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ABSTRACT

Work performed on Contract ¥33657-71-C-0843 has becen re-
ported in detail in a series of special reports, This final report summarizes
the material covered in each of the special reports and discusses the conclu-
sions obtained. The individual tasks covered included evaluations of the
Alaskan Long Period Array, the long period Norwegian Seismic Array, the
short period Norwegian Seismic Array, and the stations of the Very Long
Period Experiment. In addition studies of network capabilities and analysis
techniques, of adaptive processing techniques, and of high-resolution fre-

quency wavenumber spectral analysis techniques are reported,

Neither the Advanced Research Projects Agency nor the Air Force
Technical Applications Center will be responsible for information contained
herein which has been supplied by other organizations or contractors, and
this document is subject to later revision as may be necessary. The views
and conclusions presented are those of the authors and should not be inter-
preted as necessarily representing the official policies, either expressed or
implied, of the Advanced Research Projects Agency, the Air Force Technical
Applications Center, or the US Government.
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SECTION 1
INTRODUCTION

This final report summarizes work performed on Contract
F33657-71-C-0843, Extended Evaluation of ALPA, NORSAR and VLPE Data,
which was conducted by Texas Instruments Incorporated at the Seismic Array
Analysis Center (SAAC) in Alexandria, Virginia, The program consists of

the following seven tasks:

) Continued evaluation of the Alaskan Long Period Array (ALPA)

° Evaluation of the long period Norwegian Seismic Array (NORSAR)
° Evaluation of the short period Norwegian Seismic Array

° Evaluation of the stations of the Very Long Period Experiment

(VLPE) network

° Investigation of network capabilities and analysis techniques
° Adaptive processing studies
) Investigation of high-resolution frequency-wavenumber spectral

estimation techniques

The software required to perform the evaluation was developed
under a previous contract (Contract F33657-69-C-1063). Modifications made
to that software during the present program have been documented and sub-

mitted to the VELA Seismological Center (VSC) during the course of the program.

Results obtained on the current program are presented in detail
in the eight Special Technical Reports listed in Appendix A, This final report

summarizes these results for each task in Sections II to VIII,
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SECTION 11 |
ALPA EVALUATION TASK |

Results obtained in the ALPA evaluation task are detailed in
Special Reports No, 4, which summarizes the overall evaluation effort, and
No. 3, which discusses the effectiveness of various array processing tech-

niques. Summaries of Special Reports No. 4 and No. 3 are presented below.

A, Special Report No. 4: Evaluation of the Detection and Discrimination

Capabilities of the Alaskan Long Period Array,

This report presents the results of an evaluation of the full
nineteen-site Alaskan Long Period Array (ALPA). It extends an analysis
performed on a nine-site ALPA subarray, which has been reported earlier
in Final Report for Long Period Array Processing Development (Harley,
1971)., The evaluation focuses on determination of optimum techniques for
the extraction of those long-period signals which may be useful in classify-
ing events, and on the utility of classification parameters obtained at ALPA. }

Specific areas of investigation include:

° Signal Analysis

[ Noise Analysis

° Analysis of Two Component Processing
° Matched Filter Ferformance

° Analysis of S-Wave Processing

v



° Seismic Event Detection Threshold
° Behavior of Seismic Discriminants
When applicable, results from the evaluation of the limited array are compar- {'

ed to the full array results.

Summarized below are the major results from each of the areas

of evaluation:

1. Signal Analysis

Signal similarity across the full 19 element ALPA a*ray
is less than that across the limited nine element array
studied earlier. Average signal correlation coefficient
for the vertical component is 0, 84 for the full array and

0. 93 for the limited array.

Average beamsteer signal attenuation for the transverse
component is approximately the same for both the full
array as for a seven site hexagonal subarray, about 1.4 dB.
For the vertical and radial components the full array beam
causes about two dB attenuation, as opposed to about one dB

for the small array beam,

2, Noise Analysis

The anomalous long-period noise problem observed at

ALPA during 1970 has been substantially alleviated.

Between days 120 and 240 the site average RMS vertical
ground motion amplitude in the 0. 025 to 0. 055 Hz band
ranged from four to ter. mu, After day 240 most of the
samples showed slightly higher noise levels but occassion-
ally the site averages were substantially higher ranging

as high as 26 mu.

11-2 X



Azimuths of strong directional noise scurces rarely coin-

cide with azimuths of areas of interest.

The RMS value of beamsteered noise in the 0. 025-0, 055 Hz

band ranges from 1.5 to 3.0 mu.

On the average the 19 site array will provide no more than
0.1 Ms units of increased signal detectability over the nine-

site array.

Two-Component Beamforming

SNNR (signal plus noise to noise ratio) gains of one to two
dB in the bandpassed output beam may be expected from
two component beamforming, but gains of more than three

dB are observed on occasion.

Matched Filter Studies

Overall SNNR improvements from master waveform match-
ed filtering of the transverse, vertical, and radial com-

ponents average 2.1 dB, 3.5 dB, and 2.7 dB, respectively, -

Instances of SNNR improvements of more than seven dB
were observed. These gains might be exceeded in some
instances if more nearly optimum master waveform lengths
were used, and if, in certain regions, more than one master

waveform matched filter were tried.

Chirp filter improvements from the transverse, vertical,
and radial components average 2,0 dB, 3,9 dB, and 3.0 dB,
slightly better overall than master waveform improvements,
Large gains (greater than five dB) were observed in the same

percentage (17%) of cases for both forms of matched filter,
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° Two component matched filtering appears generally to
preserve the SNNR gains obtained from two component

beamfcrming,
5% S5-Wave Processing Results

° The S-wave detection probability appears to lie above an

mb of 5.5 for Central Asian events.*

° It appears that the S-wave is a good earthquake-explosion
discriminant; however, since S waves are detected only
for the largest earthquakes in areas of interest, the S

wave discriminant appears to be of little practical value,
6. ALPA Earthquake Surface Wave Detection Capability I

¢ The directly-determined 90% detection probability for

surface wave occurs near mb = 4,5 for Central Asian

events and near m, = 4.3 for events from the Kurile/

Kamchatka region.
7. Behavior of Standard Discriminants

e The Ms - m_relationship determined from Love wave

b
energy is a better discriminant than the same relationship

determined from Rayleigh wave energy.

e AL and AR were not fully successful as discriminant
methods and were clearly inferior to the Ms - my dis-
criminants.

e No discrimination method achieved a complete separation
of earthquakes and presumed explosions, although the Love

wave Ms -m discriminant failed clearly in only one case.

