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1. PREFACE

Tne material contained in this conference report consists of a compilation of

the papers presented at the First LASA Systems E raluation Conference.

This conference was intended to serve three purposes: 1. To acquaint all the
organizations currently participating in the program with the status of the work;
2. To attempt to formulate the prototype station and network specifications; and

3. To provide a record of the project activities in the conference report.

The papers contained herein have been reproduced ¢s written by the authors
without screeaing for technical errors or omissions. Their reproduction in this

report does, therefore, not constitute endorsement of the material by ARPA.

The conference was hosted in the exceptionally well-appointed Board Room of
the Institute for Defense Analyczes (IDA). I want to extend our appreciation to IDA
ior providing the conference room, and making all the necessary arrangements to

minister to the needs of the attendees.

I would also like to thank Dr. Milton Ciauser of IDA for welcoming us to IDA,
and Dr. Robert Frosch of ARPA for his introductory remarks, which set the theme

for the conference.

H. Sonnemann
ARPA
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4. THE LASA SIGNAL ACQUISITION SYSTEM
by
C. B, Forbes, R, Obenchain, and R, McLamore
UED Div,, Teledyne, Inc.

1. PREFACE:
In discussing the LASA Signal Acquisition System, the emphasis will be on the appearance

and operational characteristics of the system as it exists today, with only casual reference to the

process of installing the system,

2. DEFINITION:
‘The LASA Signal Acquisition System includes thcse components necessary to convert earth

motion to electrical energy aad present it at a convenient locatior i~ a form suitable for further

processing or conditioning.

3. LOCATION AND ENVIROMMENT:
The LASA is located in sparsely-populated southeastern Montana in an area of rolling to

moderately rugged topography, as shown in Figure 1. The area is characterized by cold winters
and hot, dusty summers. Thunder and lightning storms are frequent in the spring and early
surmmer. Figure 2 shows three geologic cross-sections across the srea., The cross-sections
are based on published material supplemented by electric logs and sample logs from the 500-foot
deep holes which were drilled 2° the center of each LASA subarrav, Even with the vertical scale
exaggeration of 20 times the horizontal, Figure 3, the structures shown appear rather gentle,

The maximum dip shown is two degrees.

4, LASA CONFIGURATION:
The 525 seismograph or 2arth-motion sensors that comprise the LASA Signal Acquisition

System are segregated into groups of 25 call.d subarrays. The upper portion of Figure 4 shows:
1)-the relative positions of the subarrays; 2)-the MIT numerical designation of each subarray;
and 3)-the plan for alpha-numeric designation of each subarray. In the latter plan the center sub-
array is designated as AO(A-Zero). NS and EW axes are drawn through A0. The 20 remaining
subarrays are then connected by semi-concentric rings (dashed lines in the figure) around A0
The rings are designated by the letters 1 through 7 and the quadrants numbered clockwise with
the northeast quadrant being number one, Thus, using this scheme, the subarray which is de-

tailed is designated as F2.

The plan view and alpha-numeric designation of the 25 seismographs in each subarray is

shown in the center portion of Figure 4. Referring back to Figure 1 you can observe the pattern
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FICURE 1. AERIAL PHOTO OF SUBARRAY

of broken ground and trails which indicates the location of the cables that connect the seismographs
to the Central Terminal Housing.

The relationship between the major units in one leg of subarray is shown schematically in
the cross-section at the bottom of Figure 4.

5. PHYSICAL DESCRIPTION OF UNITS WITHIN THE SUBARRAYS:
All electronic components were installed in as protected an environment as possible, while

maintaining accessibility and providing for ease of modification.

5.1. SEISMOGRAPH:

The major components of each seismograph are installed in a drilled hole with the seismoin-
eter near the bottom of the hole and the amplifier near the top. The 24 radial holes are 5 inches

in diameter and 200 feet deep and the center hole of each subarray is 6.5 inches in diameter and
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FIGURE 4. LASA CONFIGURATION

500 feet deep. Figure 5 is a schematic representation of a typical installation, and Figure 6 is a

photograph of a typical finished installation.

.1t the top, there is a three-strand triangular fence surrounding a conical, galvanized iron

rain cover called a "coolie hat." This rain cover is held down by three right-angle spikes. The

rain cover does not touch any of the components beneath it,
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If we remove the rain cover we see the Well- Head vault (WHV), Figure 7. The vault itself
is standard designed 55-gallon drum shortened to a height of 24 inches. The gasketed lid is at-

tached by use of a "V'-shaped ring clamp.

A two-inch thick circular pad of Dyfoam insulation is attached to the inside of the lid. The
outside of the barrel (WHV) is coated with an asbest.s/asphalt preparation to impede corrcsion.
Polyethylene bags filled with vermiculite are installed around the WHV to provide approxi—ately
5 inches of thermal and acoustical insulation (Figures 5 and 7). The backfilled dirt around the

insulation is tamped and graded to drain away from the installation.

Removing the lid from the WHV exposes (Figure 8) the water-and gas-tight HofSman Junction
box that houses the amplifier and related electronic components. The box also contains a sack

of dessicant to absorb moisture.

FIGURE 7. TOP OF WELL HEAD VAULT
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The Hoffman Box can be lifted out of the WHV if desired. Apprcoximately 10 feet of cable is

coiled in the lower half of the barrel to permit such removal if desired, as sl.own in Figure 9,

A ring of sheet metal spot welded 10 inches below the top of the barrel serves as a shelf to

hold the Hoffman Box, and also provides a2 ground connection (see Figure 9).

The conduit to conduct the cables into the WHYV is installed tangentially to the barrel (see
Figure 5), to avoid kinking the cable as it is coiled inside the barrel.

A maximum of usable floor space in the barrel is obtained by mounting the barrel off-center
on the well casing (Figure 9). The hole is coveved and sealed by a tapered, split, rubber plug

which aids in maintaining a constant pressure and humidity within the borehole.

A six-inch layer of gravel is emplaced beneath the well-head vault to provide good drainage

for ground water that penetrates into the well-head vault area (Figure 5).

FIGURE 8. HOFFMAN "J" BOX IN WELL HEAD VAULT
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All of the boreholes, except the 24 radial holes in subarray D1 are cased. The casing is
cemented in frem top to bottom for stability. A two- or three-foot cement plug in the bottom of
the hole provides a water-tight seal (Figure 5).

The earth-motion sensor or transducer is mot uted near the bottom of the hole. This unit
is the Hall-Sears model HS-10-1 (ARPA) velocity-sensitive seismometer which has a nominal
natural frequency of 1 ¢ps and requires near-vertical installation. For this reason all holes
were required to be within 6° of vertical. The drilling practices used resulted in an average
deviation from vertical of approximately 1 1/2° with a maximum of 3 2/4°,

The seismomnieter was emplaced in a waterproof case for installation. (See Figure 10.) A

5-foot length of pipe, offset from the cente1, is attached to the bottom of the geophone case by a

threaded collar (Figure 5). The offset pipe provides two advantages: 1)-it eliminates the prob-

FIGURE 9. INTERIOR OF WELL HZAD VAULT
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ability of installing an inverted pendulum, and 2)-it provides for positioning the geophone in the

hole on a trial and error basis for minimum deviation from vertical.

* 2. T"ABLE:
ainimize interference with normal agricultural activities and reduce system mainten-
ance requirements, all cable within the data acquisition system is buried apyroximately three

feet below the surface.

To provide circuit flexibility and low cost, two cables of REA specification PE-23, 6-pair
construction were laid together along each radial of each subarray using a typical cable plow.
(See Figure 22.) The conductors are encased in a polyethylene jacket, which is in turn encasea
in a solid, corrugated, .010-inch thick copper shield. An outer polyethylene jackel encloses the
shield. Both cables enter each well-head so that all cable conductors and shields are accessible

on taper pin terminal blocks inside the Hoffman B ves

FIGURE 10. SzISMOMETER ASSEMBLIES
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5.3. CENTRAL TEIMINAL HOUSING:

Near the center of each subarray, an underground concrete vault, called the Central Ter-
minal Housing (CTH) is installed as pictured schematically in Figure 11. The CTH serves as
the data ccllection center for the subarray and houses power., communication and signal con-

ditioning equipment.
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FIGURE 11. CENTRAL TERMINAL HOUSING (CTH)

The CTH is a monolithic concrete structure with at least three feet of earth cover. The ap-
proximate inside dimensions of the vault are 12 feet by 10 feet with the dome-shaped ceiling

rising from 6 feet at the sides to b feet, 8 inches in the center.

Figure 12 is a photograph of the entrance to a CTH. To the left of the open doors, 4 vertical

pipes mark the location of the body of the vault. Two of these pipes are ifor ventilation. The

center pipes are to accommodate jumper cables for occasional data users such as an LRSM - an.

Figure 13 shows the CTH doors closed displaying the subarray designation and an arrow

pere—

pointing to the number-one leg.

A total of 16 conduits and vents were provided in the CTH by installing the necessary pipes
before pouring the conc:ete; eight for data transmission cables, two for commercial power. two
for telephcrie lines, and the aforementioned vertical pi,  for ventilation and accommodation of

temporary data lines.

When we go into the vauit and look right, we see the main rower distribuiion and circuit

breaker box and the isolation transformer (Figure 14). On the other hand, if we look left we

1
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FIGURE 12. ENTRANCE TO CTH

will see in order along the wall (Figures 11 and 15), a dc/ac inverter, a battery charger, and

a 30-volt battery of nickel cadmium cells.

Directly across from the entrance we see the gas-tight Hofiman Box housing the central
terminal panel (Figure 16). The pancl contains lightning protection and all interconnections for
power, sigr.als aru calibration. Flexibility is provided by the wide use of barrier-type termiral
strips. The cables from the seismographs enter the box from the left. The connectors at the
upper right are provided for quick connection of the signal conditioning equinment, and for routine

calibration signal inputs.

6. INSTRUMENTATION:
Figare 17 is a block diagram of the system. The lower portion depicting the instrumenta-

tion in the CTH and the upper portion showing the instrumentation at the well-head.

12
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FIGURE 13. CTH DOORS

6.1. POWER:

The commercial power is passed through an isolation transformer for lightning prote-.tion.
At this time comniercial power is ased directly for auxiliary uses such as lights and for the
signal conditioning equipment that has been installed. By the time all the subarrays have signal
conditioning equipment, it is planned that all the instrumentation will be powered from the 30-

volt battery as is shown in Figure 17, The batteries are kept fully charged by the battery charger

13
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FIGURE 14. COMMERCIAL POWER DISTRIBUTION UNITS, CTH

on the commercial power line. Output from the batteries is converted iuto 60-cycle, 115-volt

power for the signal conditioning equipment by the dc/ac inverter.

The power required by each of the amplifiers at the well-heads is 8 milliamps at 18 volts.
The battery voltage is high enough to permit final Zener regulation of the 18 volts at each well-
head, thereby automatically compensating for supply variations due to temperature changes and

cable lengths. Partial regulation is provided by isolating resistors on the printed circuit cards

14




FIGURE 15. STANDBY POWER UNITS, CTH

on the central terminal panel (Figure 16). In the event of commercial power failure, the battery-

inverter power system can keep the array operational for a minimum of eigiit hours.

6.2. WELL-HEAD AMPLIFIER PANEL:
Looking inside the Hoffman Box at the well-head, we see the amplifier panel (Figure 18)

assembly. It includes the T'exas Instruments RA-5 parametric amplifier. seismometer damping
and equalizing resistors, calibration resistors for both the seismometer and amplifier, lightning
protectors and terminal strips.

The panel can be quickly removed from the box for replacement or maintenance. All cables
coming into the junction box are terminated in an AMP terminal b'ock mounted permanently in
the box. The AMP taper pin system provides low impedance connections and eliminates solder-

ing under field conditions. From this taper pin terminal strip, a harness of leads is provided

15
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FIGURE 16. CENTRAL TERMINAL PANEL. CTH

which terminates in a connector which matches with a connector on the amplifier panel. Circuit
continuity is completed by taper pin jumpers which also provide for temporary circuit changes
or future required modifications or utilization of the spare cable conductors which are already

installed on the tcrminal strip.

All small components such as resistors, diodes, and inductors are mounted on one of three

printed circuit cards (Figure 18). These cards provide flexibility in test and checkout of the

16
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FIGURE 18. WELL HEAD VAULT. HOFFMAN BOX, COVER REMOVED
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system and ease of replacement of components. The "switch" card allows for "turnirg off" the
seismometer, and also provides an additional 30,000 ochms attenuation in each side of the ciicuit.
if needed. by s1. ' elipping a shunt. A "calikration" card (beside the switch card) provides a
variety of damping resistances and allows removal of the damping circuitry from the amplifier
input. The "protector" card (next to the amplifier) provides (1) continuity to the calibratior coil
with the required resistors, (2) some lightning protection circuitry, and (3) voltage regulation

circuitry for the amplifier power.

The system sensitivity is specified to be 20 millivolts per millimicron of earth motion at
one cycle per second. The sliding resistors (Figure 18) permit adjustment of each system to this

condition while driving the seismometeor through the calibration circuitry.

The RA-5 ampad.ier has a flat frequency response from 0.1 cps to over 20J cps, and is op-

erated at a fixed gain of 10,000.

6.3. LIGHTNING PROTECTION:

Protection against voltage transients from the cable terminals to the amplifier circuits is
tapered. Two levels of veltage protection were established in the criginal design, startiag with
carbon blocks (shown i» Figure 18) (375-5C0 volts) at both ends of the cable, and Zener diodes

(13 volts for signal vt _ t 2ach side to common; 18 volts for amplifier power regulation -nd pro-

tection). Subsequent to the completion of the installation, the system suffered considerable
damage from lightning. Circuit changes have been made to reduce such damage, including the

addition of three-electrode gas tube protectors of 150-200 volts breakdown.

The cable pai~s used for signal, power, and calibration are operated in a balanced state.
The two separate cables of each spoke are balanced to each other by connecting their shields at

every well-head vault and by Zener diode clamping.

Shield grounding is accomplished by deliberately grounding it to wells at every possible

point in the system. All shields are grounded to the 500-foot well casing.

6.4. COMPONENT PERFORMANCE:

Clear, meaningfu. statistics on component performance (failure rate) are not yet available
because of the severe damage incurred from lightning prior to the modifications to the lightning
protection circuitry. This modification was completed on the last subarray last week {September

8). However, we are encouraged by the following facts:

1. There have been only three seismometer failures si: =« June 1 out of the 475 installed
by Teledyne.

2. No mouified subarray has sustained significant lightning da..1age.

18




3. Less than two percent of the amplifiers on the modifi. d subarrays have given trouble.

4. One splice failure has been the only cable problem to date.

7. INSTALLATION OF THE LASA:
The installation of the LASA was accqmplished by dividing the work into three main phases,

or fields of effort.

7.1. CONSTRUCTION PHASE:

The construction phase consisted of: producing and casing the boreholes; cementing the
casing in place; laying the cable along the spokes of the subarray; and installing the well-head
vaults and central terminal housings. A trailer camp shown in Figure 19 was est..blished in the
field as a basc of operations for the drilling effort. Figure 20 shows typical drilling activity.

A total of 12 drilling rigs weve used to produce drill holes at the required rate. The drills
were operated on a 24-hour/day, seven-day/week basis.

Figure 21 shows the mobile "cement factory' which was used to cement the casing in the
hole. The grout mixture was mixed on the spot and pumped down the inside of the casing and

forced up the outside until it filled the annulus.

FIGURE 19. FIELD CAMP
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FIGURE 20. TYPICAL DRILLING ACTIVITY

Upon completion of the cenienting operation, the casing remained full of water, which was
later blown out using compressed air from trailer or truck-mounted compressors. At least two

days later the hole was checked for dryness, depth and gage using a dummy seismometer.

Following this check the excavation for the WHV was made, the casing cut off to proper
height, and the WHV welded to the casing. Prior to the installation of \he WHV, the signal cables

had been plowed in using a typical cable plow as shown in Figure 22. During this operation, ap-
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FIGURE 21. MOBILE CEMENT FACTORY

proximately 100 feet of cable had been left coiled on the ground near each well site. During
excavationfor the WHV, a short side trench was dug between the excavation and the niain cable
trench. The cable was laid in this side trench and inserted through the conduit into the WHV.

Sealing material was then inserted into both ends of the conduit and the side trench was filled
with dirt.

7.2. PHASE 2, ASSEMBLY AND CHECKOUT OF COMPONENTS:

Concurrently with the construction phase, the receiving, checkout and assembly of electronic
components was being done at the Miles City facility, shown in Figure 23. All the wunction box
panels and circu’t cards were wired here. Complete operational checks of the amplifiers and

*seismometers were made both on receiving them and just prior to transporting them to the field.
Figure 24 shows the HS-10-1 (ARPA) seismometer before installation into the outer case. The
assembly at the top is the calibration coil. In addilion to checking the operational characteris-
tics of the seismometer it was necessary to install them in waterp uof containers. Figure 25
shows (foreground) a series of waterproof cable entries installed on the cables, and (background)

a number of seismometers assembled in their cases, ready for use in the field.

2]




FIGURE 22. CABLE PLOWING OPERATION

The seismometer assemblies were tested for one hour under a hydrostatic pressure of

250 psi before being taken to the field. Figure 26 shows the pressure chambers used.

All necessary components for the installation of a subarray were lczded on a large, shock-
mourted van for transportation to the field. Figure 27 shows the interior of a van, loaded and

reaay to go to the field.

7.3. INSTALLATIC{— WEIi L-HEADS:
The installation at the well-heads consisted of lowering the seismometers into the hole as
shown in Figure 28 (note the rotating cable stand) and installing the cables into the Hoffman Box

(Figure 29) and eninlacing the taper pins on the cable.

™o taper pins were then installed in the terminal blocks and continuity checks made. After

the installation was corpleted, the entir.: subarray was equalized and caiibrated, and all oper-
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ating parameters were checked from the CTH panel (Figure 50). Seismic signals are then
available at the connectors on the side of the Central Terminal Panel J-box ard are ready for

processing and ‘ransmission to the data center, as will be described in the fullowing papers by

MIT.

8. CONCLUSION:
In summation, we hope that we have taken advantage of all opportunities to minimize main-

tenance requirements on the signal acquisiticn system while permitting ease of access for ex-

perimentation and adjustment.
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FIGURE 24. HS-10-1 (ARPA) SEISMOMETER
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FIGURE 26. PRESSURE-TEST UNIT




FIGURE 27. VAN LOADED WITH SEISMOMETERS AND AMPLIFIERS
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FIGURE 28.

EMPLACING SEISMOMET1ER IN CASED HOLE
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FIGURE 30. TECHNICIAN PERFORMING FINAL CALIBRATION AND EQUALIZATION




5. LARGE APERTURE SEISMIC ARRAY
by
R. G. Enticknap and R. V. Wood, Jr.
Lincoln Laboratery
Massachusetts Institute of Technology
Lexingtrn, Massachusetts

INTRODUCTION
A pictorial diagram of the LASA system is shown in Fig. 31.

