

Because of the signal energy compression in time, these techuiques caannot be
used to obtain an improved estimate of the original signal as a function of

time, aad are therefore mainly used for detection purposes,

This study preseated a method to enhasce the estiinate of an
LP signal as a function of time, through utilization of its dispersive charac-

teristics. We call this technigr.e dispersion-related filtering (DRF),

_ The most elementary form of DRYF consists of time-~variaat
aarrowbaad filtering alocg the sigosl's presumed dispersion curve, Ia this

Wb
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manner considerably more noise energy can be rejected than in stationary
bandpass filtering of the waveform over the entire expected signal frequency
band. This method has the inherent property, however, to generate partial
chirp waveforms, which can be mistaken for signals, from any broadband
input, including pure ancise, For this reason, DRF is not well suited for

signal detection; its main fuaction is siganal estimation.

For a given region-atation combination the expected dispersion
curve may be obtained by overlaying the time-variant signal spectra measured
from strong events in the given region. The gpread or variance of the dis-
persion curve ensemble and the signal bandwidth at each point in time then

determine the bandwildth to be applied at each point along the dispersion curve.

The signal estimate can be further improved by performing
time-variant Wiener filtering (TVWF); 1. e., for each point along the dispersion
curve the expected signzal power and the expected noise power are balanced to
yield a signal estimate of minimum mean square error. In particnlar, TVWF
teads to reduce signal over-estimation at frequencies of relatively high noise
power, ¢.g., at 0.06 Hz (17-sec micro-seismic noise), and at frequencies

around 0, 02 Hz {50 sec).

Besides ambient noise rejection, DRF is theoretically capable
of separating multiple dispersed signals, provided that the individual disper-

sion curves can be resolved by spectral analysis.

It is clear that i all cases the DRF and TVWF performance
depends lirgely on the effectiveness a;nd reliability of the spectral analysis
method applied. Therefore, part of this study's effort wae dedicated to the
use of a high-resolution spectral analysis method, the maximum eatropy
spectrum (MES) technique (Burg, 1968),

1o this study the DR¥ acd TVWF methods were devalopad and
tosted on syathetic chirp waveforms sud on beamed waveforms from Sinkiang

Iv.?




Province seismic events, recorded at the Alaskan Long Period Array {(ALPA},

The use of this data base permits comparison with the results of a previous
matched filtering performance study {Unger, 1973}, The emphasis was placed
on the feasibility of dispersion-related filtering and on its potential and limita-
tions to improve the estimation of long-period s¢ismic gignals from noisy wave
waveforms.
These experiments led to the following conclusions and iadica-
tions:
® The MES results are somewhat ambiguous and depend strongly
on the MES algorithm parameters used {sample rate, wave-
form gate length, number of error prediction {ilter coeffic-
jents).
e The definition of regional dispersion curves is subject to an i
analyst's spectral interpretation. .
» Despite some ambiguity, the MES technique provides high- l
resolution group velocity curves. l
] The TVWF is effective as a signal estimator rather than as a i
detector, ?J !
i‘ -
1
e The TVWF enhances the estimation of signals at least down to ;
0 dB RMS SNR, Iu particular, it considerably improves the “‘ "
measurability of surface wave magaitudes.
. Below 0 dB RMS SNR, the estimates may become unreliable l
due to son-stationary ccherent noise and the difficulty of esti- i‘

§
mating the waveform's SNR, which is a sensitive parameter in :
the Wieaer filter design.

. The TVWF noise rejection over stationsry bandpass filtering

ranges from 3 to 9 dB depending on the inherent bandwidth of
@ signal along its dispersion curve.