*Note in all references to detection probabilities in this report the false alarm
rate is essentially zero.
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ALPA:

The following areas will be emphasized in future analysis of

Continued monitoring of the ALPA noise field, and a detailed

analysis of anomalous noise samples.

Analysis of complicated signals in an attempt to understand

multipath structure,

Further investigation of the effects of master waveform
matched filter length on performance, and more detailed stndy

of the utility of multiple master waveforms for each region.

Comparison of simple phase shift-and-sum two component
processing with more sophisticated techniques such as two

component multi-channel filtering.

Region-by-region estimation of the ALPA detection threshold

utilizing matched filtering regional differences.

In addition to these ALPA studies, ALPA evaluation results

will be integrated with those obtained from the Norwegian Seismic Array, and

the stations of the Very Long Perjod Experiment in order to obtain an estimate

of the detection and discrimination capability of the existing long period net-

work,

11-5 - 6




B. Special Report No. 3: Array Processing of Alaskan Long Period Data.

The purpose of this study was to evaluate the performance of
multi-channel filter (MCF) processors on ALPA data, and to tompare their
performance with that of the much simpler beamsteer processor. The types
of MCF processors tested included two different frequency-domain optimal
filters, a time-dcmain optimal filter, and a time-domain adaptive filter,

In addition, the effectiveness of the weighted beamsteer technique was investigated
The work was performed using the vertical component of the nine-site subarray

which was available during 1970 and early 1971.

Two approaches to the design of MCF's in the frequency domain
were considered. It was found that the use of noise crosspower spectral
matrices estimated by smoothing conjugate products over adjacent frequencies
of a long transform was superior to the use of matrices estimated by smoothing
conjugate products over many short transforms at the same frequency. The

results summarized below are based on the use of the former technique.

Some variability in noise suppression was observed when the
optimal MCF's were applied to the design noise (the noise gate on which the
1equired noise crosspower densities were estimated). One of the frequency-
domain designs suppressed this noise by about five dB more than the beamsteer
processor. In the practical case, however, when the filters were applied to
off-d:sign noise (a later data gate containing the presumed signal), the perfor-
mance dropped and none of the optimal MCF's was materially superior to the

beamsteer.

To overcome this performance loss in pProcessing off-design data,
several MCF's were designed from crosspower densities estimated on the data

gate which contained the signal. When this was done the resultant MCF tended
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to degrade the signal, and the output signal-to-noise ratio was not any better

than that obtainable with beamsteer processing.

There was some evidence that the adaptive time-domain filter
can achieve somewhat better results. In one casc, the adaptive filter

suppressed the noise by 6 dB more than the beamstcer.

The relatively simple weighted beamsteer processor was also
considered. In mcst cases this type of processor achieves results very
similar to the beamsteer, but on occasion it provides an additional four dB

of noise suppression.

gy
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SECTION 111
NORSAR IL.ONG PERIOD EVALUATION TASK

Results obtained on the NORSAR long period evaluation task are
detailed in Special Report No. 5 (Preliminary Evaluation of the Norwegian lLong

Period Array); a summary of this report is presented below.

A, Special Report No. 5: Preliminary Evaluation of the Norwegian Long

Period Array.

This report presents the results of a preliminary evaluation of the
long-period Norwegian Seismic Array (NORSAR) using seismic data recorded
during the time period 1 May 1971 through approximately the end of December
1971, The evaluation of NORSAR has three overall objectives:

[ Determine the best method of enhancing the signal-to-noise ratio
of Eurasian events.

° Determine the array detection capability for Eurasian events.

° Evaluate the performance of various discriminants at NORSAR

for Eurasian events,

These objectives were accomplished by using analysis procedures

similar to those used to evaluate ALPA (Harley, 1971). Six separate studies were

undertaken:
[ Noise analysis,
° Signal analysis,
° Array processing effectiveness.
° Matched filtering performance.
° Detection threshold estimation,
° Behavior of standard discriminants.

1I-1
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The long-period NORSAR is an array of 22 seismometer sites
spread over an area approximately 100 km in diameter and located north of
Oslo, Norway. Each site contains three seismometers (25-second period)

aligned in vertical, north-south, and east-west directions.

The results presented in the following are based on the analysis
of events located in or near the Sino-Soviet area. The only exception was a
United States underground nuclear explosion (CANNIKIN). Consideration only
of these areas essentially restricted the data to events lying east of NORSAR.
The performance of NCRSAR for westerly events may be somewhat different;
however, an estimate of that performance may be inferred from results of the

noise analysis,

Transmission of NORSAR long-period data is accomplished by a
communications system called the Trans-Atlantic Link (TAL). Received NORSAR
data are multiplexed with LASA and ALPA data and then recorded on magnetic
tape. Data become available at SAAC during the first quarter of 1971, however,
because of various difficulties with both the transmission hardware and software,
data quality prior to April 30, 1971 was not satisfactory for analysis. Thus, re-

sults presented are based on data recorded after that date.

Events for analysis were selected on the basis of location, mag-
nitude, and depth. Source information was primarily from the NCAA-ERL "PDE"
lists and the SAAC (LASA) bulletins. During the last quarter, the NDPC (NORSAR)
bulletin became available and was also used. The criteria for selzcting events for

analysis were:

Epicenter in or near the Sino-Soviet area.
Magnitude (mb) between 4.0 and 6, 0.
Depths less than 70 km.

No interfering events.

During the eight month period beginning 1 May 1971, 251 events

were considered for analysis, Edit attempts were made on 152 of these.

I11-2

10




Push Sal B B e

(I e

¥

Of the 152 edited events, 112 were suitable for processing. The

events selected but not edited are eliminated primarily because of excessive

data dropouts during events., This was a fairly serious problem during the summer

of 1971 but by fall had reduced in severity to a minor one. The dropouts were
caused either by NORSAR being down or, as was usually the cause, by trans-
mission failure. The duration of data loss was from one second to ten seconds
and occasionally went for several minutes. There was one eight-day period
(about days 180-188) when no data was received due to a TAL problem. Since this
fall, NORSAR has become fully operational and the data loss rate from dropouts

is small. Other causes for eliminating edited events included:

° Unreported interfering event.
° Unremovable spikes or transients in the data.
° Mislocation (as determined from particle motion and/or mis-

rotation effects),

In addition to signals, noise data was specially edited for separate
analysis, The procedure was to obtain as long an interval as possible without
known events occuring. Noise edits were obtained at approximately 10 day inter-

vals,

The following results are noted. The results are based on data
which were obtained from the interval of 1 May 1971 to the end of 1971 and using
an average of 15 to 16 sites out of the 22 total sites., Events were restricted al-

most exclusively to those occurring in or near the Sino-Soviet zrea.