The signals from each seismometer, in analog form, balanced with respect to ground, fiow
through a well head amplifier and then by underground cable to an underground concrete vault.
Twenty-five such seismometers arranged in a geometrical pattern, together with the electronics
which sample and prepare the signals for transmission constitute a subarray. There are 21 of

these,.

WIDE ~BAND MICROWAVE LINKS

Eﬁwﬁm

IR

TAPE U*l'S‘
toood : d
. . - INDIVIDUAL /
- MODEM OPEN -WIRE

. . CIRCUITS
=— COMPUTERS - (21) - /

J

t

-
OUTPUTS |

1

< MODEM +——

SUB -ARRAYS (21)

Aol T

0 | oispLAYs _'_'—,...LI:%
i LASA DATA CENTER ‘ rimooewie— sew {0 v Il 20087
- BILLINGS, MONTANA e i
L e s e e e e . e .

T T (2%
SEISMGMETERS

|
l

FIGURE 31. LASA SYSTEM

All signals from each subarray are time multiplexed on a single circuit, provided partly by
individual open wire construction and partly by frequency multiplexing on wideband microwave
radio facilities. From the final radio tei minal, there are 21 underground cable circuits into
the Data Center in an adjacent building. Here the data are distributed te the various data proc-

essing equipment and displays.

I. SIGNAL COLLECTION
The function of the signal collection equipment at each LASA subarray vault is to receive

the separate signals from the 25 sensors and to transmit these signals, in suitable form, to the

signal recording and display input at the LA3SA Data Center in Billings.

One Subarray Electronics Module (SEM) is instalied in each of the 21 underground vaults in

the array. The function of this equipment is to condition the seismometer signals for sampling,
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periodically sample and digitize the sensor signals, and feed the collected data to the tele
facilities. Operation is synchronized by command signals sent from the Data Center to the SEM.
Synchronization results in essentially simultaneous (within a 2 msec interval) sampling of all
sensors in LASA every 50 msec. The samples are stored in digital forin and transmitted to the
Data Center in the time interval between samples. The SEM is also capable of operating in a

number of test modes on command from the Data Center.

The remote locations of most of the subarrays and nature of the LASA installation area
dictate the need for equipment which can operate unattended for long periods in the vault environ-
ment and can be easily serviced in the field. To achieve these goals, proven components with
known performance records are used and the mechanical operations involved in replacing equip-
ment are minimized. In order to facilitate the maintenance problem, the SEM is provided with
means of performing remote troubleshooting. Each major portion of the SEM has a test/operate
capability. The Data Center can, by remote control, direct a given portion of any SEM in the
array to disconnect from its normal (operate) input and connect to a known (test) input. This
remote control feature permits both routine equipment checkout and calibration and the locali-

zation of the failed unit in the event of a malfunction.

Figure 32 is a block diagram of the SEM. A set of SEM equipment consists of five sub-
assembly "boxes': Control, Output, Multiplexer and Analog-tn-Digital (A/D) Converter, and
two identical Input Boxes. Physical division of the SEM into subassemblies results not only in
interchangeable portions of a SEM and consequent simplified maintenance but also in equipment
boxes wnich one man can easily carry in and out of the underground vaults. Signal flow is from
the seismometers to the input equipment which prepares the signals for sampling by the Multi-
plexer. Under control of the Output portion (which in turn is synchronized to the Data Center),

the Multiplexer and Converter equipment samples the signals and produces the signal amplitudes
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FIGURE 32. SEM BLOCK DIAGRAM
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in digital form. The Output equipment stores the accumulated samples and ‘ormats the data for
transmission to the Data Center. The Control equipment contains power sensing and distribution
relays, the seismometer calibration oscillator, iest signal control relays, and several relays
which can be used to telemeter data from binary external senscrs. Photographs of the front and

back views of the assembl’ d SEM are shown in Figs. 33 and 34.

The Input section consists of two identical units each of which is capable of handling 15 sig-
nal channels. Expansion from the present 25 sensors in a cluster to a total of 30 can be accom-
o plished with only minor SEM modifications. Two units rather than a single large unit are used
to provide pieces of equipment which can easily be handled by one man. Each channel consists
of an interface with the seismometer signal cable, a balanced to unbalanced signal amplifier. and
a low pass filter. The interface circuitry contains Zener diodeis to protect the SEM from un-
desirably high potentials on the signal cables and coupling capacitors to eliminate the dc bias
on the signal lines. An operational amplifier circuit is used to convert the balanced line signal
to an unbalanced line prior to filtering. Since the signals of interest are of relatively low fre-

. quencies, a low pass filter is used to limit the bandwidth before sampling. The volume and weight
involved in packaging 30 passive filters at these low frequencies naturally led to the selection of
active filters. The four pole Chebyshev response chosen yields a reasonable compromise be-
tween amplitude and phase distortion and out-of-band (above 5 cps) attenuation.

Unlike the other SEM subassemblies, multiplexers and analog-to-digital converters are
commercially available. Consequently, 1 ""catalog item' unit modified to interface properly
with the input signal levels and control signals is used. To satisfy the need for about 80 db of
system dynamic range, 14-bit (sign plus 13 magnitude) quantization is used. The multiplexer
input signal range (14 volts peak to peak) will accommodate the maximum amplitude signals the
seismometer and associated amplifier are capable of producing.

The Output subassembly is the link between thie telephone transmission facilities and the
other portions of the SEM. It syuchronizes the SEM operating to signals received from the
Data Center, controls operation of the Multiplexer and A/D Converter, and stores and formats
the digitized data for transmission. A 19.2 kcps clock and a 12-bit command word, transmiited
20 times per second, are received from the Data Center. The command word consists of a 4-
bit sync code and 8 control bits. SEM operation is synchronized by this clock word. In order

. to provide some immunity to noise on the telephone line, a "flywheel" is built into th. :vnchron-
ization circuit so that resynchronization is attempted only after the incoming sync code is not
properly detected four consecutive times. The 8 control bits operate relays which place the

SEM in the various test modes.

Data are transmitted to the Data Center at a 20-frame-per-second rate. Each frame con-

sists of 32 words of 15 bits (14 data plus odd parity) each. Word N¢. 29 contains in digital form
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FIGURE 33. SUBARRAY ELECTRCNICS MODULE (SEM), FRONT VIEW

one-half the sum of the signai amplitudes produced i v the 25 sensors. Word No, 30 provicdes a
continuous check on operation of the A/MD Converter by sampling a locally ¢generated dc voltage
(ba.tery) rather than a seismometer signal. The Telemetry Word (31) r¢ ports equipment and

vault environment status. D.ring the time that the sync word s transmitted, the Multiplexer
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FIGURE 34. SEM, REAR VIEW

and Converter operate to sample and digitize the seismometer signals and forward the data to
the Output equipment where it is stored. Since the data rate of 9.6 keps is half that of the tele-
phone modem operating frequency, each data bit is transm‘tted as 2 bits. A "one'" is represented

by 10 ind a ""zero" is sent as 01. Because this coding scheme insures transitions in the modem
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input signals, the scrambler normally provided by the telephon¢ ~ompany to provide signal

transitions is not required.

The Output equipment utilizes micrologic packages which are interchangeable with those

used in the Data Center equipment.

The Control Box contains the seismou:zter ~1libration oscillator and relays which perform
various control funcuons. The calibration osci.:itor produces a 1-cycle-per-second 20-volt
peak-to-peak signal which is appiied to all seismometers in an array on command from the

Jata Center.

The whole SEM contains a total of 105 plug in printed circuit cards, containing 881 micro-

logicunits and 1800 other active elements.

Two forms of nrimary power are available in the subarray vault. In addition to the coni-
mercial power, a standby source consisting of a battery charger, battery bank, and dc/ac in-
verter is available. The Control Box contains relays that sense both powei sources and report
the presence or loss of commercial power via the Telemetry Word. In tke event of a power
failure, the SEM will operate on standby power until the batteries have discharged to the point
where the inverter output is less than 105 volis ac. At this point, the SEM load is disconnected

and remains off until commercial power is restored.

The cocinmercial power is routed by pole lines at either 14 kv or 7 kv tu each vault as shown

in Fig. 35.
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IO. COMMUNICATIONS AND CONTROL

The choice of communication system for the Montana LASA was only partially contingent

on the basic requirements for any such array.

Factors such as data rate. error performance, minimal outage, etc. are a function of over-

all system requirements and design and are essentially independent of geographic location.

The choice of facilities, ur said another way, the detail of system implementation, must be

heavily influenced by local conditions.

The array communications exist to provide voice and data circuits between the 21 LASA

subarrays and the Data Center in Billings.

Bearing in ir.'ad the very short time available for development, this subsystem was designed
to take advantage of existing or planned facilities and local experience as much as possible. In
the area of the LASA, existing commercial telephone facilities are very sparse. This situation
is to be expected in any area in the United States, or elsewhere, which satisfies the seismic re-

quirements for array location.

Most of the area of the Montana LASA is served by several small telephone cooperatives,
again as a direct result of the low population density. The LASA communications facilities had,
therefore, to be provided principally by new construct:~n and in large measure by organizations
whose resources are not large and whose principal experience is in the area of unsophisticated

voice telepho:e systems.
The LASA requirements for communications entail the following:

A. From Subarray to LASA Data Center (LD2)

1. Transmission of one quantized sample from each of the 25 seismorneters at a rate
of 20 samples per second. Each sample is quantized to 14 bits with an additional
parity bit.

2. Transmission of a 15-bit "frame start” pattern per 50 msec fra..e.

3., Transmission of 6 extra 15-bit words per frame to provide for the possible sub-

sequent addition of more sensors and for equipment status telemetry.

B. From LDC to Subarray
1. Transmission of a bit timing signal to synchronize the sampling rate at all sub-
arrays.
2. Transmission of a frame start signal to each subarray to synchronize th2 sampling

time at all subnrrays.
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3. Transmission of telemetry command signals to facilitate remote control of functions

such as seismometer calibration and equipment testing.

C. A two-way voice telephone for maintenance purposes, arranged so that its usedoes not
interfere with the essential data services. This service must have the capability of

ringing from either end.

The system provides the following services between each subiurray vault and the LASA

Data Center:

A. A fixed speed data channel at 19.2 kbps from each subarray to LDC. This channel

also provides bit timing (data sampling time).

B. A data channel from LDC to each subarray. This provides (1) a timing signal at 19.2
kbps, and (2) a data stream comprising a 9.6 kcs square wave carrier, capable of

being modulated at a n aximum rate of 1.2 kbps.
C. A 3 kc voice channel wi h signaling.
These three basic services are simultaneous and independent.

An obvious topological arrangement for the communications is to bring circuits from the
individual subarrays into a concentration point near the geographical center of the array, and

irom there via a wideband facility to the Billings LDC (see Fig. 36).
In choosing the type of facilities, the following factors were given prime consideration:

A. Early service date

B. Reliability/maintenance

FIGURE 36. LASA COMMUNICATIONS




C. Capacity for growth of requirements
D. Cost

The choice of wideband facilities was straightforward. Basic requirements dictated either
coaxial cable or "long-haul’' microwave with L carrier or equivalent multiplexing. A suitable
microwave facility was already planned for the majority of the route and it was determined that
installation could be advanced to meet the service date. A new link from the array center to the
planned route was installed, and an existing link from Billings Junction to Billings Main was

augmented.

From the circuits to individual subarrays there was a possibility of using (1) lightweight
microwave, (2) cable, underground or aerial, and (3) open wire. Open wire wnas chosen for the

following reasons:

A. Excellent transmission characteristics; low loss and wide bandwidth.

B. No repeaters or other active devices are required in even the longest runs found in
LASA,

C. Familiarity of all telephone organizations in the area with installing and maintaining
this type of facility.

D. No new frequency allocations required.

E. Components readily available,

The data modulation system (MODEMY is a Bell System drsign and has sufficient capacity,
not only for the present information rate, 't also for error control coding and/or future expan-

sion should these become necessary.

Each of the 21 subarrays has a single pair of open wires from the site, interconnecting at
a suitable junction with a wideband microwave system. Fifteen of the sites have these open wire
facilities into a Lenkurt Type T6A microwave terminal lccated near the center of the LASA at
Angela (Fig. 37). One site connects with the TD2 system near Glendive, three with a junction
near Miles City, and the remaining two with a junction near Forsyth. The microwave facility

at Angela is new and was constructed specificaily for the LASA.

The services connecting each subarray and the Billings LDC utilize a one-half group band-
width. o

On the open wire, transmission of the data from the subarray to LDC is in the band 20 to
44 kc. From LDC to the subarray, the band 4 kc and below is occupied by the voice circuit
and the band 5 kc to 18 kc by the data signal.

Over the microwave facilities, the signals are transmitted via standard ""L" carrier facil-

ities.
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The data modems employed are Bell System 303 A 10 used in a fixed speed synchronous
mode at 19.2 kbps. From the subarray to the Data Center. the full data rate capability is em-
ployed. In the other direction, a mark-space signal (dotting) is sent to provide a timing refer-
ence. This signal is modujated by phase reversals, at a maximum rate of 1200 bps. Restricting
th.e rate to 1200 bps, which is generously adequate for telenietry commands, allows the low fre-

quency end of the pass band to be used for the voice circuit.

Electronic control over LASA starts with the Data Center array clock. The clock output

consists of the following:

A. GMT, in digital form, for insertion in the digital data tape headers.
B. Timing signals, at vari~us repetition rates, for control of all operations external to

the digital computers at the Data Center and in the 21 subarray centr.il vauits.

One timing signal, occurring 20 times per second, is used to control the sampling operation
in each of the subarrays. The system requirement is to samgle tiie signals from each of the
525 sensors within LASA during a given 2 millisecond time period. Considering round-trip
(Data Center to subarray to Data Center) signal transmission delays for each of the 21 channels,
one notes approximately 3.5 millisecond- difference between the shortest and longest dclay.
Clearly, an attempt to control sampling time at each subarray by sending out 21 simultaneous
"frame start" sequences would result in sampling all sensor signals within the allowed 2 milli-
seconds. However, the digital data representing this array sample wrald arrive at the Data
Center spread out over 3.5 milliseconds. This is undesirable, since it would add unnecessarily
to the buffering load at the Data Center. Instead, the "frame start" sequence for each subarray
is transmitted with a delay such that the "frame start’ seguence returned from each subarray

arrives at the Data Center at approximately the same time, within 100 microseconds.

It was mentior.ed in a previous section that, as an integral part of the LASA system phil-
osophy, remote- controlled trouble-shooting as well as routine calibration and performance ;
checks would be made on subarray equipment from the Data Center, so that maintenance teams ;
would have definite knowledge of the problem facing them before they left the Maintenance Cen- ;
ter in Miles City. This feature is achieved by coded digital commands sent from the Data Center
to the subarray under consideration. In the SEM, relay decoding networks translate these sig-
nals into specific operations on the subarray central vault equipment. Telemnetry commands

presently in use are as follows:

A. Apply 1 cps constant-amplitude sine wave to the calibration circuit for all 25 sensors
in the subarray.

B. Apply testpattern0101010101 . . . to the communication circuit data input.

4)

A i




C. Replace the normal output of the analog-to-digital converter with a sequence of identi-
cal "words." -

Replace the normal analog-to-digital converter input with signal ground.

Replace the normal analog-to-digital converter input with a fixed precision dc voltage.
Connect all 31 multiplexer inputs to signa! grouand.

Connect all 31 multiplexer inputs to the fixed voltage used for "E."

LT QMm@ U

Connect together, by pairs, the 25 pairs of wires normally connecting the subarray

sensors to the signal handling electronics.

It will be seen that, by means of the preceding functions, one may establish remotely, with

fair precision the nature of a fault in the subarray electronics.

One of the 32 words making up each "frame" in the continuous sequence from a given sub-

array to the Data Center is the "telemetry'" word. This 15-bit word contains:

A. Acknowledgment from the subarray of any telemetry commands it has received.
B. Information on local conditions at the subarray, (such as: (1) presence or absence
of prime power, (2) degree of dampness in the central vault, (5] temperature in the

vault, (4) whether the vault door is open or closed).

By means of this information, the Data Center is able to check, automatically or manually,

on the more likely physical difficilties at each subarray.

During the initial phases of checking out the array equipment, control of the remote mon-
itoring functions was manual. The maintenance supervisor, seaied at a switch pane’, selected
the subarray and the function desired, then by means of the visible recordings on the chart re-
corder determined whether the subarray was performing properly in that mode. It is obvious
that, with 525 sensors to monitor, the manual process is too time-consuming. In the midd'e of
August, 1965, automatic monitoring was commenced, using a programmed digital computer.
This program drives the computer in sequence through all 21 subarrays, applying all of the :
above-described telemetry commands to the equipment in each subarray. As part of this pro-
gram, the computer stores tables of the allowable range of deviation the signal may have for
each of the test functions. Signals falling outside the allowable range result in a hard-copy
printout from the computer, identifying and locating the fault. The maintenance supervisor may
then, by manual means, make a detailed analysis of these faults before calling on the maintenance
teams for corrective action. At present, this monitoring program operates continuously, com-
pleting a check of all sensors about every half-hour. In the near future, it is expected that the
program will be modified so as to operate selectively and on command; that is, the maintenance
supervisor may ask for a check on any one or more subarrays. In the absence of a request the

program will be inactive.
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II. SIGNAL RECORDING

The principal components involved with signal recording are:

A. Two general-purpose digital computers.
B. Computer programs

C. Four data display units with a tota! capacity of 64 channels.

The computer configuration is an interesting one. The two small processors are inter-
connected by a high speed link, and share a number of tape units. These tape units are used as
an on-line bulk data communication media as well as for providing permanent records of inter-
esting events. In normal operation, one computer will receive the seismic data from the Phone-
Line Input Systems (PLINS) and will perform some signal processing. It will also record the

raw data on magnetic tape for further processing either by the second computer or elsewhere.

The second computer will be employed in data processing of selected data stored on mag-

netic tape.

There are four tape units connected to the two computers., Either computer can access to
any or all tape units but not simultaneously. Again, in normal operation two of these units will

be used for raw data storage, the third unit will be used for making ortput tapes of processed

In the event of a computer failure, the data recording function is not interrupted because the
remaining computer will take on that function. The data processing capability will, of course,

be reduced, but will not be entirely lost.

The computers chasen for this system are PDP-T's, manufactured by the Digital Equipment
Corporation. These are 18-bit, parallel, high-speed, small general-purpose computers. Each
computer has ain 8000-word memory and a cycle time of 1.75 usec. The peripheral equipment
includes the previously mentioned magnetic tape units plus keyboard, output typewriter, paper
tape punch, and reader. In addition, there is an input channel for the telephone circuit data

which can be connected to either computer by means of simple cable changes.
The programs associated with the recording and control functions are:

A. A control and interrupt answering program,

B. A seismic data read-in and magnetic tape program to accept input data and write it all
on magnetic tape.

1. A detector calibration and test program to examine periodically and sequentially, all
seismometers in the array for both calibration and malfunction. The output is recorded
on magnetic tape and also presented on a page printer for use by the maintenance per-

sonnel.
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D. A typewriter keyboard input program to handle all types of manual input message. This
is a service routine which can be used by other programs in the system.