V-8
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Dispersion-related filvering is based on narrowband filtering
about a known dispersion curve; narrowband filtering of time-
variant waveforms produces amplitude and phase errors, The
amplitude errors, which mainly depend on the filter bandwidth
and the dispersion rate, can in general be corrected to within

1 dB; in unfavorable cases the remaining error may be as much
as 2.5 dB. The phase error could not be corrected, but ap-

pears to be small for natural seismic signals,

The filter's separation power ig limited by the widths of the

gin x/x main lobee and the presence of side lobes, determined
by the filter bandwidth. For signals with parallel dispersion
curves the minimum separation interval and the corresponding
bandwidth are determined by the dispersion rate. For a 4. 10-5
Hz/sec dispersion rate,signals separated by 200 sec can be
resolved with a bandwidth of 0, 008 Hz; however, the ouiput
contains about 50 percent amplitude distortion due to sin x/x
side lobe interference. Signals with non-parallel dispeision

curves appear to be better separable,

The TVWF requires that the signal start time be known; this
may be found with any, or a combination, of the fullowing
methods:

- deduction from given source location and time

- sliding the TVWF dispersion band through the wavelorm

and searching for the maximum RMS value

.- MES analysis

- instantaneous signal phase detection.
The second and third method appear to be most accurate, but

are more time and core consuming.
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® ia the present design the filtering is performed in the frequency

domain; this requires in principle one inverse ¥Fourier trans-

AT A e SR e L AP s LN

form for every dispersion point of non-overlapping bandwidths.
For a signal with a 1000-sec dispersion, sampled at 2-sec in-
tervals, with 5, 10“4 Yz frequency increments and 0, 04 Hz
bandwidth, this amounts o more than 80 inverse transforms,
Alteraatively, one may conceive the filter design as a time-

domain convolution, usiag a tuned filter technique; this method

should be considerably faster,

v The TYWF signal cnhancemeﬁt ghould prove useful in magnitude

measurement, MB— mb discrimingation, Love wave versrs Ray-

leigh wave energy measurement, source parameter studies,

propagation and geologiczl structure studies, and possibly

e
' other signal analysis and clasyification tochniques., 2
. ® A statistical filtey perf@fﬁﬁnﬂ& uvﬂ.maﬂ\u-e:; using an easemble ‘
of combinutions of noise samples aud kuows signals is required
to esiablivh the full rauge of filter permri}'ﬁ;m}gqe. characteristics. _ ]
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DISCRIMINATION TASK
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This task involved two. quite different approaches to the pro-

blem of discriminating between earthquakes and underground auclear explo-

LU ey ey pees gy ey

sions. The {first approach involved the augmoentation of the Iateractive Seis-

mic Processing System (ISPS) developed by Ringdal and Shaub {1974) with a

|
- amprmamm]

module which performs several discrimination calculations, The overall

purpose of this system is to provide an interactive graphics capability for

L the purpose of detectlng and analyziag seismic waveforms. The second ap-

proach dovelved the examination of first-zone surfoce wave spectra for high-

ey ms:}&ge generation, aud the possible use of this inude to determine depth

e e o L ek heper Tt e e o S mm o ..

RSN Q"-‘d{\;gpk‘?hiﬁiﬁﬁtw by source depth estimation).
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,;L o lu.ub}wnca.ﬂ Report No, 91 Dewign, Simulated Operation, and Evalua-

V- L;.mu\w«kg S{h‘{w‘»iﬁm ivd Seismic Discrimination Processor in the Con-

A e T

: \é& q\ \\‘vrm 1%"'&\4\'& Seismic Surveillance System

_'_&n f:ﬂ)ui\\,iﬂng a world-wide seismic surveillance system, one

ity
[N

V- -,awgwn‘ um §
' naalhw &\n m&.,\;mm Waveforma and to reliably clansify the seismic eveats as

\wwhh.m iy to provide seismic analyst-comnuter interaction
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pom\.xb&m m lmﬁwmm Efficiency i required to keep up with the daily load of