The data for NORSAR as received at SAAC have generally been ex-
cellent since September 1971. Previous to that time, particularly during early
summer, there was considerable difficulty in obtaining good data consistently. At

any given time, usually 20 to 21 sites are operating. The difference between this

number and the average number of 16 sites processed arises from the sites dropped

because of particular problems such as spikes and transients.

Although much free-period and mass-position test information was

recieved, no full frequency and phase response data were obtained. This prevented

I1-3
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the drawing of conclusions in some areas such as the travel-time anomalies of

signal waveforms mentioned below. However, results from noise analysis and

array processing did imply good equalization.

A large amount of noise data was processed and several results

can be given with confidence:

was relatively

are:

There are definite seasonal changes in the spectral shape, average
power level, and directionality of the ambient noise field at NORSAR.,
Summer noise is generally easterly with microseismic energy at 16-
18 seconds, and 8-10 seconds. Winter noise arrives primarily from
the northwest quadrant with average power levels increasing by a
factor of 2 or 3. .a the winter, the 8-10 sccond energy increases
and some 4-5 second energy appears,.

There was one clear-cut correlation of high noise level with wea-
ther (day 348). It is probable that with more detailed analysis, the
increased winter noise levels could be correlated with weather in

the north Atlantic.

All sites seem to be well equalized based on average noise levels

at each site,

Multichannel squared coherence is generally greater than 0.7 be-
tween 0. 03 Hz to 0.15 Hz, This suggests that MCF processing has

some potential for additional array gain,

The number of events processed to ascertain signal characteristics

small. However, the results show definite patterns. Major results

Waveform similarity between sites shows only small changes across
the array along the path of propagation. Much larger changes are
observed along the wavefronts normal to the propagation path,

Small but consistent travel-time anomalies have been observed at

a few sites. These seem to be independent of event azimuth hence

111-4
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are probably caused by instrumental effects, Their cause could
not be investigated because of lack of phase response calibrations.
Wavefront arrival azimuth is generally the great circle path,
Events from Turkey, however, show a more southerly shift in
arrival angle by about five to eight degrees.

All signal spectrum measurements were on the raw spectrum un-
corrected for instrument response. On the uncorrected spectra,
the -6 dB power points were generally between 0. 025 Hz to 0. 060
Hz. Turkey events and very large Central Russian events may ex-
tend the upper -6 dB level to 0, 075 Hz.

The ratio of radial to vertical Rayleigh wave amplitudes was about

0.68. This is smaller than the ratio of 0.8 at ALPA.

The array processing performance results are based on only

twelve noise samples. This is because the intent was to obtain MCF's as relia-

ble as possible which in turn required long-duration noise samples. The results

for these samples are:

Signal degradation due to beamsteer processing was about 0.7 dB
for LRV and LQT modes and 1.0 dB for the LRR mode.

Out of the MCF design gate both BS and MCF processors achieved
about VN array gain most of the time. Within the design interval
MCF's always were better than VN ., Array gains were larger
when using wider bandwidths both inside and outside of the design
gate.

The extra array gain achieved by the MCF over the BS processor

in the design gate averaged 5.1 dB wideband and 3.7 dB in the pass-
band of 0. 025 -~ 0,055 Hz. Outside of this gate, these extra gains
were to 3.0 dB and 1.9 dB respectively. The enhanced performance
of the MCF was particularly sensitive to the upper frequency limit
of the passband, With a lower limit of 0, 02 Hz, the MCF improve-
ment for upper limits 6f 0, 059 Hz, 0. 055 Hz, and 0,051 Hz were

1I1-5
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4.3dB, 3.6 dB, and 3.0 dB respectively in the design gate. For
the same bands outside of the design gate, the improvements were
respectively, 2.7 dB, 1.7 dB, and 1.2 dB. The lower band limit
had little effect on gain.

Because of the amount of data required for reliable MCF design,

it is probably not practicable to design MCF's routinely to optimize
array gain for any particular event. However, the seasonal trends
in noise level and directionality indicate that an MCF processing
occasionally will be useful, particularly in the winter (when up to

6 dB additional noise rejection was achieved).

Matched filtering performances of master events and chirp filters

were measured for a large number of events. Major results are:

Master event and chirp filter improvements are highly variable
from event-to-event and region-to-region, The chirp filters tend-
ed to give more stable, but slightly lower gains than the master
event filters.

Master event filters averaged 0.5 to 1, 0 dB more gain than chirp
filters. Signal-plus-noise-to-noise ratio improvements decreas-
ed with decreasing bandwidth, The improvements for 0, 020-0, 059

Hz aud 0. 025 to 0. 051 Hz respectively were:

LRV: 3.7 and 3.2 dB
LRR: 3.8 and 3.2 dB
LQT: 2,9and 1,9 dB

Chirp filter performance was not particularly handwidth sensitive.
The corresponding numbers for the chirp filters for the passbands

above were:

LRV: 2,7 and 2,7 dB

LRR: 2,7 and 2.8 dB

LQT: 2,4 and 1,9 dB
111-6
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There was no obvious correlation between improvement and master-
test event separation. Source mechanism and relative fault orienta-
tion should be more important in predicting signal-plus-noise-to-
noise ratio improvement.

Some regions tend to larger improvements with wider bandwidths
while for other regions, narrow bandwidths give better results.
Master events for afew regions gave poor results even thouth their
waveforms appeared to differ relatively little from the test events.

More sophisticated chirp filters may provide enhanced performance

- without significantly increased algorithm complexity.

The incremental detection threshold of NORSAR, using 15 to 16

sites, was measured directly from event detection histories and indirectly using

implied magnitudes based on ambient noise levels, The results show that:

showed good separaticn between earthquakes and presumed explosions, Both AL-m

The direct estimate indicates the 909% detection level at an m, = 4,6

and the 50% level at m, = 4.2, These estimates are not reliable
since they are based on only a few non-detections in an event en-
semble whose mean m, is around 4, 8,

The indirect measurement of detectian threshold gave unrealistically

low detection thresholds (90% at m = 3,8, 50% at m, = 3. 3). Itis

b b
felt that failure to account for the signal variance causes this low
bias.