E. A printing output program which complements the previcus input program. This is
also capable of serving other programs in the system.

F. A computcr checkout program for use by the console operator on core examinations,

core changes, etc.

The data display units serve two principal functions. Two 8-channel units provide chart dis-
plays for checkout and maintenance purposes of 16 signals selected from among any of the sen-
sor or sum inputs or the processed computer outputs, Two 24-channel units, again with the
capability of selection as the 8-channel units, will be used in conjunction with recording de-
vices such as charts, photographic recorders or analog tape units for making permanent re-
cords for hum- - ~xamination, or in the case of the analog tape records for comparison with

seismic recor de elsewhere.

Each of th  .ial 64 channels is identical in components and function. A channel can be con-
nected to the serial data line of any subarray by means of a patch cord. Thus connected, and
utilizing the control and timing signals from the PLINS, a digital word is selected by é switch
controlled counter. This word corresponds to a particular seismometer, sum or telemetry word
in the data frame. This word is stored in a register until the next sample is received, 50 milli-
seconds later. The output of the register is connected to its own D/A Converter, whose analog

output is presented to the recording device.

A photograph of one of the 8-channel recorders is shown in Fig. 38. It comprises an 8-
channel chart recorder, 8 medium gain amplifiers, a zero suppression system, 8 D/A Converters,
a patch panel, a word selection panel and also incorporates a telemetry command panel. The 24-
channel unit is similar except that the recorder itself is not incorporated nor is the telemetry

command panel since this is appropriate only to the maintenance function.

A general view of the Data Center is shown in Fig. 39. A rlose up of the two 8-channel dis-
plays in use by the maintenance personnel is shown in Fig. 40. One of the PDP-7 Computers

and two of the digital tape units is shown in Fig. 41.
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FIGURE 39. LASA DATA CENTER




FIGURE 10. MAINTENANCE CONSOLES
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6. PROGRESS REPORT ON LONG-PERICD
INSTRUMENTATION FOR LASA
by ’
M. G.Gudzin
Geotect :-:cal Div., Teledyne, Inc.

1. INTRODUCTION

Just 5 years ago, long-period (LP) seismographs were commonly operated at magnifications
of from 1 K to 2 K at a period of 25 seconds. Magnifications were limited by 6-second micro-
seisms, by thermal effects— bcth electric and convective, by spurious seismometer rescnances,
and by the sensitivity of the seismometer to atmospheric pressure changes. Since that time,

LP instruments and installation techniques have been improved to such a degree that it is now
practical tn operate a P seismograpn with a magnification of 100 K at a period of 25 seconds.
Most of the development work was done under the VELA-UNIFORM Program. Figure 42 shows
a portion of a record made at WMSO by an advanced LP seismograph operating at high magnifi-
cation. The traces of interest are: ZLH, the high-gain verhfical, with a magnification of 100 K;
ELH, the high-gain, east-west horizontal, with 2 magnification of 73 K; and NLH, the high-gain,
north-south horizontal, with a magnification of 116 K. Figure 43 shows the frequency responses

used in the advanced LP seismograph. The upper curve (with a notch at 6 seconds) is the re-
sponse of the high mzgaification channels.

1 min—i

ETS '_
ZLL 10K
ELL 6K ot —— - o
NLL Inop

ZLH 100K M’\/\NW\’WW'\MM/W\P
ELH 13K V\’\‘\/\/-—'\_W

NLH 116K MVWW\

FIGURE 42. ADVANCED LONG PERIOD (LP) SEISMOGRAPH RECORD FRO! WITCHITA MOUNTAIN
SEISMOLOGICAL GBSERVATORY (WMSO)

This is a report of the work undertaken by the Geotech Division of Teledyne Industries, Inc.,
to establish a LP detection and recording capability at LASA. It includes a description of the
pnrototype installation, a description of the results of tests with the prototype equipment, a de-
scripticn of work done with parametric amplifiers, a presentation of preseat plans for the LASA

LP seismograph system, and a consideration of studies that might be undertaken using data ac-
quired by the system.
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FIGURE 43. ADVANCED LP SYSTEM, TYPICAL FREQUENCY RESPONSE

2. DESCRIPTION OF PROTOTYPE INSTALLATICI

The first step in the establishment of a LP detection and recording capability of LASA was
the construction of a prototype installation at one subarray. Its objective was to demonstrate the
system performance, point out installation and operational problems, and proviae a facility for

testing various configurations of instruments that might be used.

The prototype installation was made near Hysham, at subarray F3. Its location is indicated
in Figure 44. An underground concrete vault (also referred to as a bunker) was constructed
there to hcuse the seismometers. It was located remotely (at least 100 feet) from the Long
Range Seismic Measurement (LRSM) van and from the other principal structures on the site,
and was far enough underground to be covered “w 4 feet of overburden. Figure 45 shows the

construction details of the concrete vault. Three bottomless metal tanks were cast into individual
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FIGURE 45. BUNKER FOR LASA LONG-PERIOD SEISMOMLTER EX?’ERIMENTS

concrete piers at the bottom of the vault. They were equipped with lids which effectively s=aled
the interiors of the tanks againsit changes in atmospheric pressure. Two tanks and their piers
(No. 1 and No. 2) were isolated from the concrete floor of the vault with sponge rubber. The pier
of the third tank was cast as an integral part of the concrete floor. The concrete vault is equipped
with an eniryway that can be sealed to isolate the vault interior against atmospheric pressure

changes.

Figure 46 shows a partial block diagram of the rrototype LP instrumentation. Omitted are
a third LP horizontal chanrel and a short-period channel used during some of the tests. Each of
the seismometers shown was installed on one pier—that is, in one metal tank. Its output was
amplified by a LP phototube amplifier and an operational amplifier, and was recorded on 35-mm
“ilm using a Model 1301A recorder. All cable runs were terminatedthrough lightning protectors,

and appropriate damping and gain control circuits were provided. The phototube amplifier (PTA)
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FIGURE 46. EXPERIMENTA/ LO!'G-PERIOD SYSTEM FOR LASA

and its associated circuits were initially installed in the Central Telemetry Vault, and was later
moved to the LRSM PTA hut. Recording, calibration and circuit checking were accomplished

from the LRSM van on the site.

sgure 47 shows the frequency response characteristic of the prototype system and of the

standard LRSM LP instrumentation that was installed nearby to serve as a control.

3. RESULTS OF TESTS AT PROTOTYPE INSTALLATION

As a result of operating the three-component instrumentation in the metal * nks within the
concrete vaults as previously described, it was found that the vertical channel can be operated
to produce a magnification of over 100 K at 25 seconds. This magnification appears to be umited
by propagating seismic noise. At the same time, the herizontal instrument channels are limited
to a magnification of about 30 K at 25 seconds. Both of these magnification limits were deter-
mined by assuming that the background noise at that magnification should produce no more than
10-mm deflection on the record.

From previous experiences, it was considered likely that the magnification in the horizontal

channels was limited by locai tilting conditions of the earth and that these tilts could he caused

by wind or other phenomena. A series of tests were run to verify that the horizontal instruments
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FIGURE 47. RESPONSE OF THE LRSM LONG-PERIOD SEISMOGRAPHS

were indeed affected by local tilts. During the tests, all instruments were oriented in the same
direction. In one test, a 5400-pound truck was driven from a large distance (approximately

100 feet) to successive points closer and closer to the center of the vault. Figure 48 shows the

results of these tess. All data were normalized to a system magnification of 30 K at 25 seconds.

Note th: t there was a sharp increase in the effect of the load as it was moved closer than 50 feet
from the vault. Also note that the effect on the vertical instrument was negligible. A second
series of tests were conducted by connecting a rope to the entryway of the concrete vault, This
was connected thieough a spring scale to a truck located 100 feet from the bunker. At each of

eight points symmetrically disposed about the vault, a force was applied through the rope and
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MILLIMETERS DEFLECTION NORMALJZED TO A MAGNIFICATION

° LGZ-
‘LGT -2 o LGT-

3000 9 LGT-
\LGT- 3

D e —

A LGT-

2500

«0
% LGT-1

1500
Distance vs output
Truck stopping test
Truck weight 5400 1b
1000

OF 30K AT 25 SECOMDS

\\ 16 June 1965

500 \

LGZ-1

\
e RS e
0 10 20 10 40 50 60 70 80

DISTANCE IN FEET FROM CENTER OF VAULT

FIGURE 48. RESULTS OF LOAL TEST

spring scale by backing the truck. Figure 49 shows the results of these tests. Note that LGT-2,
the horizontal instrument on the floor, was tilted considerably more than LGT-1 and LCT-2

which were located in the metal tanks. Figures 0 and 51 are diagrams of the test setup.

Over long pericds of time and under varying weather conditions, the instruments located in
sealed tanks in the concrete vault responded approximately 30 percent less to lccally generated

noise than did the instruments installed nearby in standard LRSM vauits.

The horizontal instruments were operated in the metal tanks and on the floor of the concrete
vault. In general, the background noise was approximately 4 db less when the instruments -vere

located in the metal tanks.

Background noise recorded when instruments were located in the coupled tanks was little
different from that recorded when instrument3 were located in the icolated metal tanks, There
appears to be no advantage, in this design, to attempt to isolate the tanks (and their piers) from

the concrete vault.
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FIGURE 49. RESULTS OF TILT TESTS

There was some evidence "t the background noise on the instruments was greater when the

concrete vavlt was sealed than when it was unsecled. It is considered tha! this may have been

caused by buckling of the floor, by movement of the decoupled tanks with respect to the overall

vault, or by buovancy of the concrete vault.

We believe that this condii’ )n may not exisc in the underground vaults that have all metal

tanks directly coupled to the floor and that have a much thicker floor than was provided in the

prototype installation.

was

Short-period noise bursts do not produce spurious responses in the LP seismograph. This

demonstrated by the lack of correlation between short-period noise bursts detected by a

seismometer placed in the conc=ete vault and apparently spurious deflections on the LP record.

1! is important that the earth covering and surrounding the LP vault be smoothly streamlined.

Sharp chang-s in elevation or the protrusion of the entryway of the vault will proviae a srface

against which wind will buffet, producing forces that wiil tiit the vauit and hence provuce noics
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FIGURE 50. TEST SETUP, LONG-PERIOD LASA TESTS— TOP VIEW
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FIGURE 51. TEST SETUP, LONG-PERIOD LASA TESTS— SIDE VIEW
The temperature stability within the vault proved to be excellent. It was not necessary to

heat the instruments at any time during the tests. Of course, these tests were run during the

summer months. It is expected that a teraperature inversion will occur during the winter. Ac-

cordingly, the vaults should be wired for 115 V 60 cycles so that heat may be provided.

4. RESULTS OF TESTS TO PARAMETRIC AMPLIFIERS

During one phase of the tests for the prototype installation, a high-impedance coil (50 K)

was installed on a seismometer and a Parameter Amplifier, Texas Instruments Model RA-5,

was installed in place of the phototube amplifier to determine its suitability for use in LP cir-

cuits. The RA-5 is being used ir ihe short-period LASA channels. Its application to LP chan-
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nels would provide a convenient interchangeability and compatibility. It was foimd that because
the flat frequency response of the RA-5 over the long-period passband did not discriminate
against 6-second microseisms, these microseisms were recorded at high amplitudes. This

caused other data at other freauencies to be obscured by the microseisms.

The operating conditions that prevailed are illustrated graphically in Figure 5%, which plots
amplifier input voltage as a function of period in response to average background noise (using
Brune and Oliver average seismic background data).l Note that if the background noise at 20
seconds is recorded at an amplitude 20 db above the amplifier noise, t} : 6-second microseism.c
noise will be 57 db above the amplifier noise. Since the total dynamic range of the RA-5 is 72
db, this leaves but 14-db dynamic range for seismic signals. These considerations, of course,

are on the basis that the amplifier wil! not be overloaded. Hence, increasing the seismometer
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1Brune, J. N. and Oliver, J., "The Seismic Noise of the Earth's Surface,” Bull. Seism. Soc.
Am.. 1959, Vol. 49, No. 4, pp. 349-353.
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motor constant and applying a filter to the output of the RA-5 will not accomplish the desired

results.

An engineering model of the RA-8 parametric amplifier was obtained from Texas Instru-
ments and tested. This amplifier was designed specifically for application to the LP instrumen-
tation system. Although the engineering model had but 90 db of dynamic range, it is unde.rstood
that developments have made possible the productiorn of tt's amplifier with 100 or more db dy-
namic range. Making calculations in the same manner ».s they are for the RA-5, it is seen that
a dynamic range of 42 db above background noise would be available if this amplifier were used
"a the LP system. This compares favorably with a PTA which has a dynamic range of 33 db

above background noise.

Our tests to the engineerirg model of the RA-" indicated that it had a high temperature co-
efficient of drift. It is our understanding that production models of this amplifier will have
critical components potted, thereby improving the temperature coefficient of the v~ ', The pro-

duction model - ill be called Type II.

5. PLANS ¥OR THE COMPLETE SYSTEM

Our objective is ¢ furnish the LASA system with a reliable, unmanned, LP seismograph
installation that is capable of producing high quality data and is compatible with the short-period
LASA system. At present, we are proposing to furnish instrumentation which has the frequency
responses shown in Figures 53 and 54. These represent our present thinking of what the system

responses should be. These are not final and can be altered as more information becomes avail-
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able by changing filters in the amplifier. One other response that could be provided and might

prove useful is the broad-band constant velocity response.

Figure 55 shows a s'mplifi2d block diagram of the LASA LP system. It will use one vertical
and two horizontal seismometers. Their outputs will be amplified by three Type II parametric
amaplifiers, All three parametric amplifiers will be pacikaged in a single contairer. A signal
oscillator will pr.ovide pump frequency for all three cnannels. Each data channel will consist
of an input section =.u a detector section, which will constitute the basic amplifier. The output
of this basic amplifier will be split into two channels, each containing a filter and ar output amp-

lifier. The frequency characteristics of these two filters together with the frequency character-
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istic of the seismometer will determine the response of the overall seismograph. Each filter
will be mounted on a separate printed-circuit board that can easily be replaced. The Type II
amplifier will be more compatible with other LASA components than the PTA. We expect that
some of the PC boards in the Type II amplifier will be interchangeable with those of the RA-5.
Furthermore, we expect that the parametric am, "ifier will require very infrequent adjustment ‘
and hence will better meet the concept of an unmanned system than would the PTA. Each seis- !
mometer will be equipped with two data coils and a calibration coil. A low impedance (500-ohm) :
data coil will be used for damping. A high impedance coil (50 K) will be used to drive the Type
II amplifier.

A connector will be installed on the cable terminal (the Hoffman Box) at the central telem- ;
e’ vault to permit the connection of portable service equipment to the system. The portable
service equipment will include all equipment needed to provide maintenance and monitor fﬁnctions
to the seismometers without requiring that the seismometer vault be entered. Included will be a
monitor recorder, a mass position monitor, a mass position control unit, a period adjust unit,
a test signal source, and miscellaneous equipment. These will provide a capability for calibrat-

ing the LP instruments fro:n the central telemetry vault.

The seismometers will be installed in sealed metal tanks in the seismometer vault. The

vault will have a solid floor in which the metal tanks will be imbedded.

The Type II amplifier will be mounted on the wall in a sealed insulated box located in the
central telemetry vault. This will protect its connections from moisture and its circuits from
temperature changes.

Three channels of LP data will be connected through the MIT unbalancing amplifiers to the

multiplexer and will be transmitte:] via LASA telemetry circuits to the LASA Data Center in :

Billings. Interface engineering between LP seismograph circuits and the MIT telemetry circuits
is now in the process of being worked out.

It is proposed that LP data be recorded in Billings on both Develocorders and magnetic
tape. The Develocorders would present the data in convenient form for visual analysis; the
magnetic-tape recorder would provide storage from which data could be extracted for process-
ing. Note that the LP data might be adapted for data pr essing by existing equipment if the
sampling rate and playback speed were changed.

6. APPLICATIONS OF LONG- PERIOD SEISMOGRAPHS

Advanced LP seismographs ar. installed at Witchita Mountain Seismological Observatory
(WMSO), Blue Mountain Seismological Observatory (BMSO), Uinta Basin Seismological Observa-
tory (UBSO), Cumberlar.éd Plateau Seismological Observatory (CPSO). LP recordings are rou-
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tinely used in the preparation of the seismological bulletin from the observatories and reports
of phases to the USC&GS. The LP data are most useful in the detection and identification of
later phases (Figure 56). By the use of LP seismographs, the capability of the observatory is
increased by about 50 percent over what it would be if only short-period seismographs were
available. The L2 seismographs in routine operation at the observatories normally operate at
magnifications of about 25K. I routine recordings could be made at 100K, then the LP seismo-
graph would be even more useful. LP recordings are made by each of the LRSM teams on both
35-mm filr and magnetic tape. These recordings are routinely used in the preparation of a

seismolegical bulletin and for special studies. In one special study, the similarity of LP body

waves across the U.S. was examined (Figures 57 and 58). This was done to determine the
feasibility of an array of LP seismographs. The recordings are aligned i~ accordance with the

J-B travel tiine curve. It can be seen that there is a remarkable similarity in wave shape be-

tween stations spaced thousands of kilometers apart.
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Long-period teleseismic P phase time-shifted for alignment according to Jeffrey--Bullen
Seismological Tahles, then summed. Earthquake occurred 4 September 1964 along the
Central Mid-Altantic Ridge. Depth was approximately 22 km, magnitude about
5.4. Distances were calculated on a digital computer, based on
epicenter data from USC&GS

FIGURE 5%. SIMILARITY OF LP BODY WAVES ACROSS THE U. S.

A study of LP body waves has zlso shown that more consistent results in the determination
of magnitude can be obtained than when using short-period body waves. One interesting possi-
bility is that the use of LP seismographs appears to improve the detection of body waves in the
shadow zone. This is probably due to the fact that LP waves defract around the core, whereas
short-period waves are cut off more sharply (Figure 59).

Long-period waves are generated by all earthquakes. Their detectability decreases con-
tinuously and almost linearly with magnituce. Thic is shown graphically in Figures 60 and 61,
Figure 60 shows the relative capability of two LRSM teams for detecting LP surface waves.

One team was located at Las Cruces, New Mexico (LC-NM); the other team was at Maryville,
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No. of cvents Percent

recorded by recorded
Distance short period by long period
20-100° 11
95-100 315 26
101-105 73 60
106-110 7 38
111-11C 91 26
116-120 121 12
121-125° 191 3
126-130 108 5
131-135 ' 46 11
136-140 29 31

1 percent of P phases detected by the LRSM short-period seismographs
which were also detected by long-period seismographs.