. events _&-_ub}g?\;tq&-to classification processing. Flexibility is required to
quickly a_ltei\r.o@pm‘:.rating procedures. It is anticipated that such changes will
be needed until our discrimination capability is sufficient to identify explo-

sioos qrig_tn_md from any region of interest. -

To partially fuliill these requiraments, a special purpose

intcracttve seismic processing mudule was developed on a PDP-15

Y'_-l_



minicormputer for Short Period Earthquake/Explosion Discrimination {SPEED).
This processing module was imbedded in a simulated special purpose seismic
operating system. This system, the Interactive Seismic Processing System
{ISPS), was developed by Ringdal and Shaub (1974). The module SPEED con-
sists of three discriminant calculations. In Figure V-1, the first one of the
discriminant functions performs cepstrum analysis; the secoad, variable fre-
quency magnitude (VFM) analysis; and the last, corner frequency analysis
{CF). Thke three functions of SPEED - cepstrum, VFM, and C¥ - are de-

scribed as follows:

¢ The cepstrum analysis is subdiviled into three interactive
subroutines, SUBI adjusta start time or exponentially tapers
the data as described by the analyst. SUB2 separates the sig-
nal and echo by trial and error deconveolution. SUB3 generates
a residual seismogram and sets up CEPSTRUM to pick later
phases {e.g., mulitiple explosions), if desired by the analyst.
The statistics generated for discrimination are the time delay
of the echo, reflection c¢.~sfficient, correlation coefficient be-
tween the echo and the first arrival, and the residual aoise
when the estimate of the echo and first arrival are removed

from the original data.

e The VFM analysis in SUB4 removes the exponeatial taper from
the first arrival signil estimate derived from CEPSTRUM. In
SUBS it computes the high and low frequency depeandent magai-
tudes from the correspoandiag semi-log-signal spectrum dis-
play corrected for absorption.

. The CF analysis in SUB6é can measure up to four corser fre-
quencies, smplitudes, and roll-offs from the log amplitude
versus log frequeacy spectrum of the sigaal trassrnission

correctad for absorption.




SHORT-PERIOD EARTHQUAKE/EXLOSION DISCRIMINATOR

Processing Module
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SPEED
= Sub-Module Sub-Moduale Sub-~Module
[ i CEPSTRUM VEM CF
[

i
SUB 1 SUB 2 SUB 3 SUB 4 SUB 5 SUB &

o

SUB 1 - Conditions Data For Cepstrum Analysis
I SUB 2 - Separates Signal And Echo

SUB 3 - Computes Residual Seismogram
I SUB 4 - Conditions Data For Spectral Analysis
|

SUB 5 - Computes Variable Frequency Magnitudes

SUB 6 - Computes Corner Frequency And Amplitude From Log~Log
Spectrum Plot

- FIGURE V-1
SHORT-PERIOD EARTHQUAKE/ EXPLOSION DISCRIMINATOR
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Support programs were developed to use an IBM 360/44 com-
puter to reduce all of the station component seismograras to a siagle repre-
sentative event wuveform. An option is provided for inputiing the single rep-
resentative event waveform into SPEED either corrected for or uncorrected
for system respousa, The examples analyzed were corrected to broadband

ground displaceineut between 0,25 and 5, 0 Hz.

The SPEED processing module as presgntl_;r configured can be
programmed to perforin any one of many discriminatibu procedures by a pre-
scribed sequence of bution pushing. To obtaia baseline performance data,
one very simple and reproducible discrimi.nat's‘.on processing procedure was
prescribed. A data base of 35 eveats, iacluding 20 eartbquakes aand IR pre-
sumed explosions ia the magnitude range between 4.4 and 6.1, were run
through the SPEED processor. For sach event, the discrimination mea-
surements obtained from SPEED wiére processed by multivariate discrimina-
tion avalysis of fregquency &&pan&ﬁég&j};'mgnimde measurements to derive a two -
component discriminant output.. ﬁ.ﬁw\pcmponent was optimized to discriminate
central Ssian presumed explosxiﬁnw..l",_.; The pther componeat was optimized to
discriminate westera United Stales f»x‘&aumed explosions. The performance
results obtained by uaalyzing the leagth of the two componernt discriminant
vectors clearly separated earthguakes from presumed explosion events from
the two regions, Assuming normal statistics, it is expected that 90 percent
of the presumed explosions can be detected with a probability of false positive
identification of 0,004. Two outliers were obtained, one from each presumed
explosion region. This {ndicates the need for more discriminant components
in the measured discrimianant vector, and possibly more componeunts in the
resultant discriminant space needed to identify all explosions by region or
medium type. '
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B. Technical Report No. 10: Applications of Higher Mode Surrace