The best estimates of detection threshold will have to come from

a larger event ensemble,

There is no'significant variation in detection behavior between the

three different passbands used,

The behavior of three standard discriminants, Ms-mb, AR-mb, and

AL-mb was observed for a number of Sino-Soviet events. All three discriminants

and AR-mb gave better separation than Ms-m.b with AL-mb giving the best results,

111-7
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General plans for future tasks in the NORSAR evaluation are
directed to answering questions which arose during this preliminary evaluation,
enlarging the event ensemble, particularly at smaller magnitudes, and obtaining

data covering a full calendar year so that seasonal effects can be examined.

In particular, noise analysis will be continued, and weather maps
will be obtained for additional work correlating surface weather with the ambient

noise field,

Future signal analysis will investigate the amount and effect of
multipath energy at NORSAR. Some work should be done to explain or categorize
the signal characteristics on a regional basis. This would be useful, in conjunc-
tion with matched filtering studies, in constructing models for 'best' master

events and chirps for given areas.

Future array processing analysis will investigate MCF performance
using long or combined noise samples on an extended basis., If investigation of the
noise field reveals stable directional noise on a seasonal interval, the performance

of modeled wavenumber filters will be tested,

Matched filter studies will be used in an effort to obtain a better
estimate of SNR gains for different regions., Fossibly, given sufficient data,

models of optimum filters can be constructed,

The detection threshold estimate of NORSAR will be refined by ob-
taining considerably more event data at smaller magnitudes. This effort will

comprise the majority of the work on the extended NORSAR evaluation program.

111-8
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SECTION IV
NORSAR SHORT PERIOD EVALUATION TASK

Results obtained on the NORSAR short period evaluation task
are detailed in Special Report No. 6 (Preliminary Evaluation of the Norwegian

Short Period Array); a summary of this report is presented below.

A. Special Report No. 6: Preliminary Evaluation of the Norwegian Short

Period Array.

This report presents the results of a preliminary evaluation of
the Short-Period (SP) Norwegian Seismic Array (NORSAR), using seismic data
recorded during 1970, 1971, and 1972. The overall objectiives of the NORSAR

SP evaluation are:

° Determine the best processing methods for enhancing

the signal-to-noise ratio of Eurasian events

° Determine the array detection capability for Eurasian
events
° Evaluate the performance of short-period discriminants

at NORSAR

° In corjunciion with the long-period NORSAR data,
determine the detection and discrimination capability

of NORSAR for Eurasian events.

Substantial progress has been made toward achieving the first three objectives;
future analysis will be directed toward improving the preliminary results

presented in this report and meeting the fourth obhjrctive.

Iv-1
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Five analysis tasks were undertaken in order to meet the first

three objectives stated above:

° Noise analysis

. Signal analysis

[ Array processing effectiveness

° Preliminary detection threshold estimation
° Behavior of SP discriminants

The NORSAR SP array, centered about 100 km due north of
Oslo, Norway, consists of 132 short-period seismometers and has an
aperture of about 100 km. The sensors are grouped into 22 six-element
subarrays; each subarray has a center sensor and a five-sensor ring and is
abnut 7 km in diameter. In this report subarray 1 refers to subarray 0lA,
subarrays 2 through 8 to subarrays 01B through 07B, and subarrays 9 through
22 to subarrays 01C through 14C. Within a subarray, sensors 0 through 4
refer to sensors in the surrounding ring, starting with the first sensor cast
of a north (Oo) azimuth, and proceeding clockwise around the ring. Sensor 5
refers to the central sensor of a subarray. Thus, sensor 0 of subarray 1l is
sensor 01A0l in the official nomenclature, and sensor 5 of subarray 22 is

sensor 14C00,

The results presented are based primarily on analysis of events

located on the Eurasian continent. A total of 102 events have been analyzed.

Geographically, the events are concentrated principally in the
Northwestern Pacific (from Kamchatka to Taiwan) and in south central Asia
(north and west of the Himalayan system). There are five events from the

Ural Mountain region, three from continental North America, two from as far
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west in Europe as Greece, two from the Arctic Ocean and one from the Aleutian
Tslands. Ninety percent of the events are either shallow (£100 km) focus or
have unknown depths. Twelve events are signals from known test areas,
including six from Eastern Kazakh, one from Movaya Zemlya, two from the

Ural Mountains, onc from the Aleutian Islands and two from Nevada.

For 72 of the signals an associated 320-second noise sample
taken just prior to the signal was edited and processed, these samples were

used to obtain the noise analysis results.

Data quality was excellent; about one-half of the time all 132
sensors were operational. In most of the other cases one subarray (six sensors)
was dead; the worst data loss was 19 sensors. With the exception of one event,
there were essentially no spikes in the data. We do not have individual seis-
mometer response curves; however, based on results of the signal and noise
analysis, it appears that the seismometers are reasonably well equalized across

the array.

Cenclusions about the performance of the short period NORSAR
array, based on analysis of just over 100 signals (primarily from Eurasia) and

72 noise sarnples, are given below,

Conclusions from the noise analysis are based on 72 samples and

can be stated with good confidence. Major results are:

° The noise spectral shape is very simple. The peak occurs at 3
to 6 scconds and the spectra decrease rapidly at shorter periods.
The spectral shape does not change significantly either across

the array oor with time.

° Neise levels are very simiiar across the array. Maximuam single
sensor variations typically are 16 dB, and most sensors are

within + 3 dD of the average iingle sensor level. Variation among
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subarray beam noise levels in the regiorn oi significant power

(0 10 2.0 Hz) is ! 2 dB.

Wideband noise levels show a definite scasonal dependence;
winter-time levels are about a factor of 2 higher. The
increased winter-tiine level results because the 3 to 6 sccond
microscismic peak is stronger in the winter. Application of
the "standard'" bandpass filter, which rolls off sharply at high
frequencies, reduces the difference between summertime and

wintertime noise levels.

RMS levels on the "standard"-filtered adjusted-delay array beam
range from 0,04 to 0.17 mu , and typically are 0.12 my . This
is about a factor of two higher than LASA detection-filtered beam

noise levels,

Multiple coherence levels within a sibarray are low except at
the 7 to 6 second microseismic peak. Inter-subarray multiple

coherencies are low over the entire 0 to 5.0 Hz band.