FIGURE 59. DETECTION OF LONG-PERIOD BODY WAVES AS A FUNCTION OF EPICENTRAL DISTANCE
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California (MV-CL). Figure 61 shows the probability of detection of Wayleigh waves using LP

dat- and is based on the study of over 22,000 earthquakes.

It is anticipated that the addition of LP seismographs to LASA will provide the capability

for extending these studies and undertaking new ones.
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7. ANALYSIS OF FILM RECORDINGS AT ANGELA AND HYSHAM
SUBARRAYS (B! and F3)
by
Carl F. Romney
AFTAC/VELA SEISMOLOGICAL CENTER

Mobile stations from the Long Range Seismic Measurements (LRSM) program were in-
stalled at the centers of Subarrays Bl, Angela, Montuna, and F3, Hysh2m, Montana, These
LRSM vans werc cacl. equipped with a Develocorder, which made it possible to record a number
of traces from the shallow hole array instruments in addition t» the standard three-component
surface instruments. The LRSM teains also installed a 500-tvot deep Benioff seismometer and
& 200-foot deep Hall-Sears 10-1 ezismometer at the t -0 subarray centers in addition to the
normal 25 array detectors. The obiectives were to obtain a .omparison between the signal-to-
noite ratios recorded at the surface and in the shallow holes and to obtain preliminary estimates
of the effectiveness of the unphased sum of all instruments in each subarray. Preliminary con-

clusions {rom the analysis of these recordings are reported in the following paragraphs.
SIGNAL-TO-NOISE RATIOS AT SUBARRAY Bl

A study was made of the teleseisms recorded at Angela during Januar- 1965. Forty-four
earthquakes were selected which had suitable signal-to-ncice .atios on all traces of interest.
Signal amplitudes and periods were measured on the Develocorde: records and converted to
approximate ground displacement by using the instrun.ental resporse curves and assuming the
signals to be roughly sinusoidal. Noisc data were also obtained for each instrument or sum of
instruments by measuring amplitudes of noise pulses having periods in the range from 0.3 to 1.4
seconds at several h.ndred regular y spaced time intervals throughout the month, and computing
the probability distribution curves. The 50 percent noise value fo1 each channel was then used

in the signal-tc-noise estimates.

Data were obtained from the following instruments:

SPZ Surface short-pe 'iod Benioff vertical at array center.

DW1 500-foot deep short-period Beniof: vertical at array center.

DwW2 500-foot deep Hall-Sears 10-1 at array center.

DW3 200-foot deep Hall-Sears 10-1 a: array center.

Sum or

Summation Sum of twenty-four 200-foot deep Kall-Sears 10-1.

Sum 1-6 Sum of 200-foot deep Hall-Sears 10-1 instruments in rings 1 through 6.

Some uncertainties exis! .. the Angela data because the recordings were made before 21l

calibration procedures had peen developed for the array instruments. The surface instruments
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and the 500-foot deep well Benioff, however, were well calibrated and relative calibrations of
other instruments were obtained from this reference where necessary. The summation channel
in particular was calibrated exclusively by comparing the 6-second microseisms with those re- ;
corded by the surface instrument. Supsequent investigations established that the magnification
values computed by this means wer e reasonably accurate.

Figure 62 shows the individual data plots and the least squares fit thr wugh each set of data. :
On the graphs shown, the curves would have 1 to 1 slopes if the signal-to-noise ratios of sig: : 7
nals recorde from the borehole instruments were identical to those recorded by the surface
instruments. Equations of the least squares lines are given on Figure 63, which also shows t:..
Same curves on a common abscissa to facilitate comparison of the improvement in bor.hole
and summation channel signal-to-noise ratios relative to surface values. It may be seen that
the signal-to-noise improvement of the borehole instruments ranged from a factor of 1.15
(~1 db) for DW3 to 1.47 (~3 db) for DW1 with respect to the surface instrument. These modes*
imrrovements result chiefly from reduction Jf relatively high frequency noise below the sur-

face; it will be noted that the improvement increases with depth,
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FIGURE 62. LASA Bl BOREHOLE S/N vs SURFACE S’'N

In addition to the improement in signal-to-noise ratio with depth, a further improvement

was found by summing the 24 detectors of the 200-foot deep array. This improvement amounted
to a factor of 3.8 (~12 db) with respect (o a single instrument at the same depth (DW3). This 3
may be compared with a signai-to-noise imoprovement of 4.9 (or v24) which would result from

an array of this number of instruments recording coherent vertical signals and random ncise.
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FIGURE 63. LASA 1 BOREHOLE S/N vs SURFACE S/N

It should be recognized that there is no a priori reason to expect Vi signal-to-noise improve-
ment for this particular array. The improvement could be greater or smaller, depending on the
actual properties of the signals and the noise. The combined rasult of the improvement due to
the array and the improvement due to the 200-foot burial of the instruments gave a total im-

provement in signal-to-noise ratio of 4.4 over that obtained by a single instrument at the surface.

SIGNAL.- TO-NOISE RATIOS AT SUBARRAY F3

A similar analysis of Develocorder records from Hysham, Montana, (Subarray F3), is sum-
marized in tie data plots shown in Figure 64. These data were recorded during April and 3o

signals were selected for analysis.

In addition to the sum of all detectors in the array, an analysis was made using subsums
consisting of instruments in rings 1 through 4 and 1 through 6 (the summation of all instruments
includes rings 1 through 8). It is noted that for this particular analysis, the 500-foot Benioff
seismometer registered a better signal-to-noise response than did the 500-foot deep Hall-Sears
10-1 instrument. It can also b seen that the sum channels show varying signal-to-noise im- s
provements with the 19-element sum, rings 1-6, providing the best performance. A comparison
of the best sum performance relative to a single 200-foot inst:ument, DW3, revealed a factor ot

3.5 improvement. The best improvement at Angela, as previously mentioned, was 3.8.

70




0 & 4 6§ 8 V2 W % B 02 MDY
SIGNAL /NOISE (SP2)

FIGURE 64. LASA F3 BOREHOLE £./'N vs SURFACE §/N

VARIATION IN SIGNAL AMPLITUDE BETWEEN ANGELA AND HYSHAM

Ideally, we would hope that teleseismic signals are identical in waveform and amplitude at
the various subarrays of the LASA. If not identical, we would hope that there is at least a con-
stant ratio between amplitudes or a fixed operator which would equalize sigials arriving from
all paths, The Dev2locorder data obtained from the two LRSM vans are sufficient for prelimin-
ary investigation of amplitude variatinns, leaving waveform studies to ke conducted when mag-
netic tape recordings are available. Accordingly, an analysis was made of 117 earthquakes which
were satisfactorily recorded at both Angela and Hysham. To correct for small differences in
distance, the magnitudes were computed at each station and the differences in magnitude (Am)
were tabulated. All measurements were made from the 500-foot deep Benioff recordings, which
were probably the best calibrated. The differenc *s were large, rangirg from +0.6 to -0.7 mag-
nitude units, where the positive sign indicates thiat the Angela signal was larger than the signal

at Hysham.

Figure 65 illustrates the variability in the recorded amplitudes. The upper two traces show
signals from an event in the Aleutian Islands and the lower two traces show recordings of an
earthquake from the South Pacific, approximately 6 minutes later. The magnifications of the
instruments at 1 cps are indicated on the recordings and it will be noted that the gain at Angela
(ANMA) is only about 5 percent higher than the gain at Hysham (HYMA). The signal from the
Alentian Islands is larger at Angela, whereas the relative amplitudes are reversed for the South

Pacific event, the Angela recording being smaller than that at Hysham. Occurring, as they do,
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FIGURE 65. DW1 SIGNALS AT ANGEL:. AND HYSHAM

within a few minutes of one another on the records, there is no possibility that these signal vari-

ations are caused by errors or changes in the instrumental gains.

The observed magnitude differences were analyzed in an attempt to determine any depend-
2nce upon distance or azimuth, but no simple relationship was found. However, there does ap-
pear to be some correlation in the magnitude differences for signals from particular regions.
This is perhaps best illustrated by referring to the table on the next page. We can infer from
these results that the signal variability is toth real and large and that it is either a very com-
plex result of local effects at the recording si‘es, or is (and I think more probably) introduced
to an important degree in the near-source and mantle portion ¢f ine paths. The consequence of

this variability on array performance remains to be s2en.

A NOTE ON CALIBRATION

Variable seismometer performance, asillustratedin Figure 66, causes difficulties in
interpreting data and reduces the precision of estimates of the kind previously described in
this paper. As an example, a spot check of system respcense of instruments at Hysham (rel-

ative magnification versus period) which was made from 13 April logs revealed that the re-
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Am
Average Standard Number of Extremes
Area (ANMA-HYMA) Deviation Events of Am
1. Alaska and Aleutians +.16 +.25 27 (+.6, -.4)
2. Kuriles, Kamchatka, and -.13 +.17 22 (+.1, -.4)
Japan
3. South Pacific, Samoa -0.3 +.24 21 (+.3, -.6)
through Carolines
4. Central America and -.05 +.23 16 (+.4, -.5)
Caribbean
5. South America -.26 +.21 27 (+.1, -.7)
6. Mediterranean Area -.10 +.14 3 -
Average, all areas -.07 +.26 117 (tntal)

sponse for DW2 was approximately 2 db below the average response at 3 cps. The DW3 re-

sponse was approximately 2.5 db higher than the average response at 3 cps. Normally, these

variations are not known fo the analyst from a routine single frequency calibration. In most

cases, tie best that can be done is to refer to a standard response curve in reducing trace mo-

tion to ground movement.

The signal periods observed from the Angela and Hysham data ranged from 0.5 to 1.1
seconds. The average period was about 0.7 seconds. Some of the noise had periods as low
as 0.3 seconds. The relative gains for signals and for noise may not have beei. properly
accounted for in estimating the signal-to-noise ratios because the full frequency response of
each instrument was unknown. This effect could account for part of the reported diiferences

in the effectiveness of varicus instraments.
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8. EXPERIENCE AT TFSO EXTENDED ARRAY: TRAVEL-TIME ANOMALIES
by
E.F. Chiburis
Seismic Data Lahoratory, Teledyne, Inc.

Any process for aligning signals across an array requires a knowledge of significant

travel-time anomalies which may be associated with any of the array elements.

To test whether such anomalies exist and whether they could be used to align signals over
a large array, we measured P-wave arrival times at the extended array stations (Figure 67)

for more than 300 teleseisms from two directions. The key questions of the study were:

1. Are there significant travel-time anomalies associated with particular sites?
2. Are they consistent for all events from one particular regiou?

3. How large are they?
4

. Are they necessary to improve P-signal alignments across the array?

1 (un.um?.q’mu:ww|
sttty

B

MAP OF TFO 8 EXTENDED ARRAY SEISMOME TERS
o S O un :
[¢]
" o o
R R
A o
; NL
! O
\ JRO owo g
LG OO KM
’ O4r
g os“ -
/. OLC
- . K\
Oy
O o,
o
& o O
o
L]
ol!
Oaqr
0 o
O SHORT PERIOD BENIOFF - -
O SHORT PEMOD J4-M o
[+
63
SCALE SCAE
0 100 200 300 400 300 Py 7 - -
XILOME TERS S

FIGURE 67. TONTO FOREST OBSERVATORY (TFSO) INSTRUMENT CONFIGURATION

75

s -

estasnshesmmmparars s RIS £

Lot b i 3 e MO oPeatA

hessa et



5. Are they sufflcient (together with Herrin travel times) to align slgnals or are there

other factors?

All travel-time anomalies were made relative to arrivals at the center of TFSO. P-onset
times for some events were difiicult to measure. On the other hand, picking a later character-
lstic feature, flrst peak or trough, of the P-phase was fairly easy and provided a measure of
travel-time intervals between sites. For this reason, relative rather than absolute anomaiies
were measured. The questions of phase-dlstortion or instrumental-response errors when
uslng these later phases were substantlaily answered by anaiyzing severai shocks with weii-
recorded impulsive flrst arrlvals. The anomalies obtalned by using first arvivais were in

good agreement with those obtained from later motions.

Herrin travel times for P-arrivals from the glven epicenter to all s'ations were computed
and subtracted from the observed travel times of a particular feature of the P-phase. Then
this time difference at Z-1 was subtracted from all other differences for that event, yielding

relative (to Z-1) travel-time anomalies.

Examples o1 the results of relating anomalies to epicentral distance for northwesterly and

southeasterly directlons at two of the LRSM sites are shown In Figures 68 and 69.

To show that 1t 1s necessary to know the anomalies, Flgure 70 compares the alignment of
a Kurlle Island event recorded at TFSO uslng velocity only with the alignment using velocity
plus the travel-time anomalies. This event is one used in deriving the average travel-time
anomalies. The promlnent feature llned up in Figure 70 was the one chosen to read P-arrivals
for this event. The fact that this feature does line up at most of the sites when the travel-tlme
anomalles are used indicates that the travel-time anomalles are Ilmportant and that the align-
ment of this feature of this event agrees with the alignment of simllar featur2s on other events.
With the exceptlon of one site (WO AZ) ali of these promlnent features (largest trough) seem to

be within 0.1 second of each other when travei-time anomalies are appiied.

The northwest-azimuth resuits show :auch less scatter than the resuits from the southeast.
It is significart that the northwest resuits were obtained almost entirely from aftershock se-
quences rather than unrelated events. The significance here is eplcenter location errors. If
a main shock is not correctly located, the aftershocks are usually mislocated also but not with
respect to the main event. Therefore, all of the anomaiies calculated from the sequence wiii

have about the same value but wiil contaln a constant but unknown error.

Errors in epicenter focation can produce quite large errors in the calculated anomaiies.
To show this, Figure 71 depicts the geometry. The error in anomaly is slmpiy the error in

reiative epicentrai dlstance to the station pairs for the two epicenters divided by the velocity
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ARRAY ALIGNMENT OF A KURILE ISLAND EVENT HY UERRIN TRAVEL. TIME CURVE

Without Trave! Time Anomalies With Travel Time Anora)ies
t
i
t
! M SG-AZ 0.0 sec.
‘ |
LG-AZ -0 1 sec.

1
i
A
. WO-AZ 0.0 sec. 'Wﬂ“‘wﬂ

- KH-AZ +0.3 sec. “Qﬁf
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Event: 31 May 1964, 43.5°N 146.8%E, 00:40:36.42

FIGURE 70. SIGNAL ALIGNMENT OF A KURILE ISLAND EVENT WITHOUT AND WITH TRAVEL-TIME
ANOMALY CORRECTIONS

at that epicentral distance; that is

(A_-A)-(a -4
Anomaly error = d 0 a 0
V(8

An example actually computed is shown in Figure 72. The event is a Columbian shock on
January 24, 1965 at Ao = 4956 km. The location error was assumed to be 1 in latitude or
longitude or both. Although this location error is probably high, it serves to show the possible
result. It is clear that epicenter location errors can produce anomaly errc 's larger than the
anomaly itself. We are presently devising a program with which epicenters can be relocated
on the basis of the observed average anomalies. This progiam assumes that the original

epicenters are mislocated randomly; if they are not, we should be able to obtaiu an indication

of this bias.

79

77 Myt aerria S a1 o

T S

Ty ———




STA. A (0.a)

TFO a ¥
Al
<]
AI
A
ba
x =
(o]
< A
V o]
LA
o
+
Eley
] ?
< ' B
< = ro(X + dx,
R
y+d
.. : v)
d
|X
i
t
[ i
-~ L E .. ...
Y
E (X.y)
X

(iA ” Ao) - (AA - io)

Anom. Error, 8T =

v {2)
2 2 x
o - . 1
vnere AA = [Ao + a 2a Ao sin EAJ
A =4
o o
A; =Ta24ar?s al + 28 ar
"o (<)
; . -14
{-cos QA sin GE + 8in @A cos EE) -~ 2a (AQ sin ﬂA + dr cos ﬂg)i
.’
it o Ta 2 2 . . 0
L, = LAO +dr” o+ 28 dr (-cos 9, sin QE + sin RA <os QE)J
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The cause of the anomalies is presently unknown, although cite geology appears to be the

most important. Station elevations alone are inadequate to explain the anomalies.

Several conclusions have been drawn from this study and are as follows:

1.

(4]

O -3 O

There are significant relative travel-time anomalies associated with the TFSO ex-
tended array stations.

The anomalies are consistent for all events from a particular region but vary slowly
with distance and azimuth.

Knowledge of the anomalie. is necessary and probably sufficient to improve signal
alignments using the expecied velocity across the extended array.

Differences in station elevation ~re insufficient to fully explain the anomalies.
Epicenter location errors cannot be assumed to be negligible when determining the
anomalies.

Aftershock sequences should not be used to determine the anomalies.

Many shocks from many regions are necessary to determine the average anomalies.
The cechniques used at TFSO can and must be used at LASA to determine if relative

travel-time anc alies evist thera also.
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9. NOISE & SIGNAL CHARACTERISTICS IN THE VICINITY OF MONTANA LASA
by
H. Lzake
Texas Instruments, Inc.

This paper presents results of a study to determine those noise and signal characteristir
in the vicinity of the Montana LASA which are pertinent to the operatioi of a large diameter

seismic array. Most of this material is presented in great:r detail in the report referenced

below.*

Before discussing the noise characteristice which were onserved in the vicinity of Montana
LASA, it is important to point out one of the main problems which are discovered during the

inve. ‘gation. Thic problem concerned phase and amplitude variaticns between instrvments

within the same array.

Figure 73 presents d-ta which gives an indication of maximum amplitude variations ob-
served for instrun.2nts in the Angela and Hysham arrays. The data shown was obtained by
calibrating all 25 instruments simultaneously at the indicated frequencies. As can be seen,
these variations are 5 to 8 db after being corrected at one cycle pei: second. Figure 74 gives
an indication of the maximum phase variations that were observed. The variations shown in-
dicate the variation in phase between instruments observed from this single simultaneous
calibration. It is noted thai below one cycle per second, variations are on the order plus or
minus 200. Above one cycle per second (the approximate damp resonant frequency) the varia-
tions are less. This suggests the possibility that the chserved phase variations can be related
to the differences in damped resonant frequency of the instruments within the array. Figure 75
presents data which gives an indication of the time variation of phase response of instruments
in the array. The instruments were calibrated at one cycle per second three different times
within a 14 day period. The bars here indicate maxiraum variation of each within the 1. day
period. As can be seen these variations are on the order of 4°. It should be pointed out that
the observed variations may be attributed to the measurement technique. That is, the variations
seen might be due to a difference in setting of the signal generator to one cycle per second. In
any case the observed phase variations are an order of magnitude less than observed static

phase variations between instruments within the array.