Waves

It is well known that earthquakes and underground nuclear ex-
plosions radiate energy in the form of surface waves which propagate at velo-
cities which are the roots of equations relating frequency, seismic velocity,
and propagation velocity {Harkrider, 1970), There are an infinite number of
roots to this equation both for Love and Rayleigh waves, and in principle
every seismic event is accompanied by energy propagating in each of the
modes correspoanding to these roots. In practice, only the fundamental mode
{i.e., R o’ Lo) with lowest velocity is excited with large enough amplitude to
be useful for most detection and discrimination problems. In this atudy, we
attempted to obtain information about the source from hitherto unused higher

mode surface waves,

Two uses for bigher modes were examined, both employing the
first higher mode Love wave {denoted Ll). This mode wase chosen because iis
amplitude is expected to be larger than that of any other higher mode Love
wave, and because it varies more in amplitude with period than does the first

higher mode Rayleigh wave, the other possible candidate for this siudy.

A number of studies {Turnbull, et al., 1973, Tursbull, 1976)
have described a procedure for fittiog measured seismic spectral amplitudes
to theoretical source spectra, Seismograms recorded at stations with good
azimuthal distributicn about the source {if possible} are narrowband filtered
to estimate the Fourier component attributable at that period to the arrival of
interest {Alexander, 1963), These spectral amplitudes were correctzd for the
earth's attenuation, structure, and for distance, and the mean square differ-
ence betwsen them and those predicted by a model is minimized as a function

of the model paramsters. The parameter rnost sensitive to this fitting pro-

cess is the source dapth, so that this method can be used to discriminate be-
tween desp and shallow events,
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The radiation pattern for higher mode surface waves is simi-
lar to that of the fundamental mode, since the various modes are characteris-
tic of the medium rather than the source {Turnbull, 1976), The amplitude
response of the earth is different for different modes, due to their different
wa.venumbers, aad this response can he calculated for a given earth model.
Finally, the attenuation of the earth may be different for various modes, and
must be found by experiment, Then higher mode amplitudes may be used to

calculate source depth in the same way as are fundamental mode amplitudes,

It was attractive to look for another discriminant based on
higher modes, and the amplitude ratio Lll LO was investigated for this pur-
pose, This ratio was calculated for source models at various orientations
for a range of periods from 6 to 15 seconds, for several earth models, Under
the appropriate models the ratio’s level changed with orientation but its gen-
eral features as a function of period did aot, and that the ratio displayed fea-
tures below 15 seconds which occur at lower periods for lower velocity sur-

face layers. Measurement of this ratio should then give an indication of the

seismic velocity at the source,

Surface waves from a numbar of events were examined for the
preseace of higher mode energy. Amplitudes of the first higher mode Love
wave were measured, corrected for distance, instrumeut response, and at-
tenuatioe, and {it to a model of the fault plane and propagation path., The re-
aults suggested that this mode, the most promising for the purpose, has no
capability for depth discrimination, at least in North America. The reascns
for this failure are the high value of the energy attenuation coefficient and the

tack of a good source model,

In order to discriminate between different source structures,
the ratio Llf LO was calculated as a function of period both experimentally

from the observed data and theoretically from two source models. Agreemeant
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betweun observation and theory was more encouraging than for the spectral

fitting method, but was still short of satisfactory,

It is recommended that any further study of the utility of higher
modes for discrimination be directed toward data from a region of low attenuza-

tion coefficient and well known simple sitructure,
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SECTION VI
COMPUTER PROGRAM DOCUMENTATION

The documentation for the adaptive beamforming program
(ABF) developed by Texas Instrumernts Incorporated for the Air Force Tech-
nical Applications Center {AFTAC) under Contract Number F08606-74~C-
0033 was modified to include Korean Research Seismic Station {KSRS) short-
period array type 3 formatted data, as well as the original type 1 formatted
data. As mentioned in the original documentation (1974}, this program has

the following significant features:

. Several covergence rates can be analyzed in one pass of the
input data.
e Optiont exist for inputting vertical cormponent data from the

ALPA, NORSAR, and LASA long-period arrays and the Korean

short-period array.