Major conclusions from the signal analysis are:

Except for a few close-in, high-Irequency events signal
similarity is good within a subarray. Among subarrays,

however, similarity is quite variable.

Amplitude variations across the¢ array typically are 4:1. Some

rcgions (e.g., Kazakh) show variations as high as 10:1.

Eurasian signals usually have a substantial amount of high
frequency energy (out to about 2 Hz). Spectral shapes are quite
variable, but the close-in events (A (300) generally have more

high-frequency content. The limited ensemble of Western
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study are:

hemisphere events processed show substantially less high

frequency energy than the Eurasian events,

Time-delay anomalies (deviation from plane wave propagation

along the great circle path) are not significant for subarray H
beamforming, except perhaps for a few close-in events.
Anomalies are significant, however, among subarrays and
corrections are essential for array beamforming. Consistent
subarray delay anomalies could be obtained for all regions

except those withiu 30° epicentral distance of NORSAR.

NORSAR mb's averiged auout 0, 2 units less than PDE (and
LASA) mb's. This discrepancy can be explained as signal
loss in array beamforming, and thus it appears that NORSAR
mb'l. if corrected for signal loss, are about the same as
PDE mb'l.. The PDF.-NORSAR m, differences do appear to

Le larger at low magnitudes; this is presently not understood,

Major conclusions from the array processing performance

VN noise rejection is aciiieved over the entire 0 to 5 Hz band

for both subarray and array beamforming, Thus noise rejec-
tion totals about 21 dB (8 for subarray and 13 for array beam-
forming),

Signal degradation for subarray beamforming typically is 1 dB;
but for some close-in high-frequency signals, loss appears to
be about 3 or 4 dB.

Signal degrada‘ on for array beamforming is quite variable,

but gencrally appears to be only about 2 to 4 dB. On some events,
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however, degradation appears to be as high as 11 dB. It should be
pointed out that it is quite difficult to estimate array beam-
forming signal degradation, especially when it is large, because

of th: dissimilarity of subarray waveforms.

Net signal-to-noise ratio (SNR) gain typically *s 15 to 18 dB,
For the problem close-in events gains drop as low as about 10
dB. For these events the reference subarray beam often has a
higher SNR than the array beam. (Usually the array beam SNR

is about 1 to 5 dB higher than the reference subarray beam SNR).

Diversity stack beamforming provides 0 to 2.5 dB, and typically

1 dB, better SNR improvement than the adjusted-delay beam.

For detection of Eurasian events, a bandpass filter with corner
frequencies at about 1.2 and 2.8 Hz and a very sharp rolloff at
low frequencies appears to be about optimum. The relatively

high bandpass is desirable because event SNR's generally peak at
about 1.5 Hz. This filter may not be best for Western hemisphere
events which appear to have somewhat lover signal spectral

content,

A preliminary estimate of the NORSAR detection threshold for

Turasian evenis gives a 90% incremental value of my ~ 4.3. Much more data are

required to obtain a reliable estimate, however.

Standard short-period discriminants were calculated for all

detected events, and the conclusions are:

Discriminants based on event complexity (P30 inean square, auto-

correlation mean square, and envelope difference) do not appear
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to be very cffective in separating shallow earthquakes or earth-
quakes of unknown depth from presumed explosions for Eurasian

events.

. Discriminants based on spectral energy distribution (dorninant
period and spectral ratio) appear to work reasonably effectively,
although complete separation between Eurasian earthquakes and
presumed explosions was not achieved. Surprisingly, the very
simple dominant period measurement gave the best results. The
spectral ratio of energy in the bands 0.3 to 0.8 Hzand 1.4 to 1.8
Hz was clearly inferior to the ratio of energy in the bands 0. 55 to
1.5Hz and 1.5 to 5.0 Hz. This fact is not surprising, sirnce the

first two bands were based on events processed using LASA data.

° The short period discriminant vaiues for Eurasian events are
significantly different that those obtained for a limited ensemble
of Western hemisphere earthquakes and presumed explosions.
This observation points out that the effectiveness of short-period

discriminants depends on the source and station location.

Future NORSAR short-period evaluation efforts will concentrate on
increasing the Eurasian event ensemble, emphasizing low-magnitude events, in
order to improve estitnates of the array detection capability. Close-in events
will be analyzed in detail in an attempt to find techniques for improving array

SMNR gain.
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SECTION Vv
VLPE STATION EVALUATION TASK

Results obtained on the VLPE station evaluation task are detailed
in Special Report No., 7 (Preliminary Evaluation of Single Stations of the Very

Long Period Experiment Network); a summary of this report is presented below:

A, Special Report No. 7; Preliminary Evaluation of Single Stations of the

Very Long Period Experiment Network,

The Very long Period Experiment represents an effort to install
a small network of high-gain, high-quality seismometers and associated instru-
mentation at various locations throughout the world, The instrumentation has
been described previously by Pomeroy et al (1969). To date instruments have
been installed in Australia, Thailand, Alaska, Spain, Israel, Ncrway, and New
Jersey, Detailed studies of the data from the station at Ogdensburg. New Jersey,
were presented by Savino et al (1971), Also Savino Presented preliminary results
from all seven of the network stations at the MIT Seismic Discrimination meeting
in January 1972, at Cambridge, Massachusetts, Hisg results were obtained pri-
marily from analysis of the photographic records at each station, while results

of this study were obtained from the digital recordings.

In this report the seven individual stations are evaluated separately;
the stations are evaluated as a network in Special Report No. 8 (Texas Instruments

Incorporated, 1972) on this contract,

Because the amount of digital data processed thus far has been
relatively small and somewhat scattered in time, results presented represent
only a preliminary evaluation of the seven stations. The evaluation includes ana-
lysis of the individual station RMS noise levels, nois. spectral content, station

surface wave detection capability, and behavior of the Ms -m, discriminant. Also,
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calibration analysis is presented for the Thailand station. One important aspect
of the Very Long Period Experiment has been a comparison of the station detec-
tion and classification capability at 20 and 40 seconds. ‘Therefore, we have under-
taken a detailed study of the surface wave magnitude, Ms, computed at 20 and 40

seconds, and preliminary resvlts of this study also are presented.