Figure 76 presents the measured damped resonant frequency for each of the instruments
within the Angela and Hysham arrays. These values are representative except for the D2 instru-

ment in the Angela array which was replaced.

“*Large Aperture Seismic Array Final Specification~, Texas Instruments, Inc., August 1965,
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FIGURE 73. ANGELA AND HYSHAM SEISMOMETER FREQUENCY RESPONSES FOR A SINGLE SEISMOM-
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FIGURE 75. SEISMOMETER PHASE RESPONSE FOR THE ANGELA SUBARRAY OVER A 14-DAY PERIOD

Variations in phase and amplitude response having magnitudes observed at the Angela and
Hysham subarrays can critically affect the array gain that can be realized with LASA. Further
studies should be undertaken to determine the effect of this problem on each of the various

proposed types of processing for LASA.

Figure 77 presents a block diagram related to the system noise measurements that were
made at Angela. In this diagram, system III includes the recording system used to measure

the system noise, subsystem II includes subsystem ITI and the MIT equipment. Subsystem I

includes II, IT and all the cable and amplifier equipment to the well head.

Figure 78 shows measured power density spectra of each of these system compunents.
The system noise was obtained by replacing the inputs to each subsystem by an equivalent
resistance. The system noise through the amplifier is approximately 30 db below the ambient

seismic noise at 1.0 cps. Therefore the system is far from system noise limited.

Studies were included to determine the effect of burial on the ambient measured noise
spectra. Figure 79 presents the results of computing power density spectra at various depths
in the same approximate area. Holes were drilled at 10-foot separation. As can be seen, be-

low 1 to 1.5 cps there is no apparent benefit to be obtained by burying the instrument at 200
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ANGELA HYSHAM
Channel ‘ Frequency (cps) Chrannel Frequency {c¢ps)
Bl 1,05 Bl 1,05
Cl 1.15 ° Dl 1.05
El 1.10 Fl I.10
Gl 1.10 Hl 1.15
B2 1.20 B2 1.05
D2 .40 Cc2 1.00
F2 1.05 E2 1.15
H2 1.15 G2 1.15
B3 1.05 B3 1.10 N
C3 1,20 D3 1.10
E3 1.20 F3 I.1¢
G3 1.10 H3 1.05
Bt 1.05 B4 1,20
C4 1,00 C4 1,15
F4 1.10 E4 1.05
H4 1.00 G4 1.20
B5 1.00 B5 I.Cu
C5 0.95 D5 1. 10
E5 1.05 F5 1.05
G5 1.00 H5 I.30
B6 1.15 B6 1.00
D6 1.40 Ccé6 I.1%
Fé 1.00 E6 1.00
H6 1.00 Gé6 I.15
[ 1

FIGURE 76. SEISMOMETER DAMPED RESONANT FREQUENCY

rather than 50 feet. However, above this approximate frequency range, 3 to 9 db improvement
with deeper burial was observed depending upon frequency. Figure 80 presewnts the results of
measuring the noise at the surfac and at 200-foot depth. In this example some gain is made

as low as 1 cycle per second with significant gain above 1 cycle per second.

Figure 81 presents power density spectra for different stations, CPO, TFO, UBO and
Angela with all spectra corrected for instrument respcnse at 1 cycle per second. The solid

curve is a plot of the 0 db line and is essentially the Johnson-Matheson response curve. The
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spectral data in this figure were corrected to a Johnson-Matheson response. As can be seen,
CPO is the highest wita UBO and Angela approximately equal up to 1 to 1.25 cycles per second.
Above this frequency the Angela noise spectrum is higher out to approxim~tely 4 cycles per
second. The lowest spectrum in the figure is from TFO where it has been shown that the
majority of the noise is high velocity noise. Included in this set of curves is the mantle P-
wave noise spectrum obtained at UBO.* It is pointed out, that in the .5 to 1.5 cps range where
TFO is th.ight to be mantle P-wave noise limited, the ambient measured noise spectrum
compares quite closely with the UBO mantle P-wave noise spectrum. The point of interest here
isthat the hypothetical lower noise level that canbe reached witha small subarray is the high
velocity mantle P-wave noise. If a universal curve of this type were available, it would give

an indication of the improvement tnat could be obtained with a small arrav. That is all stations
could be corrected to, or have noise levels as low as P-wave noise by subarray processing.

As can be seen, the indication is that the mantle P-wave noise spectrum at UBO is on the order
of absolute noise level at TFO. On the other hand the noise at Angela, UBO and CPO can be

reduced from 8 to 15 ab if mantle P-wave noise is universal.

An attempt was made to characterize the seismic noise in terms of frequency wave number
power density spectra. This work was hampered by the observed phase differences between
instruments. Due to these phase differences it was necessary to discard those instruments
which indicated extreme phase variations. Using this approach of discarding instruments, 11
to 13 instruments were left to use in computing frequency wave noise for Angela and Hysham.

Two different sets of simultaneous noise were used in computing frequency wave number spectra.

Figure 82 presents two of the array configurations used in computing the wave number

spectra.

Figure 83 presents the resultant spectral window for the Hysham array shown in Fig-

ure 82 and it can be seen that side lobes occur which are within 6 db of the main lobe so that

*Roden, R. B., 1965 Vertical Array Experiments at Uinta Basin Seismological Observatory,"
35 Annual SEG Convention, 1955.
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CUMBERLAND PLATEAU OBSERVATORY (CPQ), UINTA BASIN OBSERVATORY (UBO), AND ANGELA

the true spectra that we are trying to measure will be convolved with this rather undesirable

spectral window.

An attempt was made to minimize the observable effec: nf the spectral window by not
shading those portions of the f-k spectrum which could be interpreted as side lobes of a pre-
dominate peak in the spectrum.

Figures 84 and 85 present typical f-k spectra that were observed. A complete set of thece
spectra are presented in the previously mentioned report. As can be seen the predominate
energy in bcth spectra is around zero wave number indicating high velocity energy. In both
examples the main lobe is much larger than the spectral window indicating that in addition to
the high velocity energy, a contribution is being made to the f-k spectra from energy of around
4 to 8 km/sec. A check of the surface wave velocity from a quarry blast indicated a surface
wave velocity of approximately 3.5 km/ sec which is close enough to be estimated as 4 to 8

km/ sec energy in the rough {-k spectra obtained.

During the study carried out it was attempted to evaluate the signal-to-noise improvement
that could be obtained with optimum multichannel filtering and straight summation. Multichan-
nel filters were developed for the limited arrays (again limited by the phase variation problem).
Figure 82 presents typical ari1ay configurations used in these studies. Arrays used varied

from 10 to 13 elements.

Figure 86 presents a noise power density spectrum for the four samples used. The solid
curve is a single instrument power density spectrum of the noise. The other two curves pre-

sented in each of the figures are the power density spectrum after straight summation and the
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FIGURE 82. ARRAY £LEMENTS USED IN NOISE STUD =8

91




92

¥y=1.323 CYCLES/KM —

FIGURE 83. FREQUENC'{ WAVE NUMBFR SPECTRAL WINDOW FOR HYSHAM NOISE SAMPLE A
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FIGURE 84. HYSHAM NOISE SAMPLE A: WAVE NUMBER SPECTRAL ESTIMATE AT f = 1.25 cps
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noise power density spectrum after multichannel filtering. As can be seen in all four curves
most of the improvement of multichannel filtering over straight summation is in the region of
.25 to .5 cycle per second. Above .5 cycle per second to 1 cycle per secoad the gain observed
is on the order of 3 to 4 db in some of the spectra. Figure 87 presents the noise spectra

from sample A at Hysham and Angela with more information as to predictability and with re-
spect to the mantle P-wave spectrum that was shown for UBO earlier. H the mantle P-wave
spectrum is taken as the limiting value it is indicated that the multichannel filter is removing
most of the ambient noise down to mantle P-wave noise up to a frequency of approximately .6

to .7 cps. Above .7 cps it is indicated that there is 2 to 6 d2 of improvement still possible with

8 - = REFERENCE TRACE
e we e e STRAIGHT SUM TRACE

sssssenes MCF TRACE
12 - 0 db LINE

GROUND MOTION/CPS AT 1.0 CPS

POWER DENSITY (db) RELATIVE TO 1.0 (mu)z

-2 o e AN
5 P MANTLE P-WAVE SPECTRUM \
b ANGELA NOISE SAMPLE A
230
16 ) 1 1 1 L1 L 1 N 1 1 j 1 1 1 ]
0 ] 2 3 4
FREQUENCY (CPS)
I8 o REFERFNCE TRACE
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12 |- jat ML RACE 0 db LINE
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e o ,,/"‘\' /\\
-18 ‘o (e \
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FIGURE 87. POWER DENSITY SPECTRA FOR ANGELA AND HYShHAM NOISE SAMPLE A
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the subarray to 1.0 cps. Above 1.0 cps the possible improvement is larger. With the high

veiocity nolse that was observed (3.5 to 4.0 km/ sec) at these two stations, It was not possible

for the multichannel filter to pass the desired signal model (an infinlte velocity signal model)

and reject the high velocity ncise using oniy 11 to 13 element arrays. However with the use of

all instruments, it should be possible to make improvements on the order of 6 to 8 du above

1 uycle per second up to as high as 1.25 cycles per second. Included in these curves is an

error specirum. This curve was obtained by ueveioping a set of multichan-el filters to pre- ;
dlct a slngle element of tue array. The error curve is the spectrum of the trace obtained by
subtracting the predicted trace from the reference trace. Predictabillty here gives a measure
of the spatial organization. As can be seen the energy was primarily prediciabie in the range
.25 to 1.0 cps with very little predictability above 1.0 cps. Again the response curve is plotted
as a 0 db line in this figure.

Flgure 88 presents the improvement of multlchannel filtering over straight summation in
another form for all four arrays and four noise sampies. As was indicated in figure 86 and
87, the multichannel filter is making significant improvement over the straight summation in
the frequency range of .25 to .5 cps with less improvement in the .5 and 1.0 cps range and very
little Improvement above 1 cps. Again it should be emphasized that this data was using 10 to
13 elements and a significantly greater improvement of multlchannel iiltering over straight

summations shouid be observed when the full diameter of the array is used.

Comparison tests were carried out to determine signal simiiarity between earthquuae
signals received at the Angela subarray and the Hysham subarra,. Slxteen and seventeen ele-
ment arrays were selected on the basis of minimum static phase variation between instruments.
These arrays were then beam steered for the :arthquake of interest. Flgures 89 through 96
present the processed signals. The resulting signals were aligned and selected intervals of i
both signals were crosscorrelated. The purpose of crosscorrelation was to attempt to deter-
mine slgnal similarity. I the signals were slmilar, crosscorrelation functions should be sym-
metric and appear as an autocorrelation function. Non-similarity of the signals would show up
as a non-symmetric correiation function. The selected intervals are shown by the scale be-
neath the signals. The crosscorrelation labeled A, corresponds to crosscorrelating the two
signals uslng only the Interval A from the signal, llkewlse crosscorrelation B corresponds to
crosscorrelating only the Interval B from the two signals. As can be seen in nearly all cases
where only the first cycle was used in crosscorrelating, the correlation functions appear to be
symmetric. In most signals where only the first two cycles were used the correlation functions
appear to be symmetric, however, beyond two cycles the majorlty of the slgnals do not show

signiflcant similarity. It should be pointed ot that thls lack of simllarity defeats detection in
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two ways. Although the signals may be similar over the first half cycle so that coherence may
be obtained across the large array upon summation, the first cycle s often not the largest in
an earthquake. The fourth or fifth cycle may be as large as five times the first half cycle.
Thus by not maintaining similarity over a number oi cycles one destroys possibly 10 db of de-
tectability. Additionally, one loses the ability to integrate over several cycles thus possibly
destroying another 4 or 5 db detectability so that it is conceivab'e that if the signals are not
similar over the first five to ten cycles one could be losing up to 15 db of detection capability.
Thus, it appears that some sort of cross-equalization filter between subairray cutputs will be

necessary to obtain the maximum periormance of a large array.
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10. RESULTS OF PRELIMINARY SEISMIC STUDIES
by
E. J. Kelly
Lincoln Laboratory, MIT

I. INTRODUCTION

Freliminary studies on the charact -istics of the LASA sile have so far been made in
comparison with our experieace with Touto Forest S:ismological Observatory (TFSO) data.
We have investigated the detec*ability of small events by manuai and automatic means, the
coherence of signals across the array, aad the relative station corrections to arrival times
between subarrays. Analytical work is in progress in preparation for studying the frequency-

wave aumber properties of the noise. Each of these is briefly ditcussed below.

II. PTTECTION

twesults to date, based on about two hundred events, indicate that LASA has the same single-
trace detection threshold as TFSQO. To make this statement meaningful, we must describe the
detection procedures used in some detail. TFSQO ¢~ta was recorded in two forms: a) three
short-period instruments (the three components of motion) were recorded on a Helicorder at
0 5 mm per second, while b) these and LRSM van instruments were recorded on Dcvelocorder,
with viewing at 1 cm per second. Helico.der traces were scanned visually to pick rougn times,
at a high false-alarm rate, and these times cxr mined  n the film record. All events reported
by U.S.C. and G.S. were sought on the records at first, until rough thresholds were established,
and then only missws which were marginal, or should have been seen, were looked up. It soon
became possible to do very nearly as well without prompting by U.S.C. and G.S. data as with-
out. Results are shown in Figure 97 as a scatter diagram of several hundred events, giving

the rc. :~ted (U.S.C. and C.S.) magnitude vs epicenter distance. Hits, marginals, ar |1 misses

USCGS MAGNITUDE

- CLEARLY vISIB! -
o MISSED
- BARELY VISIBLE

(N VS VS WS WO SN SO U S S U S G G |
20 L1e] 60 80 N0 120 140 160

EPICENTRAL DISTANCE A (dgeg)

FIGURE 97. TFSO SINGLE SENSOR DETECTABILITY SfUDY (375 EVENTS)
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Hib-shisads
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are indlcated, and a slmple empirical curve evolved representing a detectlon threshcld. This

threshold 1s constant at about m = 4 5 for dlstances of 400 to 800,

i lifﬁln

A slmilar diagram has been prepared from the LASA data reaching Lircoln Laboratory by

R

telephone line for a two-month period beginning in late April. This data conslsted of one trace
from Site B1 and one trace from Slte F3, usually the deep central seismometer A0, recorded
only on fllm. All events reported by U.S.C. and G.S. for thls time perlod were sought on the
fllm recordings and hlts (either statlon showing the signal) and mlsses reco: ded. These re-
sults, al: nrompted by U.S.C. and G.S. reports are also shown as a scatter dlagram of magnltude
vs distance in Figure 98. Performancz of the 500-foot sensors is shown separately from 200-

“raperere

comrtes- i o

foot sensors. The improvement due to dee burial is not striking in this small data sample.

The emplrlcal curves obtalned from the two lccations (TFSO and LASA), Figure 99, do not dif-

il

fer slgnlficantly from one another. The 3actual arrlval times at LASA were usually within 1-2
seconds of that predicted fr .m U.S.C. ard G.S. eplcenters, which is alsc in agreement with the

behavior of TFSO. The performance of the automatic detector is not inferior to these curves,

as shown for a small number of events In Figure 100.
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FIGURE 98, LASA SINGLE SENSOR DETECTABILITY STUDY (224 EVENTS) g 3

III. COHERENCE
Tae coherence of signals across the LASA area ls belng studied qualltatively by collec.ing .. !

prints of high slgnal-to-noise ratio events seen on single selsmometers at each of several
subarrays. The only meaningful quantitative measure of coherence is the performance of
array processing ltseif, when that processing ls deslgned on the assumptlon of perfect coker-
ence. Such a measure will be illustrated in a iater paper. However, even vlsual comparlson
should ke useful in judging the improvement brought about by careful matching of seismometer
response, site-to-site equallzation, etc. The cohereuce for seven events seen at seven of the

subarrays ls falr; qulte comparable to that to which we have become accustomed over simllar
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w

distznces at TFSO. The signai oscillations usually correspond closely at all sites for the first

few peaks, while rapid'y becoming quite different thereafter. Often, the actual shape of the

Jirst significant half-cycle is similar in the various traces. It should be kept in mind that good

coherencs of P and pP over their respective first half-cycles alone would bring the full array

processing gain to bear on first motior.s, permitting full array accuracy in epicenter and depth

determination. The possible utility of waveform Adiscrimination criteria, such a5 compliexity in

time cr frequency domain, depends critically, of course, on the attainment of high coherence

(through accurate equalization and deconvolution) over a much longer portion of the P waveform.
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are indicated, and a simple empirical curve evolved representing a detection threshold. This

threshold is constant at about m = 4.5 for distances of 40° to 800°.

A similar diagram has been prepared from the LASA data reaching Lincoln Laboratory by
telephone line for a two-month period beginning in late April. This data cons’sted of or 2 trace
from Site B1 and one trace from Site F3, usually the deep central seismometer A0, recorded
only on film. All events re;- rted by U.S.C. and G.3. for this time period were sought on the
film recordings and hits (either station showing the signal) and misses recorded. Thesc re-
sults, all prompted by U.S.C. and G.S. reports are also shown as a scatter diagram of magnitude
vs distance in Figure 98. Performance of the 500-foot sensers is shown separately from 200-
foot sensors. The improvement due to deep burial is not striking in this small data sample.
The empirical cur ‘es obtained from the two locations (TFSO and LASA), Figure 99, do not dif-
fer significantly from one ancther. The actual arrival times at LASA were usually within 1-2
seconds of that predicted from U.S.C. and G.S. epicenters, which is also in agreement with the
behavior of TFSO. The performance of the automatic detector is not inferior to tk2se curves,

as shown for a small number of events in Figure 100.
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IlI. COHERENCE

T.ie coherence of signals across .tl:e LASA area is being studied qualitatively by collecting
prints of high signal-to-noise ratio events seen on single seismometers at each of several
subarrays. The only meaningful quantitative measure of coherence is the performarce of
array processing itself, when that proccssirg is designed on the assumption of perfect coher-
ence. Such a measure will be illustrated in a lat- paper. However, even visual comparison
should be useful in judging the improvement brought about by careful matching of seismometer
response, site-to-site equalization, etc. The coherence for seven events seen at seven of the

subarrays is fair; quite comparable to that to which we have become accustomed over similar
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distances at TFSO. The signal oscillations usually correspond closely at all sites for the first
few peaks, while rapidly becoming quite different thereafter. Often, the actual shape of the
first significant half-cycle is similar in the various traces. It shovld be kept in mind that good
coherence of P and pP over their respective first half-cycles alone would bring the full array
processing gain to bear on first motions, permitting full array accuracy in epicenter and depth
determination. The possible utility of waveform discrimination criteria, such as complexity in
time or frequency domain, depends critically, of course, on the attainment of high coherence

(through accurate equalization and decorvolution) over a much longer portion of the P waveform.
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IV. STATION CORRECTIONS

Fundamentally, the accuracy of determination of epicenters for first-order event location
by a network, such as that formed by the outer square and central element of LASA, is limited
only by the size of the network and the accuracy of the picking of arrival times at sites being
used for triangulation. However, this accuracy will not even be approached if the bias intro-
duced by relative station anomalies is not first removed. The remova! of this bias requires a
knowledge of relative station corrections for all epicentral regions, and may require the statis-
tical analysis of hundreds or thousands of events. The relative station corrections must also
be accurately known in order to form precisely steered beams. The systematic study of a few
hundred events recorded at TFSO and the outlying Long Range Seismic Measurement (LRSM)
vans has shown the feasibhility of this approach. Rough station corrections have been deter-
mined for stations there (LRSM vans relative to TFSO) as functions of bearing only for tele-
seismic P arrivals. These ccrrections are van-TFSO times measured minus van-TFSO times
implied by U.S.C. and G.S. epicenter. Corrections up to 0.7 seconds were obtained. Using
these corrections on a smaller set of events, we computed epicenters from TFSO data alone
and compared them with the U.S.C. and G.S. data. We attained an r.m.s. error of 2.30. Ex-
pressed as a steering accuracy in wave-number space at a fixed frequency (=1 cps), this cor-
responds to about four times the size of the resolution cell of an array the size of LASA.