. Options exist for combining two separate esvents after scaling
! and rotating the events to the desired azimuths so that iater-

fering events may be analyzed; the adaptive filters are design-

ed on the composite trace and the user is allowed to view the

r] effect of the filters on each event.
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APPENDIX A

LIST OF REPORTS FROM CONTRACT
F08606-76-C-0011

A, QUARTERLY REPORTS
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1, Quarterly Report No. 1, covering the period 15 July 1975 to
15 October 1975, Texas Instruments Report No. ALEX{01})-
QR-76-01, 15 October 1975,
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} 2. Quarterly Report No. 2, covering the pericd 15 October 1975
' to 15 January 1976, Texas lnstruments Report No. ALEX{01}-
< H QR-76-02, 15 January 1976,
1_ 3, Quarterly Report No. 3, coveriang the period 10 January 1976
F [; to 10 April 1976, Texas Instruments Report No, ALEX{01)-

2 QR-76-03, 10 April 1976,
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Quarterly Report No, 4, coveriang the period 10 April 1976 to
10 July 1976, Texas Instrumeants Report No, ALEX({01}-QR-
76-04, 10 July 1976.
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5. Quarterly Report No, 5, covering the period 10 July 1976 to
10 October 1976, Texas lastruments Report No. ALEX{C1)-
QR-76-05, 10 October 1976.

B. TECHNICAL REPORTS

1, Preliminary Evaluation ¢f the Iranian Long Period Array,
by 'Ahn C. Strauss, Texas lnstruments Report No. ALEX(01}-
TR-76-01, 29 October 1976, h
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9.

10,

Preliminary Evaluation of the Seismic Research Observatories,
by Alan C, Strauss, Texas Instruments Report No. ALEX(01)-
TR-76-02, 29 October 1976.

Evaluation of Two Automatic Signal Detectors Using the Korean
Seismic Research Station Short-Period Array, by Wen-Wu Shen,
Texas Ilastruments Report No, ALEX(01}-TR-76-03, 29 October
1976,

Network Capability Estirmnation, by Nolan S, Snell, Texas In-
struments Report No, ALEX{01}-TR-76-04, 24 September 1976,

Study of the Adaptive Beamnforming Detector Using the Korean
Seismic Research Station Short-Period Array, by Wen-Wu Shen,
Texas Instruments Report No. ALEX{01l}-TR-76-05, 29 October
1976.

Development of Threc Signal Processing Techniques, by Stephen
$. Lane, Texas Instruments Report No. ALEX{01)-TR-76-06,
29 October 1976,

Evaluation of the Improved Three Component Adaptive Pro-
cessor, by Alan C, Strauses, Texas Instruments Report No,
ALEX{01)-TR-76~07, 24 September 1976.

Time-Variant Wiener Filter for Dispersed Waveforms, by
Rudolf Unger, Texas Instruments Report No. ALEX{01)-TK-
76-08, 29 October 1976,

Design, Simulated Operation, and Evaluation of a Short~Period
Seismic Discrimination Processor in the Context of a World-
Wide Seismic Surveillance System, by Rot.rt I. Sax, Texas

_lustruments Report No. ALEX(01)TR-76-09, 29 October 1976.

Applicatioas of Higher_hdo’de Surface Waves, by Stephen S, Lane,

Texas Ingtruments Report No, ALEX{01}-TR-76-10, 11 October
1976, '
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i [ 1. Documentation of the Adaptive Beamforming Program For
:'i % : f Interfering Event Studies, Change 1, 20 August 1976.
' Q . h
wd | i I D, FINAL REPORT
F
} l i. Fiaal Report, VELA Network Evaluation and Automatic Pro-
Ii E- E cessing Research, by Lawrence S, Turnbull, Jr., and Staff,
1 P | Texas Instruments Report No. ALEX(01}-FR-76-01.
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