Attempts were made to analyze essentially all of the available data
through November, 1971 at all stations except Ogdensburg, However, a substan-
tial amount of the data at each station had to be eliminated due to the following

problems:

. On a large number of occasions (nearly all of the Australian data)
tape formatting problems in the digital systems prevented reading
of the field tapes. Formatting problems included illegal sample
rate, illegal number of channels present, and bad timing words in
the heade~ records. Also another type of error is the absence of
the channel one sync flag in the first channel one sample point in
each record.

° Several field tapes had short inter-record gaps which caused the
tape drives to mis-position between records and hence caused pro-
blems in reading the header records (especially the Spain tapes).

° Some tapes had spurious end-of-file marks in the middle of the
tapes, while other tapes were not terminated with an end-of-file
mark,

° On several occasions, the field tapes had bad data due to various
hardware problems (PTA's at Israel and the digital system at
Thailand}.

A total of 252 events were processed; however, multiple-station
data were available for only a very limited number of these. Essentially all of
these events were either in or on the edges of the Sino-Soviet area, and most of

the events were either shallow (less than 60 km) or had unreported depth.
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The events analyzed came from a reference list which was a
combination of PDE and LASA bulletin data, The LASA bulletin data was includ-
ed because PDE coverage below m, = 4.5 in the Sino-Soviet area is sparse. The
LASA bulletin, while nut offering complete coverage, does provide event data to
m, = 4.0 and below for sonic regions (e.g., The Kurile lslands). However, use
of the LASA bulletin does provide some problems in that occasional deep events

may be included in the event ensemble.

Eight percent of the 276 good events could not be analyzed due to
the presence of large interfering events. (It should be noted that numerous
other events were not edited when PDE or LASA bulletin data showed that large
interfering events would coincide with the event arrival at the station or stations
of interest.) However, it is possible that most of the 20 interfered events would
not have been masked at all seven of the stations, It is hoped that the interfering

event problem can be analyzed further in the future when the entire network be -

comes operational.

Preliminary evaluation of the seven stations of the Very Long

Period Experiment network has led to the following conclusions:

1. The vertical noise spectra generally are about flat and low level
between 20 and 40 seconds, however they do increase rapidly at periods larger
than 40 seconds at sume stations. The horizontal noise spectra generally begin

to increase at periods shorter than 40 seconds.

2, The vertical RMS noise levels in the 20 to 40 second band are
generally around 5my, the horizontal levels are more variable but generally

higher than the vertical levels.

3. Our data base is not yet large enough to make definitive estimates
of the stations' detection thresholds. However, some preliminary statements

can be made:

[ Generally, the stations' detection thresholds for shallow
focus earthquakes appear to be in the range 4,0 to 4.5 m,

for 30° epicentral distance and 4,5 to 5.0 m, for 60° to 80°,

V-3
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o Israel and Norway appear to be somewhat more sensitive
than the other stations. Thailand is not particularly noisy,
but recorded surface waves seem to be lower amplitude
than at other stations.

o The detection capability at 20 seconds appears to be some-
what better than that at 40 seconds; the difference may not
be as large as the 0.3 Ms units indicated by our data if

careful bandpass filtering is done at each station.

4, The Ms -m plots for the seven stations analyzed are typical of
those observed at other stations, Separation between earthquakes and events
from known test areas is generally good, except for a few earthquakes at each

station which have Ms - m values somewhat below the bulk of the earthquake

b
population,
5. The relative amount of 40 and 20 second energy does not appear

to depend on event magnitude for events with 3 < MSS 6.

6. Based on results from a large number of earthquakes and a
small number of presumed explosions, it appears that no increase in average
separation between earthquakes and presumed explosions will be obtained by

using Ms(40):mb instead of MS(ZO):mb .
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SECTION V1
NETWORK EVALUATION TASK

Results obtained in the network evaluation task are defined in
Special Report No. 8 (Preliminary Network Evaluation Studies); a summary

of this report is presented below.
A, Special Report No. 8: Preliminary Network Evaluation Studies

This report describes investigations of the network aspects of
the Very Long Period Experiment (VLPE) stations, with the purpose of dev-
eloping a basis for identification of both the strong and potentially weak parts
of such a network for the detection and identification of long-period signals
from explosions and earthquakes. The evaluation emphasizes theoretical
characteristics of a station network at this point in time, primarily because
of the experimental nature of the seismograph systems and a consequent

limitation of joint multiple station signal observations.

This report provides a theoretical basis for estimation of sig-
nal detection capability at the VLPE stations and the observational data sup-
porting the estimate. The single station capability is then merged into a
theoretical network capability model. The network model, which may include
contributions from the long period arrays, ALPA, NORSAR, and LASA, is
then used to calculate estimates of the world-wide surface wave detection
capability of networks of stations selected from the current and projected
station list. Both 20 and 40 second Rayleigh wave detection estimates are

presented,

Preliminary data indicate that the VLPE network has the theo-

retical capability for detection of shallow focus continental earthquakes in
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Eurasia at about Ms = 3.1 or less when all stations are in operational status
and the network includes the large arrays. The theoretical basis of the esti-
mate requires that a systematic evaluation of actual signal detections be re-

served as the final demonstration of capability,

Because of limited observational data, a true picture of the
network contribution to mixed event ard radiation pattern problems cannot be
clearly demonstrated at this time. Beamforming for long period P and S
signal detection may have utility in special cases, but these are not likely to
contribute to identification of sources s routine discriminants. The power
of Tsai's method at the single station, when fully evaluated, may contribute
to the network aspect very significantly in terms of mixed events. Utility of
matched filter stacks for overall depression of the detection threshold will
be marginal until a suitable library of filters can be developed, This factor
influences the ability of a limited number of stations to observe the radiation

patterns with enough resolution to describe the problem in any detail.
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SECTION VII
ADAPTIVE PROCESSING TASK

Results obtained on the adaptive processing task are detailed
in Special Report No. 1, which describes theoretical algorithm analysis. In
addition a study of implementation and operation of an on-line adaptive pro-

cessor is currently in progress and will be reported in the near future.