Comparable data have been available from LASA only from two subarrays: Bl and F3.
Relative station errors for this pair have been measured for some seventy P arrivals. The
results, shown in Figure 101, indicate somewhat s: “iler effects than at TFSC. One group of
42 events in the bearing range 2800 to 340° exhibits a mean relative error of +0.22 +0.03
seconds (F3 late compared to Bl). Very recent data on many more subarrays using advance
teptative epicenters from U.S.C. and G.S. indicates the possibility of somewhat larger correc-

tions at other sites.
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FIGURE 101. STATION CORRECTION OF LASA SITE Bl WITH RESPECT TO F3
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Some attempt is being made to interpret the station effects observed at hoth LASA and
TFSO in terms of crustal and upper mantle structure under the arrays. It seems to be difficult
to explain the magnitude of the effects in terms of one or more dipping layers, and the results

may prove to be raore com;2tible with known lateral variations in upper mantle P velocity.

V. NOISE STUDIES

An integral part of the maximum-likelihood form of processing, applied to subarrays, is
the measurement of the cross-correlation matrix for subarray elements on periods of noise
preceding events. By Fourier transfurming these correlation matrices using suitable space
and time tapers, one can obtain the spectral density of the noise in frequency-wave number
space. The analytical aspects of this problem have been studied, useful tapers evolved and a
computer program written for this computation. Data from full subarrays has just become
available and no results are available as yet. We also plan to combine cutputs from some
25-30 elements chosen from the five central subarrays (AC and the B-ring) to provide spectral
density measurement with higher resolution in wave number (about 0.05 cpkm). This resolution
would permit a clear definition cf the low-order Rayleigh modes, if present, and a fair decompo-
sition of the structure of the mantle P-wave noise. In addition to providing independent infor-
mation about crustal structure at LASA, it is hoped that the noise may exhibit some stationary
characteristics (e.g., dominant excitation of a particular trapped mode) which would permit the

design of non-adaptive array filters which could provide a useiul degree of processing gain.

It should also be mentioned that corollary outputs of the maximum-likelihood program

provide simple measures of the long-term stationarity of the noise in space and time.
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11. DEVELOPMENT OF WIDE BAND BEAM PATTERNS
USING THE MONTANA LASA
by
Harry Lake
Texas Instruments, inc.

For the developments made in this paper, a large aperture seismic array is assumed to
consist of 21 outputs, each output representing the center of one of the 21 subarrays. The sub-
ject to be dealt with concerns the manner in which these outputs are combined to yield a de-
sired beam response. The simplest approach that has been suggested is simple time shift and
summation. Using this approach one is unakle to exercise any control over placement of side-
lobe structure. Additionally, it is impossible to construct a given beam to pass the contour

shape of any «necified area of the world using a single beam.

In a companion paper entitled "'Noise and Signal Characteristics in the Vicinity of the
Montana LASA" it was indicat-ed that it may be necessary to apply cross-equalization filters
to the outputs of each of the 21 subarrays. If it is necessary to apply cross-cgualization filters,
hardware for applying convolution operators will be necessary. It is therefore conceivable that
this same hardware could be used in applying filters which would be useful for wide Land shap-
ing of the main beam from the LASA output. Such beam shaping could iaclude specifying regions
where sidelobes are to be held to a minimum, and-specifications for regions which should be

passed, such as a specific beam to pass all of the seismic energy crming from Russia.

In this paper response curves are presented which result from optimum beam shapiug.
These beams are developed by Wiener optimum criteria, in that desired regions of k space
were passed, and selected regicns in k space were specified for rejection. The technique
allows a set of frequency dependent weightings to be developed for each seismcmeter output
(or for each subariay output in this consideration). The process is wideband, in that a speci-
fied velocity band is selected for rejection over the frequency range of interest, and another

velocity band is specified to be passed over the selected frequency range.

Figure 102 presents a map of the world in wave -number space centered on the Montana
LASA. As can be seen much of the circum- Pacific Belt lies .n the edge of the core shadow.
Figure 103 presents the noise model that was used in developing optimum beam patterns. It
should be pointed out that the noise model simply specifies that area in wave-number space in

which the sidelobe pattern is to be held to a minimum.

In actual practice the energy to be rejected in this region is from earthquakes. However,
for the purpose of developing filters the regions to be passed are specified as sigral regions
or signal models and the regions to be rejected are specified as noise models or noise regions.

Selection of these types of noise models allow several sets of first order Bessel functions to
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be comhined to formulate the interchannel correlation functions between subarray outputs
which corresponded to signal energy in k space occupying the region shown. Each of the small
circles in the Aleutian Island chain represented a set of interchannel correlation functions
(first order Bessel functions) and the large disc with center at the Montana LASA was another

set of interchannel correlation functions developed by combining first . rder Bessel functions.

Figure 104 presents the first signal model to be considered. This model was simply a
shifted cone in three-dimensional f-k space with the cone shifted to center over Novaya
Ze;nlya. Figure 105 presents the response in k space at a frequency of .5 cycle per second of
the filters which were designed to reject this specified noise model and to pass the Novaya
Zemlya signal model. As can be seen the signal region appearing in the plane as a circle is
passed with 0 db response. The noise region is 18 db down at a few points on the large disc
and between -18 and -24 db down on the rest of the disk and all the Aleutian Island chain.
Figure 106 presents the response of the same set of filters at 1.0 cps. The signal model is
still passed with 0 db and the Aleutian Islands chain has one point at which the response gets
up to 12 db. However, the majority is -18 to -24 db down. The large disc indicates a point of
-6 db due south from Montana. However, the majority of the response is -12 to -18 is down

throughout the large diameter disc. The response of the filters are shown only in the specified
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FIGURE 105. k-SPACE RESPONSE AT 0.5 cps FOR FILTER REJECTING NOISE MODEL B AND ACCEPT-
ING NOVAYA ZEMLYA SIGNAL MODEL
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FIGURE 106. k-SPACE RESPONSE AT 1.0 cps FOR FILTER REJECTING NOISE MODEL B AND ACCEPT-
ING NOVAYA ZEMLYA SIGNAL MODEL
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noise and signal regions since these were the only regions of interest specified in the filters.
It is not intended to indicate that there are other regions which are not just as important, this
presentation is a demonstration of design and when used in practice more realistic noise re-
gions may be specified. If, for instance, due south was an area of extreme importance in mon-
itoring some particular signal region, it would be possible to place more weight in the noise
region shown to be -6 db down. This would force the filters to reject this region more heavily
letting the response come back up at some other point in the k plane which was not as important.
The important point to be demonstrated is that a specified region can be held up in response
while another specified region can be reduced in response thus allowing a 1ool for shaping the
beam in an optimum manner. Figure 107 presents the response at 2.0 cps. The majority of
the sigaal region is still passea with 0 db response down, the rest being between 0 to -3 db
down. The Aleutian Islands chain still has a small -12 db response area but the majority of it
being -18 db down. Additicnally, there is a small -6 db region in the upper portion. The large
diameter cone now shows several regions where the response is popping up to -6 db. Again
these reginns could be reduced further, if desired, by specifying a stronger weighting of the

noise model at these points.

= S/N=80 F=20

FIGURE 107. k-SPACE RESPONSE AT 2.0 cps FOR FILTER REJECTING NOISE MODEL B AND ACCEPT-
ING NOVAYA ZEMIL.YA SIGNAL MODEL
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It should be kept in mind that tne response figures shiown indicate only a firs. attempt at
optimurn beam shaping. The same noise and cignal models might well be better rejected and
passed respectively with further tailoring, that is adding more emphasis to the noise regions
which are coming up in response in the figures shown and more emphasis to the signal region

where it indicates it is falling below 0 db.

Figure 108 presents the second signal model that was used. This consisted of a series oi
time shifted cones to cover the signal energy coming from that portion of China which is within
approximately 90° of Montana LASA. This signal model was used in conjunction with the pre-
viously shown noise model. Figure 109 presents the response in k space at .5 cps to a set of
filters desig:.ed to pass the China signal model and reject the noise model that was shown pre-
viously. As can be seen, a small portion of the Aleutian Islands chain isata -12 db response.
However it should i.e noted how rapidly the response goes from a broad area of 0 db response
in tue China signal model to an area of -12 to -18 db response through the Aleutian Islands
chain. The majority of the large diameter disc is -12 to -18 db down in response. Figure 110
indicates the response of the same set of filters at a frequency of 1.0 cps. It is noticed that
the response through the Aleutian Islands chainis still -12to -12 db down primarily. However,

a small area of -6 db has shown up due south of Montana LASA again as happened in the pre-
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FIGURE 109. k-SPACE RESPONSE AT 0.5 cps FOR FILT'ER REJECTING NOISE MODEL B AND ACCEPT-
ING CHINA £.GNAL MODEL
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FIGURE 110. k-SPACE RESPONSE AT 1.0 cps FOR FILTER REJECTING NOISE MODEL B AND ACCEPT-
ING CHINA 5IGNAL MODEL
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vious signal model. It is also noticed tnat the portion of the large diameter disc which overlaps
the indicated signal model is passed. This reglon is passed In favcer of passing the signal model
as opposed to rejecting part of tiie signal model in order to reject the noise model. This is ac-
complished by weighting the signal model heavier in k space than the noise model. I« it was
more desirable to 1eject the nolse than 1, was to pass the signal it would have been possible to
do so by weighting the nolse model heavier than the slgnal model through this region. Posslbly
more constraint could be placed on this reglon by special noise model additions around the edge
of Chlna. Flnally Flgure 111 presents the response of the same set of filters at 2.0 cps. The
Aleutian Islands chain still exhibits the -12 to -18 db down response with -6 db lobes occurring
at a few places within the major disc model. All of the portion of China shown is still passed

with a 0 db to a -3 db response.

Figure 112 presentsthe signal model used to covei Russia. As can be seen, this model is
made up ot different time shifted velocity cones In three-dlmensional f-k space. Figure 113
shows the response at .5 cps of a set of filters designed using the signal model shown in Figure 112
and the noise model shown previously. As can be seen, the majority of the noise region is of

order -18 to -24 db with the only reglon occuring above -18 db lylng very closely to the specified

SIGNAL CHINA
S/N=40 F=20

FIGURE 111. k-SPACE RESPONSE AT 2.0 cps FOR FILTER REJECTING NOISE MODEL B AND ACCEPT-
ING CHINA SIGNAL MODEL
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signal region. Again the signal region is covered by contours on the order of -3 to 0 db with a
few small areas.of -12 db where the signal model very closely approaches the noise model.
Figure 114 indicates the response of the same set of filters computed at 1.0 cps. Again the ma-
jority of the noise region is down -18 to -24 ab with -6 db sidelobes occuring almost south of
Montana again and -6 and -3 db occurring in the major disc where the signal model overlaps
the noise model. Finally Figure 115 presente the response of the same set of filters at 2.0 cps.
As can be seen the response over the signal model holds up very well, 0 to -3 db. The Aleutian
Islands chain is down for the most part on the order of -18 to -24 db witi the major disc model
varying -12 to -18 db but coming up to 0 db in a few places. Again it should be pointed out that
if these are undesirable areas to let the model have high response, the areas could be forced

down by placing heavier noise weighting in these regions.
At this point the conclusions that can be drawn from the data presented are that:

a) The main beam from a large array can be selectively broadened as a function of velocity

to encompass any specified signal region by properly weighting the outputs of the individual
subarrays and

SIGNAL RUSSIA
8S/N=40 F=10

FIGURE 114. k-SPACE RESPONSE AT 1.0 cps FOR FILTER REJECTING NOISE MODEL B AND ACCEPT-
ING RUSSIA SIGNAL MODEL
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b) Specified noise regions can be rejected by selecting the proper correlation set when

developing optimum weightings.

The response curves presented are only intended to demonstrate the techrique and are not
suggested as final operational response models. Much more detailed weighting and shaping of
the signal models should be attempted in determining weighting functions that would L= used in

an on-line or operational condition.

SIGNAL RUSSIA
S/N=40 F=20

FIGURE 115. k-SPACE RESPONSE AT 2.0 cps FOR FILTER REJECTING NOISE MODEL B AND ACCEPT-
ING RUSSIA SIGNAL MODEL
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12, LARGE APEITURE ARRAYS

by
Walter J. Davis
AFTAC/VELA Seismological Center

INTRODUCTION

An array, when operated as a velocity-phase simple summation, is a wave number filter.
The filter passes events corresponding to the phasing velocity and attenuates all other events.
If the phasing velocity is constant over the array, the response of the wave number filter is a
function only of the array geometry. In this short note we will examine critically the wave num-
ber response of the Montana Large Apertuie Seismic Array (LASA) and suggest an alternative

geometry for any subsequent LASA nevelopment.

MONTANA LASA
1. The Montana installation is an array of 21 subarrays. If each subarray has identic-1

geometry, the response, in decibels, of the large array is the sun. of the responses of one of
the subarrays and of the array of 21 center points of car. subarray. While the subarrays of
the Montan:: LASA are not exactly identical, the variation among the subarray geometry, in-

cluding orientation, does not affect the total response of the LASA for wave number lk| less

than 0.20 km ™ L.

2. Figure 116 shows the response of the " ' -point Montana ~ ASA ale~~ three profiles.'

The convention used here is that points on the 659 profile, for insta :ce, r:present events
propagating in the direction N659E. The response is a rapidly varying function cIvector ..ave
number. 'The 65° and 146° profiles cut throagh two of the principal side lobes of the response.

The 1059 profile misses the main side lobes although it does tend to peak up at 0 06 ... ’1.
Generally, the response is down not more than 12 db over approximately 50 percent of the square
lkxl =0.1 km'l, lkyl = 0.1km™ L. The effect of the response of the subarrays is to provide

an additional attenuation of 3 ¢b at |k| = 0.1km ! and 6 db at |k| = 0.14 km™ .,

3. The profiles indicate a tendency for the response to peak for lk| between 0.05 and 0.06

km~). From the 2-dimensional response. one finds that in the annulus between |k| = 0.05 km™!
and0.26 km'1 the response is downlessthan 12db over about 50 percentof this area witha signifi-

cant percentage dovn less than9 db. Further, the mainbeam has strong azimuthalasymmetry. Final-
ly, the principal side lobes ranging in wave number from about 0.08 to 0.15 km'1 are broad, flat,
and down typically 10 db, including the effect of the subarrays, relative to the main beam.

!Technical Note VSC-19, AFTAC/VELA Seismological Center, 12 July 1965.
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FIGURE 116, RESPONSE OF MONTANA LASA AS A FUNCTION OF WAVE NUMBER FOR SELECTED
PROFILES

4. Since a difference of one half of a magnitude unit corresponds to 10 db, the significance

of the preceding discussion is obvious. The question that ariges is, "Is there a beiter filter
(array configuration) and what are the trade-offs?"

HEXAGONAL LASA

1. 7 gure 117 shows the wave number response of two regularly spaced hexagonal arrays.2
The wave number is expressed in units of the reciprocal subarray separation d km. Two pro-

files, the best and the worst, are shown. The solid-line profiles are symmetrical about the
axis k = (1/J3>d'1 The dashed-line profiles are symmetrical about the axis k = (2/3)d'1. The
nearest principal side lobes lie at k = (2/v’3)d'1. We note that the average response for the
19-element array between the main lobe and the side lobes is down approximately 18 db. Fur-
ther, the side lobes have shape and size similar to the main lobe. However, the response at the

side lobes may be reduced because of the subarray response. Also, the main beam possesses
azimuthal symmetry.

2. The resolution of the main lobe and the separation be.ween the main lobe and the side
lobes are a function of the subarray separation, Figure 118. If one desires to have side-lobe

*VELA T /077 Phase I Final Report, Texas Instruments, Incorporated.
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separation similar to the Montana LASA (|k| = 0.1 km-l), then the main lobe will cover about

four times the area of the Montana LASA. If one desires the same resolution, then the side

lobe moves into |k| = 0.05 Ptk
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DISCUSSION

1. The particular feature of a LASA is the width of the main beam. Whereas small arrays
pass all teleseismic P-phase arrivals equally well, the LASA can be used to discriminate against
(or separate out) some of these P-phase arrivals. A beam width at 1 cps of 0.00012 km°1 would
be required to separate P, pP, and sP on the basis of wave number. The corresponding array
would be about 6000 km in diameter. To separate phases like P, PP, PcP, and PKPrequires
beam widths of the order of 0.01 km‘1 corresponding to apercures of 100 to 200 km. In order
to provide a beam w:dth of 0.01 km'1 down to 0.5 cps, the beam width at 1 cps must be less
than 0.005 km'1 at 1 cps. Thus, we are led t- choose an array spacing of about 22 km for a
19-element hexagonal! ar:ray. With 22 km spacing the nearest side lobes will be centered at

k| = 0.05 km™ L.

2. The Montana LASA cannot be expected t> nrovide, on the basis of velocity-phased sum-
mation, more than about 12 db separation on the average between interfering events. Generally,
additional off-line processing will be necessary. One proven technique for sepzrating events
off-line is multichannel filtering with vector velocity as the separation parameter.3 If the side
lobes are well removed irom the main beam (i.e., 5 to 10 beam widths), the velocity filter can
reject very strongly even events coinciding precisely with a side lobe. This condition is ful-
filled for the i9-element hexagonal array for all spacings. On the other hand, velocity filtering
will not significantly narrow the main beam. Thus, the structure of the main beam of the Mon-
tana LASA limits the capability to separate the various P-phase arrivals of a given event as

well as two nearby interfering events.