A, Special Report No. 1: Adaptive Convergence Studies

The rate of convergence of an adaptive filter algorithm to a
neighborhood of the optimum filter is approximated in terms of the eigenvalues
corresponding to the principal components of some matrix closely associated
with the noise matrix (Brennan, 1971). For the frequency-domain maximum-

likelihood adaptive algorithm, the adaptive update equation is:

H
FAALEI ISP V—I‘;— xtxH)t A
viy

where Xt is the input data vector at the tth iteration, VH is the beamsteer
filter, A is the conjugate transpose of the adaptive filter vector at the (t+1)th
and tth iterations, respectively, and g4 is a real scalar quantity controlling
the adaptation rate. The superscript H denotes conjugate transpose. The

output of the adaptive filter at the tth iteration is (AH)tXt. If we substitute

&= E(XXH) for Xt(XH)t in the update equation for this particular algorithm,

the time constant 7p is approximately

1
24\
p

th
for energy lying on the p~ orthonormalized eigenvector of the matrix
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where p <<1/A ., Here A is the p  eigenvalue of that matrix. T |is
p p
the time constant for the pt principal component in the sense that the por-

tion of the excess filter output RMS
1
Valer - (aea

asrociated with the pth principal component of the matrix

minimum

vvH vy
1- ¢ (1- 5
Vv Vv

is reduced by a factor e = 2,71828 in approximately l/Zu)\p) iterations.

Similarly, the amplitude

(

a - f(a)
p P

optimum

of the difference between the adaptive filter and the optimum maximum-
likelihood filter along the pth principal component is likewise reduced by a
factor e in the same period of time. It is assumed that substitution of ¢ for

)(t()(t)H does not change the answer much.

Stability of the adaptive algorithm requires that

p<1/A
max

so that the time constant for weak components may be very great and cannot

be chosen sufficiently large for practical effectiveness against very weak com-
ponents. The purpose of the preseni study is to investigate the ability of modi-
fied adaptive aigorithms to increase the convergence rate on weak noise com-

ponents.

™
This would be the case if successive data vectors were independent. 1In the
dependent data vector case at hand, one might expect this to be true for u

very small,
vi-2
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For the purpose of simplicity, the modified algorithms in the
frequency domain will be discussed. Let there be a sequence of data vectors
Xt at a specific frequency. These vectors are to be processed adaptively so
as to preserve a signal S = cV/(VHV), where c is a complex scalar quantity
and V is the conjugate transpose of the beamsteer filter VH. One way to

formulate this algorithm is

o; = vixt . (FI;I)tXt ,

where o; is the output of the first loop at time t, and (Fll-l)t is an adaptive
filter applied to Xt to predict the complex-valued scalar quantity VHXt. If
the constraint (Fll_l)tv = 0 is imposed for all t, then it follows for the input

xt=s-= cV/(VHV) that the output is

H JHit
£ _ c[VV-(l-l)]

——

so that the combined filter VH - 1=‘Il_I has a unit response to the signal, It

is possible to consider a second loop or filter

t ot Ht.t
o, = 0o, - (FZ)X

or in general
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where the signal is still preserved if the constraints
H t
(Fk) Vv =0

are required. If the filters are to operate independently, the optional addi-

tional constraints

Ht t _
(Fj)Fk-O (j#k)

need to be specified, The algorithm with only the constraint to preserve the
signal will be termed the single-constraint mode algorithm, whereas for the
algorithm with the additional constraints, the terminology multiple-constraint
mode will be used. Heuristically, the seccad lcop allows the filters F;‘ to
concentrate on the smaller components of the noise because F}]“ has reduced

the largest noise component,
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B. Study of On-Line Adaptive Processing Results Using Alaskan Long
Period Array Data

The adaptive processing task of the Extended Array Evaluation

Program has as its objectives:

° To gain experience in operating a real-time adaptive signal
estimation processor based on the time-domain maximum-

likelihood algorithm

° To perform theoretical studies relating to the convergence
of the algorithm and to analyze the output of the adaptive

processor in an attempt to upgrade its performance

This work deals solely with the problems associated with operating the real-
time adaptive processor on ALPA data. A modified version of the TI interim
ALPA system 32 used to implement the adaptive-filtering algorithm. A theo-
retical study o! the effect of floating means upon filter performance has been

made,

The adaptive-filter output y(t) at time t is formed by applying a

convolution filter to each channel and summing the outputs of all channels:

y(t) = a (j)x.(t-j)
=1 &N T

where ai(j) is the filter weight for the i-th channel at a lag of §j sample points,
xi(t-j) is the value of the channel i at time t-j» M is the number of channels,
and 2ZN+1 ie the total length of the filter in points. Prior to forming the filter
output, each channel is time-shifted to time-align energy arriving from the de-

sired steer direction,

The adaptive filter weights are updated by the following algorithm:

NEW OLD
a6) = 2,00 + Aedy(e) [Ree-s) - x,e-9)]
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where

i=l

and A(t) is the convergence parameter at time t. This update algorithm in-

corporates the maximum-likelihood constraints.

The convergence parameter A (t) is calculated by the formula:

2K
]

At) =

(2N+1) ﬁ P,(t)
=1

where Ks is an input parameter, M is an input parameter, and Pi(t) is a

moving power average for the i-th channel. Pi(t) is computed by the formula:

2
P(t) = (1-u) [;m < xi(t)] + WP (t-9) t21

where u is an input parameter, Pi( 0 ) is zero, and several values of Pi(t)

are computed before the filter is allowed to vary,

Floating DC levels in the data channels transmitted from ALPA
caused considerable difficulty in implementing an adaptive filtering system until
their effect v-as studied theoretically and effective remedial action taken. Two

steps were taken:

° The data traces were run through a filter having a response

exactly equal to zero at DC,

° The adaptive filtering program was examined to uncover DC
bias introduced by the computations. Bias compensation was
incorporated into the program and intermediate results were

rounded instead of truncated wherever possible.
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One of the problems considered in this study is the cffect on
filter per{ormance of varying the convergence rate. Somewhat related to this
is the problem of freezing the filters when a signal is encountered, If this is
not done, differences between the signal model and the true signal might allow
the filters to adapt on and consequently suppress the true signal, Also the
filters will tend to make the noise look like -s(t) to minimize the output un-
der the constraint of undistorted signal if the filter is allowed to adapt through
the signal, In connection with this the effect of noise suppression of freezing
the filters is under study. Noise suppression will be evaluated both for strong-
ly directional noise fields and for more isotropic or random noise. Suppression

of off-azimuth signals is also under consideration.

Problem definition and software preparation were completed
under the present contract. Processing and analysis of results are currently
in progress. These results will be reported in a special report under contract

F33657-72-C-0725.
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SECTION VIII
HIGH RESOLUTION FREQUENCY-WAVENUMBER SPECTRUM TASK

Results obtained in the task to evaluate various high resolution
frequency-wavenumber spectral estimation tasks are detailed in Special Re-~
port No. 2 (Resolution and Stability of Wavenumber Spectral Estimates) and
in a technical memorandum submitted to the Vela Seismological Center.

Summaries of these two documents are presented below,

A, Special Report No. 2: Resolution and Stability of Wavenumber Spectral

Estimates, -

The goal of this research is to investigate the relative resolu-
tion and stability of conventional and new methods of array processing or spec-
tral estimation. Resolution as intended here will mean the directivity of the
processing technique or the akility to differentiate two signals from almost the
same direction. Also, we will investigate resolution from the point of view of
the technique's ability to detect weak signals, i.e., the relative noise threshold
of the techniques. These questions will Le siudied with true covariance matrices
corresponding to a fixed number of plane wave signals plus noise, Stability is
invesiigated b-: generating random column vectors Vi' i=l, ... N from the co-
variance matrix and applying the techniques to the conventional estimate
N = N-:l Ii Vi V? of the covariance matrix, where H denotes conjugate

transpose.

Two simplifications of the general problem have been made so
thai the computations become reasonable. First, we will conduct the analysis
at a given frequency so that the matrix dimension is C by C where C is the

number of sensors, Second, computation for the maximum entropy spectrum
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is greatly simplified by using a line array of equally spaced sensors, i.e.,

we avoid iterative methods for spectral estimation.

The techniques to be considered are conventional beamsteer BS,
maximum-likelihood (unbiased minimum mean square error) ML, maximum
entropy (K-line or Burg technique), and principal components or eigenvalue

analysis,

The method of principal components differs somewhat in phil-
osophy from the other techniques, and it is not directly a method for spectral
estimation or array processing, Justification for its inclusion lies in its com-
plete invariance to random noise and the tendency to isolate plane wave signals
on eigenvectors ordered by signal strength, The procedure is to.compute the

eigenvectors and then compute the eigenvector response function (or eigen-

spectra), which is the absolute square value of the dot product of the eigen-

vector and a "look direction' exponential vector. The direction at the maxi-
mum of the successive eigenspectra will be shown empirically to correspond
to the directions of the plane wave signals specified in the covariance matrix.
Mathematically f1Z = AZ must be satisfied, where Z, and A are an eigen-
vector and eigenvalue of {1 , respectively, Thus (f1+ BI)Z =(A+8)Z
for any constant B, so that the eigenvectors of ]l are also the eigenvectors
of 1 + BI1 and the technique is therefore expected to be insensitive to

random noise.

There has been considerable previous theoretical treatment in
th‘e" use of principal components but very little actual application of the technique
to array processing., The classical multivariate statistics approach is treated
by Anderson (1958) and the interpretation of these results in terms of multiple
stationary time series is discussed by N. R. Goodman (1967), The actual
stimulation for our consideration of principal components in the present effort
came from a paper by N. L. Owsley (1971) where he suggested that plane wave
signals tend to be isolated on individual eigenvectors and ordered according to

strength,
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Four wavenumber spectral estimation techniques, bcamsteer
(BS), maximum likelihood (ML), maximum entropy (MK) and eigenspectral
analysis (EG) have been compared in terms of resolution and stability using
synthetic covariance matrices generated for a linear array. In addition, the
EG technique, which has not been applied previously in seismology was used
on real seismic data and compared with a high-resolution technique applied

to the same data., Major conclusions are given below:

1, For the synthetic data the EG technique recovered weak signals
best; in certain cases it was capabhle of recovering signals 50 dB below the
largest signal in the covariance matrix. The ML and MK techniques could re-
cover signals 30 dB below the largest signal. The better performance by the

EG technique resulted because it is insensitive to random noise,

2, The MK technique showed the best capability to resolve two
signals having similar azimuths, For the'synthetic exarnple used, the MK
technique could resolve two signals 6° apart, but could not resolve two signals
2° apart, The ML and EG techniques could resolve signals 9° but not 6° apart;

the BS technique could not resolve signals 9° apart,

3. The stability of all estimates appeared to be good. The BS was
the most stable, the EG (at least in the viciaity of the signal directions) seemed
to have the next best stability, and the ML and MK techniques appeared to be

similar,

4, Application of the EG technique to real seismic data gave inter-
pretable results consistent with a high-resolution analysis of the same data. In
fact, the EG technique seemed to give better resolution of the propagating noise

components,

5. The EG technique appears to be a very valuabie tool for array

analysis; its insensitivity to random noise is a very important property because
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real seismic data usually has a significant random noise component which can
limit the ML and MK techniques. Possible applications of this technique

include separation of overlapping events and array detection.

B. Technical Memorandum: Results of Attempts to Compare Four
Frequency-Wavenumber Spectrum Analysis Techniques Using

Real Data.

The intent of this small study was to compare the beamsteer
(BS), maximum likelihood (ML), Markov-Field (MF) and Maximum Entropy
(ME) frequency-wavenymber spectrum analysis techniques using two samples
of real seismic noise; one from ALPA and one from TFO. Unfortunately,
problems were encountered in obtaining the prediction error filter used in
both the MF and ME techniques and so the four techniques could not be
compared. Lack of time prevented us from isolating the problem; it is

thought to be program-related (perhaps a precision problem).
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APPENDIX A
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1. Adaptive Convergence Studies, by A. H. Booker and
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by A, H. Booker and Chung-yen Ong, 30 April 1972.

3. Array Processing at Alaskan Long Period Data, by
Leo N. Heiting and Chung-yen Ong, 30 April 1972.
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by William H. Swindell, John S. Eyres and Phillip R. Laun, 30 April 1972,

6. Preliminary Evaluation of the Norwegian Short Period

Array, by Thomas E. Barnard and Richard L. Whitelaw, 30 April 1972.
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7. Preliminary Evaluation of Single Stations of the Long Period

Experiment Network, by Stephen A, Benno, 17 April 1972,

8. Preliminary Network Evaluation Studies, 30 April 1972,
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Results of Attempts to Compare Four Frequency- Wavenumber

Spectrum Analysis Techniques Using Real Data,
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1. Preliminary Evaluation of the NORSAR Short Period and Long
Period Arrays, presented by Terence W, Harley, NORSAR Technical Con-

ference, 23 November 1971,

2, Evaluation of the ALPA and NORSAR Long Period Arrays,
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