3. The construction of a regularly snaced hexagonal LASA may not be feasible at many
potential sites because of topographical or cultural geographicai considerations. The required
7 km diameter subarray sites at regularly spaced points can be expected to eliminate many
otherwise desirabie LAGA locations. As an alternative tc the LASA and it horizontally distrib-
uted subarrays, one can consider an 7xtended array of vertical arrays buried in a borehole.
Here one achieves suppression of t'.e random surface noise by taking advantage of the very
rapid (generally) attenuation of this noise with depth. The trapped mode noise can be attenuatea
by multichannel filtering where the separation parameter is now the depth dependence of th~
amplitude of each mode. The typical vertical array would contain six seismometers with 0.3
km spacing and with the upper instrument buried from 0.3 to 0.6 km deep. A vertical subarray

would require only a few hundred square feet of surface area.

3Velocity filtering is an optimum process in the Wiener sense.
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SUMMARY

Since 1 believe that techniques more sophisticated than simple velocity phasing will be
required in order to fully utilize the potential capability of a LASA, I consider it important that
the wave numhe. response of the array, and therefore the array geometry, be carefully controlled.
In purticular, the structure of the main beam should have azimuthal symmetry, should have
steep skirts, and should have a small half-width. All of these feaiurcs can be obtained with a

regularly spaced hexagonal array.

124




13. BEAM PATTERNS
by
Felix Rosenthal

International Business Machines Corporation

Federal Systems Division

REQUIREMENTS OF LASA SKELETAL* ARRAY BEAM PATTERN

Regions in frequency-wave number space in which sigi: licant noise may be expected at

LASA are shown in Figure 118" This figure indicates that one or another of the noise types

shown can occur at almost any vaiue of wave number difference, AK, between the signal and

the noise. Therefore, a desirable beam patiern for the LASA skeletal arvay would show signifi-

cant loss everywhere from the main lobe to values of AK at which the subarray beam patern

itself provides adequate loss.

F tEQLENCY (cps)

s0 / ) TR
[ LEAKY i TRAPPED
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FIGURE 119, REPRFSENTATION OF NOISE, REVERBERATION, AND A TYPICAL P-WAVE SIGNAL IN A

SPACE FREQUENCY vs HORIZONTAL WAVE NUMBER

A tentative criterion which one might set as a goal would be to try to make the sum of the

LASA skeletal array and subarray losces about 10 db everywhere outside the main lobe. As

shown in Table 1, the present subarray design achieve.

subarray loss of 10 db for AK = 0.18.

The subarray side lobes should nct be troublesome, because they (a) correspond to rather high
frequencies not present in the signal, and (b) they will be smoothed because of the variation of
subarray orientation. Therefore, the beam pattern of the skeletal array should be considered

for values of wave number deviation from AK = 0 to 0.18. If possible, the gain should be suffici-

ently far down in this range to meet the suggested 10 db down criterion.

*
The skeletal array assumes oine omnidirectional sensor at each of the subarray centers.

! From Seismic Discrimination, Semi-Annual Technical Summary by P. E. Green, Jr., et al.,

Lincoln Laboratory, Massachusetts Institute of Technology, 31 Dcc. '61.
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TABLE 1
Subarray Beam Pattern

AK Subarray Loss, do

0.00
0.02
0.04
©.06
0.08
0.10
0.12
0.14
0.16
0.18

oo
_- O

P PEIPEE
MDD =D WD
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PRESENT STATUS
Neither the present LASA skeletal array design, nor any other design we have studied quite

meets this goal. However, the preliminary studies which have been completed indicate that:

a. Some significant side lobes of the present array can be slightly reduced by the addition

of perhaps two well-placed subarrays.2

b. For any future arrays, assuming that logistic considerations still require a clustered
or subarray layout, an array design based on a regular polygon possessing an odd num-
ber of sides shows promise. In particular a pertagon may show side lobe characteristics
somewhat superior to either the basically squai. design of the present array, or a hexa-
gonal design which has also been considered. The reason for this seems to be that the
odd number of sides assures that a wave front traversing the array sees a different set
of periodicities leaving the array center from those encouitered while approaching it,
and th- ; avoids some degree of "aliasing" inherent in an array geometry based on an

even number of sides.

APPROACH

Two computer programs have been written and are described in detail.2 Both a. ~ based
on conventional steering, 0. the assumption that optimum processing would significantly affect
only the subarray beam pattern. The simpler of the two programs has been used to provide
beam patterns of the kind shown in this report. It suffers from the disadvantage of neglecting
the effects of frequency averaging due to the finite signal bandwidth. This bandwidth will in
fact tend to smooth some of the peaks in the beam pattern observed for a single frequency.
Furthermore, this program is arranged to calculate power loss at equal increments in radius

and equal increments in azimuth, thus yielding sparser data as the radius increases. It has the

2Large Aperture Seismic Array, Signal Processing Study, IBM Final Report to ARPA,
15 July '65, Contract No. SD-296.
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Maximum Los (Worst Azimuth), D8

advantage of being les§ expensive to run than the bandwidth program and is quite good for a

preliminary analysis of the kind presented here, before making final studies on the bandwidth
program. The bandwidth program, on the other hand, has the advantages of being adaptable to

an automatic contour plotting routine and of providing more detailéd information.

RESULTS

The worst nearby side lobe of the present array is only 4 db down at AK =.015. This lobe
can be reduced to about 6 to 7 db down, by the additicen of twr subarrays. These subarray Inca-
tions were found by trying out a number of possible locatir .s based on an attempt to reduce the
«~currence of repeated distances (aliasing) seen by a wave front. Before thinking of adding
«rtual subarrays, this study needs to be carried further to try to obtain greater side lobe re-
~uciion if possible, and to check that the improvement of the near lobe has not degraded the

. ittern for larger values of AK.

Figure 120 presents a comparison of beam patterns of the present LASA skeletal array
with what appears to be one of the better pentagonal configurations: a 21-clement : ‘g-periodic
spiral array, wit" successive pentagon radii in a ratio of 2 to 1, a maximum radius - 100 km,

and with each pentagon rotated 24° with respect to its neighbor. The graph of the 1:ast loss
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FIGURE 120. LASA, PERTAGON, AND SUBARRAY BEAM PATTERN
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(as a function of azimuth) versus the wave number deviation, out to AK = 0.12, shows that the
pentagor array meets the previously suggested 10 db criterion everywhere in the range, except
between AK = .066 and AK = .086, where it becomes as bad as about 7 db at worst. Because of
time limitations, the patterns have not been explored beycnd AX = 0.12. Furthermore, the grid
w:ich has been used in preparing the charts was rather coarse (at worst, increments of AK of
about .003 in the azimuth direction) so that the summits of at least some of the peaks have
undoubtedly been missed in both the LASA and the pentagon patterns. More comprehensive

studies, yielding contour plots and using bandwidth signals are required.

The log-prriodic spiralused in the present LASA array helps to suppress farther out side
lobes, of course at the expense of getting a somewhat faiter main lobe than in a linear spiral.
Figure 121 shows a comparison of the 249 log-periodic spiral shown previously, with a linear
369 spiral, which was about as good as any of the linear spirals studied. The advantages of the
log-periodic structure are evident.

- ® s @ e
—, .
| —
Subarray

Linear

Maximum Loss {Worst Azimuth), DB

[+] 01 0z .03 04 .05 06
Deviation of Received from Steered Wove Number, KM™'
Approximote Beom Potterns ot Worst Azimuth
Skeletol Pentagon, Linear 36 Deg Spirol, Rodius 100 KM
— e emmme S| efetol Pentogon, Log Periodic 24 Deg Spirol, Ratic 2.0, Radius 100 &

FIGURE 121. LINEAR AND LOG-PERIODIC PENTAGUNS

CONCLUSIONS

a. The LASA skeletal array beam pattern is capable of at least limited improvements by

the addition of two, or perhaps more, well-chosen subarray locations. Further study is required

to assure best results.

128

i

i

.w.ul -



h. Assuming that logistics for any future arrays still call for a clustered or subarray

design, a pentagon array design shows promise of having a better side lobe pattern than a
basically square or hexagonal design. More detailed examination of the beam pattern of a

number of log-periodic spirals is recommended.

BEAM PATTERN FORMULAS
A. Single Frequency
(1) Replace (x,, ¥,) by (x, - X, y, - ¥);

Z"’ _ Zwiyi

x= Y =

Zwi Z“’i

(2) Using the new X Vi

W, exp [21rj(xiAKx + yiAKy)]

Z“’i

i

L=-10 log10

B. Bandwidth
Uy uy = reciprocal velocity components;
AKx = f(ux - Gx), AKy = f(uy - ﬁy);
A means "steered."

sin BT

(1) Correlation coefficient, nth to mth receiver: Rn m>= BT cos 2rft, where

1 - - -
T --f-(K- AX) = ux(xn - xm) + uy(yn -y )

L L
Z anmenm Zw +2an mFom

(2) L =-10 log, . A=l m=1 = -10 log, , 2=l n<m
10 . 1 y

Z“’ Y

n n
n= n=1
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L 9 L n-1
Zw + 22 ww R
n n m nm
n=1 n=2 m=1
=-10 log10 . 3
L%
n
n=1

where B = bandwidth, cps
f = center frequency, cps
W = v;eight attached to mth receiver
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14. BEAM PATTERN AND GEOMETRY STUDIES
by
E. J. Kelly
Lincnln Laboratory
Massachusetts Institute of Technology

1. ARRAY GEOMETRY

The performance of an array depends upon its geometry and the combining scheme used
in processing the data and can only approximately be discussed in terms of these factors sep-
arately. The problem of choosing a geometry so t! at reasonable beams can be formed is
typical of a class of problems involving the choice of a function in one domain so that its Fourier
transform, in a conjugate domain, has desirable properties. Hence array geometry in real space
is inevitably bound up with performance, i.e. patteras, in wave-number space. The chief geo-
metric design parameters are (1) maximum spatial extent of the array, (2) minimum spacing
between array elements, and (3) density of elements through the array. The extent of the array
determines the wave-numoer resolution attainable, the minimum spacing sets the scale for
wave-number aliasing (or near-aliasing), and the density distribution goverrs the possible

degree of side-lobe control achievable.

The aperture of LASA, roughly 200 km across, was chosen to provide about twenty times
the wave-number (or angular) resolution of existing arrays. The actual LASA array can achieve
a main lobe 10 db beam half-width of .007 cpkm in wave number which corresponds, for example,
to 0.5° in epicentral distance at 80° (for signals at 1 cps). The minimum spacing, represented
by many seismometer pairs, is one-half kilometer which provides a fold-over wave number of
about 1 cpkm. This will provi le alias-free processing if there is no noise at velocities lower
than 1 km/sec at 1 cps, 10 km/sec at 10 cps, etc. A uniform density at this spacing would
require more than 105 elements, hence some drastically non-uniform placement was required.
In any case, it is not of vital importance that all nearest neighbors be at the minimum spacing,

hence it is reasonable, and erormously more practical, to group the seismometers in subarrays.

The subarray geometry adopted, as proposed by Texas Instruments, Inc., consists of 25
elements placed on six radial arms, as shown on Figucre 122, which also shows the layout of
subarrays in the array itself. The original idea was to place subarrays in rings, with a few
subarrays per ring, and with successive ring radii increasing exponentially. In fact, each ring
radius is roughly double that of the next smaller ring, and it was decided to place four subarrays
on each ring in order to have four remote sites which, together with the site at the center, would
provide a reasonable network for on-line epicenter determinations. The original orientations
of the squares was as shown, but their actual placement has been seriously modified by siting

problems. One, purely theoretical motivation for the exponentially-thinned (or log-periodic)
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FIGURE 122, GEOMETRY OF LASA ARRAY AND SUBARRAYS

array was the desire to obtain comparable performance in angular resolution over a wide band
of frequencies. In fact, if the full array has a certain beam shape at a given low rrequency, the
array obtained by deleting the outer ring should have nearly the same beam shape at douhle
frequency, and so on. In addition. many practical reasons dictate a greater density of subarrays
near the center. For example, signal coherence may be insufficient to realize full signal en-
har=ement at full aperture, hence it seemed unwise to compromise the p2rformance at the
central portion of tke array by spreading subarrays uniformly out to maximum radius. Also,
the present pattern gives us a well-filled array out to about 30 km ior side lobe control and

noise spectral density measurement on an array smaller than LASA.

II. BEAMFORMING AND ARRAY PROCESSING

Given an array, there are many more forms of combining, or processing, than is suggested
by the classification into beamformers and array processors. It is therefore necessary to
describe a number of these, briefly, and vhen make an arbitrary classification. We limit our-

selves to linear processors, listed in Figure 123.

The simplest combining scheme is delayed summation, in which the array is pointed at a
fixed spot on the surface of the earth by inserting appropriate time delays in each seismometer
channel and adding the resulting traces. These time delays are found by computing the distance

from the fixed spot to each subarray and looking up the travel times from standard tabies.
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ARRAY PROCESSING

NON-ADAPTIVE ADAPTIVE

STRAIGHT SuM

DELAY AND SUM
WEIGHTED DELAY AND SUM
FILTER AND SUM

WIIGHTED DELAY AND SUM
FILTER AND SUM

F1CURE 123. LINEAR ARRAY PROCESSING METHODS

Empirical station corrections are then applied to these times. The term steered sum is also
used, and the special case of zero delays (pointing to the antipode of the array) is called straight
summation. Delayed summation forms a beam in wave-number space which is usually character-
ized by good resc..ation and poor side lobes. By weighted delayed sum we refer to the modifica-
tion in which the dzlayed traces are multiplied by constant (in time) weights before addition.
This is simply spatial tapering, carried out to improve the shape of the beam ‘n wave-nuniber
space. In order to produce beams of different shape at different frequencies, the weights must
be frequency-dependert, or, in time-domain, each trace is filtered (which includes steering)
before summation. This may be called filtered summation, and we shall arbitrarily interpret
"array processing' to mean this class of schemes, while beamforming will refer to the pre-
viously described frequency-independent techniques. Figures 124-127 illustrates the beam

structures attainable with these schemes in a rough way.

DIRECTIVITY PATTERN
f (cps)

ARRAY

k, (cpkm)

SEISMOMETERS SUM

ky (cpkm)
FIGURE 124. BEAM STRUCTURES FOR SEISMOMETER SUMS
In the weighted-sum and filtered-sum cases, the weights or filters can be fixed (i.e., pre-
assigned), or adaptively determined in response to the changing environment. The beamforming
methods familiar in the early days of phased-array radars are examples of non-adaptive
weighted summation; the techniques of maximum-likelihood and multichannel Wiener filtering

are examples of adaptive filtered summation. Finally, any of these schemes may be used on
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k, {cpkm)
FIGURIL. 125. BEAM STRUCTURES FOR DELAYED SUMS
ARRAY DIRECTIVITY PATTERN

/L,
1/,

&, (cpkm)

SEISMOMETERS AMPLITUDE
DELAYS WEIGHTS SUM k, (cphm)

FIGURE 126, BEAM STRUCTURES FOR DELAYED AND AMPLITUDE WEIGHTED SUMS

ARRAY DIRECTIVITY PATTERN

f (cps)

-
>
k, (cokm)
SEISMOMETERS I;I'LTERS SUM \
delay lines) k, (cpkm)

FIGURE 127. BEAM STRUCTURES FOR DELAYED, FILTERED SUMS
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subarrays, clusters of subarrays, or in order to combine single processed subarray outputs

to form ful! array beams, ard they may be used in a predetection or post-detection context.

Our general philosophy for predstection processing will be discussed in Briscoe's paper.
The simplest version of our post-detection philosophy is to process subarrays so as to reject
low-velocity noise and then to *cmbine processed subarray outputs to form array beams with
reasonable main- and side-lobe structure, in order to reject unwanted events and high-velocity
noise. We have given principle atiention to adaptive filtered summation processing inr sub-
arrays, and non-adaptive weighted delayed summation of processed subarray outputs. The
former technique will be discussed by Green; here we shall comment only on beamforming

schemes for subarrays and the full array.

III. SUBARRAY BEAMS

The LASA subarray has a radius of 3.5 km and a straight-sum beamwidth (10 db) of J.1%
cpkm. At 1 cps, this corresponds to a velocity of about 6 km/sec hence the subarray can only
be expected to reject low-velocity noise, even at signal frequencies. Actual subarray perform-
ance has been evaluatcd at LASA and, for comparable small arrays, at TFSO, using delayed
summation, adaptive weighted delayed summation, and the maximum-likelihood technique. The
adaptive weighted sum consists of that set of weights, or one-point {(i.e., no memory) filters,
which minimize the noise variance while adding up to unity to pass the signal unattenuated. To
find the appropriate weights, tlie zero-delay cross-correlation matrix of the noise is measured
just prior to the event. The results of several runs of nine-element "'subarrays' at TFSO and
LASA are shown in Figure 128. The following processing gains are typical: (1) Delayed sum-
mation, 3 db; (2) Adaptive weighted delayed sum (the so-called "modified sum"), 6 db; (3) Maxi-

1ol o MAX LIKELIHOOD
* MODIFIED SUM
2l & DELAYED SUM
* ONLY SIX CHANNELS USED _
= ')
g o /
z .
G o
3
&
w !
0
2
4
-]} a
. a F3  1FO a F3
% TFO
Bl f3 g.' £t B!
2_l'F'O TFO
4/\4 4/22 S/4 $/13
[¢]

FIGURE 128. NOISE REDUCTION ACHIEVED WITH NINE-ELEMENT "SUBARRAYS" AT LASA AND TFSO
FOR VARIOUS PROCESSING METHODS
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mum-likelihood, 11 db. For nine sensors, VN voltage gain is 9.5 db. Similar results are
found for actual subarrays of 25 sensors, where VN corresponds to 14 db: (1) Steered sum, 5 db;
{2) Modified sum, 8 db; (3) Maximum-likelihood, 16 db.

The failure of delayed summation to achieve anvthing like vN performance is a simple
expression of the fact that we are not dealing with independent white noise in our sensors. The
modified sum processing would presumably be better than it actually is if the noise were really
distributed over low-velocity mode.>. Actually, of course, the noise differs significantly from
the signals in frequency content and the delayed sum and weighted delayed sum has no frequency
filteri.ig. Recent repetitions of some of these runs with high-pass filtering of each trace before
combining has yielded delayed sum gains approximating that of the maximum-likelihood proc-
essor, which introduces no frequency distortion. The implication of this, together with the fact
that the maximum-1likelihood processor gains little more than VN, is that much of the noise is
travelling at too high a velocity to be effectively rejected by subarray velocity filtering, and
that most of the gain of tho maximum-likelihood processor is being obtained in frequency.
However, maximum-likelihood processing of the prefiltered data provides still better gain,

significantly in excess of VN, as will be discussed by Green.

IV. ARRAY BEAMS

It may well turn out that one would like to combine all the elements of t:e inner nine, or
thirteen, subarrays into one array, and process accordingly, without making the subarray-array
distinction. However, for the present, we shall discuss only the "factored" forms of processing
in which single processed subarray outputs are combined to form array beams. The fine-struc-
ture of such a beam is determined by tne patiern obtained by treating the subarrays as points
in a steered or weighted sum. The actual array pattern is, of course, only equal to the product
of this pattern with the subarray pattern for identical, identically processed subarrays. Another
limitation on the interpretation of these patterns is that they are functions of wave nur.ver, fixed
in frequency, while sigrals occupy a range of frequencies at fixed velocity. Thus, a wide-band
plane wave signal has a smeared spectrum in wave number, w! .ch mitigates the effect of pattern

side lobes in some cases.

The unweighted steered sum over subarrays produces an irregular main beam with a 10 db
beam width of about 0.02 cpkm (in the worst direction) and asscrted side lobesas bad as 5 db
in interesting regions of the wave-number plane. It seems tnat both tiie main lobe width and the
side-lobe level could be improved hy weighting the terms in the steered sum, A first attempt in
this direction, using weights based on treating the sum as an approximation to a particular
inte_-al {whi:zh in turn gives a ,ood pattern) has improved the main lobe, making it much more

nearly circular in cross-section, and bringing the 10 db contour int* 007 cpkm, a value quite
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consistent with the physical size of the array. However, in this attempt, .>me of the side lobes

were made worse, although some were improved, as shown ir Figures 129-131, which show the
lower right quadrant of the k-space plot. The origii: is in the upper left corner., Considerable

experimenting will be necessary to find satisfactory beam shap:s, and this is now in progress.
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15. LARGE APERTURE TELESEISMIC ARRAY THEORY
by
Bernard D. Steinberg
General Atronics Corporation

I. INTRODUCTION

Three topics in the theory of large seismic arrays are discussed. The first is the theory
of the forrniations of beam patterns in an idealized earth, and the derivations of parametric ex-
pressions relating the more important properties of the beams with measurable design param-

eters.

The second topic deals with spatial coherence of seismic signals and of noise across an
aperture. It includes the theoretical dependence of array performance upon signal and noise

coherence and measuren:ents of the pertinent quantities.
The third topic deals with the dependence of array performance upon travel-time residuals.

A summary of our work on these topics is given in this report. On the first topic enough
has been done to warrant a technical report, and this is in process. This work includes a first
order theory of beam formation and derives the beamwidths in three dimensions at the focal
point. The theory is develcped in terms of distance in the array, distance in the focal plane and
travel-time parameters. Considered also are the use of phases other than P, the response of

an array to transients, and certain side-lobe properties.

Work on the second topic is still in process. The theory from which the pertinent measur-
able quantities are determined is complete, and is reported herein. Twenty-eight selected
events are currently in numerical analysis. This work is expected to produce enough data to
complete this topic. A report will be issued as soon as the work is done. To date six events

have been partially analyzed. Their results are given in this report.

The third topic has an easy part and a difficult part. The easy part has been done and is
reported. It is the theoretical dependence of array performance upon travel-time residuals.
The hard part is the measurement of the irraducible minimum uncertainty over various and

appropriate seismic routes. This work is left to others.
1. BEAM THEORY

A, Single Frequency

Figure 132 shows an array located at a pole of a spherical earth., Two perpendicular
meridians are drawn. The beam is focused at point P which is located on one of the meridians
at latitude 7/2 - Ao' This means that the elements in tie array have time delays built into them

which exactly correct for the differential *ravel times from P to the array elements. The
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FIGURE 132. GEOMETRY OF TELESEISMIC ARRAY AND BEAM

meridian containing P is called the radial meridian. The other meridian is called the trans-

verse meridian.

Shown also is a distorted ellipse containing P. This ellipse is an array gain contour. The
radial extent of the beam is twice PR, the size of the ellivse on the radial meridian. The trans-

verse extent of the beam is twice PT, the size of the ellipse on the latitude line containing P.

This constant gain contour is the intersection of a distorted constant gain ellipsoid with
the surface, The ''vertical” axis is along the seismic path. The depth of field of the array is
twice PZ, the extent of the beam from the focal point to the constant gain contou: along the

seismic ray path.

For a surface focus half of the distance covered by the depth of field is outside the earth
and therefore not pertinent. Thus the depth of field could be very sensibly defined as the dis-
tance PZ, rather than twice it. However, for deep focal points the alternate argument would
prevail. For generality, therefore, the depth of field i taken as twice PZ.

It can be shown that the transverse extent of the beam 2PT is dictated by the transverse
size of the array, twice 0A, which is the extent of the array long the transverse meridian.
Similarly, the radial size of the array twice 0B dictates PR and PZ.

Following these comments we define the following quantities:

7 = dominant period of the seismic signal (sec)
= *vansverse extent of the array (radians)

é
t
Y= rac.al extent of the array (radians)
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n = aperture efficiency. This quantity, typically 2/3 to 3/4, represents team broadening
beyond the theoretical minimum due either to amplitude weighting or spatial taper in

the aperture, normally dictated by side lobe tolerance or by economics.
9, = transverse extent of beam within 3 db contour (radians)
er = radial extent of beam within 3 db contour (radians)
AX = transverse extent of the beam within 3 db contour (km)

2 x 1049t

T
Ay = radial extent of the beam within 3 db contour (km)
2 x 1049
ST

n

Ah = 3 db depth of field (km)

T = travel time (sec)
A = great circle distance variable (radians)
A = value of A from array center to beam focal point (radians)

h = depth variable (km)
h_ = depth of focal point (km)
T, = oT (sec/rad)

A 0A A
o
82T 2
T, =— (sec/rad”)
AA aAZ
A
o
2
0T
ThA = 3A3h (sec/rad km)
Ao,ho

From the beam theory we find
7 sin A

0
8, = ————(rad)
t 'ytnT A
T
= rad
Or _yrnTA (rad)

=
Ah =——— (km)
"VrnThA
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The sirplicity and similarity of these expressions permit universal plots to be made as in
Figure 133, where it is shown for the P wave.' A is the independent variable. The dependent
variable contains the beam size, the effective array size ¥7 and the dominant period 7. For
convenience the vertical scale is in terms of km degrees rather than square radians. Its units
are km deg/sec. To obtain beam size in km multiply the ordinate by the dominant period in
seconds and divide by the effective array size in degrees. For a one-degree array and one-
second instruments, the vertical scale gives the beam dimensions directly in km. The depth
of field curve pertains to a surface focus, ho = 0. The 3 db contour extends below the surface
only to one half the depth of finld.

100

4 """l

3

L | ¥ "l"']

km DEG/SEC x103

L Ill"ll

N A i Y 1 A 1 i 1 R 1 N } N [ PR |
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O (DEGREES)

FIGURE 133, DIMENSIONS OF P-WAVE BEAM OF TELESEISMIC ARRAY

When anplied to the LASA/Montana installation the following results are obtained:

Assumi _ an aperture efficiency of 3/4 and a dominant period of one second, the 200 km
aperture when focussed at A = 700 has a transverse cross-section of 760 km, a radial cross-
~ection of 1130 km and a depth of field of 3080 km.

’Jeffreys, H. and Bullen, K. E., 1958. Seismological Tables. Office of the British Associ-
ation, London.
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A quantity which measures the distortion in the beam cross-section is the ellipticity, the

ratio of the radial to the transverse beamwidths. This quantity is plotted in Figure 134.

B. Phases Other Than P
Figures 133 and 134 pertain to P-wave propagation only. Seismological interest in other

phases, however, invites comparison. The theory relates to the seismic phase only through the

travel-time derivatives. Hence a comparison of travel-time derivatives specifies completely

the beamwidth ratios between phases,

‘r € = RATIO OF RADIAL TO TRANSVERSE BEAMWIDTH

°T drfost \swa

§ P

€p

3k

2F

' =

o P | i 1 ! | ' | [ | TR B W
28 30 40 50 [.1+] 70 80 20 100

A (DEGREES)

FIGURE 134, ELLIPTICITY OF BEAM CROSS-SECTION OF P WAVE

The table below shows 3T/3A for three distances and several selected phases. The first

derivative is smaller for P tuan for any of the other phases, and therefore the transverse
P-beamwidth is correspondingly larger. The mean ratio of transverse beamwidth for the other

phases relative to P is also given in the tabie.

T, .. ./deg)

A
i A P PP PPP S SS  sSS
300 8.8 13.0 13.7 15.8 235 24.6
700 6.1 85 9.7 117 155 115
100° 45 177 87 8.4 13.8 155

Nominal trans-
verse beamwidth
relative to P - 072 0.60 0.54 0.38 0.33
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For the other beam dimensions the beamwidths of the various phases are neither consist-
ently larger nor smaller than for P. Hence no single set of nominal ratios suffices. Figure 135

gives approximate beamwidth ratios relative to P in the radial dimension.

4 PP PPP S SS§ ©&SS

 S——

30° 1.0 2.2 0.8 06 1.5
400/ C> 1.2 05 0.1 0.8
500/09 1.4 08 0.4 0.8
60° 2.0 04 0.7 1.6 0.2
700123 1.4 05 1.8 0.4
80°/23 1.4 05 12 1.0
90° 1.3 2.0 03 0.8 0.8
100/ 07 07 1.0 04 2.0

A1 bt A bbb b .

FIGURE 135. BEAMWIDTH RATIOS RELATIVE TO P i

C. Side lnhes
A “filled array is one having array elements about one-half wavelength apart. If the area

is A and the wavelength is A, the number of elements

-8
>

N =

[\U)

A

A "thin'' array has a much larger mean interelement spacing and, therefore, a smaller number ;

of elements. If two such arrays cover the same area, their main beams have about the same Pgl
cross-sections. Their side-lobe patterns, however, would be considerably different. In the %
former case it would be well determined in all directions and controllable to an extent pre- i
dictable by antennadesign theory. In the latter case, assuming a random distribution of elements, : §
the side-lobe structure is specifiable only in statistical terms. Banta [1961]2 has shown that : §
the mean asymptotic side -lobe level is N'l. Lo [1963]3 has shown that for large N the prob- ;
ability is the order of 10% that few lobes, if any, rise more than 10 db above this level.

Large seismic arrays are likely to be thin arrays. A large aperture is one that is large
compared to wavelength. The crustal wavelength for the P wave is 5-7 km. Hence a large
seismic aperture is measured in hundreds of kilometers. This large distance from array

elements to the beamforming site creates costs which tend to minimize the number of elements.

’Banta, 1961, ""Far Field Properties of Wideband Planar Arrays with Nonlinear Processing,"
IRE International Convention Record, Part 1, pp. 95-100.

Lo, Y. T., 1963, "A Probabilistic Approach to the Design of Large Antenna Arrays," IEEE
Trans. on Antennas and Propagation, Vol. AP-1i, No. 1, January.
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Clustering the elements, or the formation of subarrays no larger than about one wavelength,
only marginally helps the side-lobe problem. Subarrays as used in LASA are designed to sup-
press noise with a large horizontal propagation component. In the LASA design the numbe:. of

clusters is 21. Hence the 2xpected mean asympototic side-lobe level is -13 db.

Figure 136 shows the radial beam pattern for LASA when looking due north and focussed
at 800 (see the solid curve). A steady state P wave of one-second period is assumed. The

pattern was calculated from travel-time tables [Jeffreys (1958)] using the actual cluster locations.

jo-1 sEc |
1
o8  TRANSIENT WAVEFORM
TRANSIENT PATTERN
CORRECTED FOR
RELATIVE PROPACATION LOSS
06
€ ‘A)
’
o4} Leme?
L4
5 STEADY STATE PATTERN
FOR | CPS WAVE .1_,0
-
/ TRANSIENT PATTERN
024
0. -, \ /\ 4-20
0.02 . A ] A . 1°39
50 60 80 90 100

70
A (DEGREES)

FIGURE 136, LASA-RADIAL BEAM PA'TTERN AMPLITUDE FOR 80° DISTANCE DUE NORTH, DECAY
AND SUM

'The beamwidth is 10°, which is quite consistent with the theory (Figure 133). The side-lobe
pattern falls toward the expected -13 db, but disappointingly lingers about -7 db near the main

lobe.

Clever redistribution of array clusters will help. Increasing the number of clusters will

help more.

D. Array Response to a Transient

The P wave has a transient waveform which i~ very different irom the steady state sinusoid

of 1-secrnd period assumed fcr the beam pattern calculation. A less unrealistic waveform is
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the transient shown in Figure 136. This waveform is synthesized from five sinusoids having
periods 3/5, 3/4, 1, 3/2 and 3 seconds and relative amplitudes 0.31, 0.71, 1.0, 0.99 and 0.62,

respectively. This wideband signal should narrow the main beam and smooth the side lobes.

The peak responsc of the LASA to this transient has been calculated and is shown as the

dashed curve in Figure 136.

E. Propagation Loss Correction

Let a standard source liberate energy at A = 80° due north, and let the peak response to
the P wave be measured. Imagine the same source moved to A = 40°. The peak response
relative to the first measurement presumably would be about that given by the dashed curve,

namely approximately -14 db,

This estimaie is considerably in error, howev2r. The distance dependence of the propaga-
tion loss in the teleseismic region appears to be consistent with spherical spreading [Carpenter
(1964)].‘ Hence at A = 400 the attenuation is 6 db less than at A = 809, and the radial side-lobe
pattern should reflect this factor. This correction is introduced into the dotted curve in Fig-
ure 136.

F. Test of the Theory

During the coming months an attempt will be made to test the theory from experimental

earthquake data.

III. SPATIAL COHERENCE

A. Theory

Let N stations record an event. Let fi(t) be the record of the ith station. Let fi(t) = Si(t)
+ ni(t) contain a signal part s and a noise or interference part n. The signal could be the P wave
in which the noise is largely microseismic noise. Or the signal could be pP, in whichcase the

interference could be P coda.

Consider the set of N records over some common period of time T relative to P onset.

The cross-correlation between two records over this interval is defined by

CCRACCRERLS
Pu” | <2
[fT(ii(t) -1 T(fj(t) -1) dt]

‘Carpenter, E. W., 1964, Teleseismic Methods for the Detection, Identification, and Loca-
tion of Underground Explosions, Univ. of Michigan Report 4410-67-X, VESIAC Report No.
7744VU, April, p. 11.

172 = Pji (1)

P
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where

{
j £ () dt. (2)
T

o Lo

1=
1

Given N sta‘ions there are N2 values of pij of which N, the p;; are unity. Define the average

correlation by

a ; N=N g NI N

p= pi; = P (3)
T L PTE L P
N'- NG N"- N9 j=ia1

Designate by subscript s or n mean correlations for signal and for nnise. Ther. it can be shown
that the available signal enhancement in noise (gain in signal/noise power ratio) is

ES(N- 1) +1

G=—=

pn(N -1)+1 (4)

An interesting observation is immediateiy available. With N large, signai correlation high

and noise correlation s0 close to zero that EnN erl<<cy W
G= psN (5)

This is the normal and expected result; i.e., array gain grows lineariy with the number of

etements.

However, when the nois2 correlation is not near zero as is likely to be ihe case where the
"noise' is P cuda and the signal is pP, the gain will grov’ approximately line- ~ with N, as in

(57, only so long as EnN << 1. Thus

G= pSN, when N << Tl
Pa

P
GENE : when N >>-_i-

Py 5

and N >> Tl- (6)
pS

1

In the latter case additional array elements do nnt increase array signal gain significartiy rela-
ti. > tn interference. This is illustrated in Figure 137 in which array gain is plotted against N
for three pairs of (p, En) = (0.9, 0.2), (0.8, 0.1), (0.9, 0.05).

B. Measurements

Twenty-eight selected events are carrently innurierical analysis. Distributions of pij will be

examined as functions of event magnitude, epicentral distance, distance between stations, back
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ﬁn =08, ﬁs =9

|
i

Fn’ Jdy ﬁs =8 ,
t
P-n =2 ' is =9
N | | | L 1 ' ' e A -t
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FIGURE 137. POWER GAIN OF ARRAY vs NUMBER OF ELEMENTS FOR 3 PAIRS OF (ps, ﬁn)

i

e sapes=

azimut® from array, and angle betwee:. seismic paths to stations. Values of 5 will be obtained
for as large a set of conditions as the data will permit. To date six events have been partially
analyzed; measurements of 5 have been made for signal (P and pP) and noise (microseismic

[ ——

noise and P coda). Subscripts P, p, u, and ¢ pertain to P, pP, microseismic noise and P coda.

The nominal size of the array varies from 2800-3800 km and the number of elements from 5-14.

A

It is evident that P correlation is uniformly high (0.73 to 0.94) and microseismic noise

acceptably low (-0.13 to +0.10). Hence if these numbers prove typical, P-signal gain relative i

T T T ——

to microseismic noise can be made to grow arbitrarily with the number of elements N, as in (5).

Less can be said with confidence at this time about pP and P-coda correlation. First, the

pP correlation data are very fragmentary (two readings only, 0.69 and 0.67). Second, there is
reason to believe that the mean correlation of pP is larger ...... that shown, and possibly as large
as BP' This is because the calculations were based on P-coda cuntaminated acta, which can only

degrade the computed correlation. This suspicion is consistent with the correlation hypothesis
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drawn from the seismic propagation ...odel described in the preceding report |General Atronics,
1965].

Regarding P-coda correlation the spread in the six samples ‘s too broad to permit con-
clusion. However, unlike the correlation of micioseismic noise, the six samples suggest a
positive bias. I such a bias does exist then, from (6), there is an upper limit to the useful num-

ber of array elements for the buildup of pP in coda. This matter will be pursued further.

IV. TRAVEL TIME RESIDUALS
A. Effects Upon Array Performance

Differential travel-time errors from a source of seismic energy to array elements would
normally deg "ade an array in two respects. First, the signal buildup would be less effective.
This is normally expressed as a degradation in main beam gain. Second, side lobe suppression
would be less effective. This is often expressed as a rise either in the general side-lobe level,

the peak side lebe or in the depth of the nulls.

The LASA/Montana array will suffer only the former degradation, however. Side-lobe
control is exercised by the locations of the clusters, which are spaced by several wavelengths,
rather than by the elements within each cluster. With only 21 clusters in ai: area on the order
of 1500 square wavelengths, the number of degrees of freedom available for side-lobe control
is very limited. The side-lobe pattern shown in Figure 136 confirms this fact. As a consequence
the additional etfect of timing errors is marginal. Thus, in the following paragraphs, we con-

sider only the effect on array gain.

B. Sieady State Loss in Gain

Assume that the travel-time characteristics of the sites of all elements in an array have

been studied, that station calibrations have been obtained and that all timing biases have been
removed. Assume, too, that the irreducible minimum arrival time uncertainty is approximatel:
Gaussian with variance 02. This assumption means that if ATi is the timing error at the ith

site for a particular beam focus, the protability density distribution of AT is

2 2
p(aT) = k= (aTV/20 ™)

The assumption further implies that the same distribution holds for all other beams from the
same array even though the timing errors at a given site may be independent from beam to

beam.

®General Atronics Corporation, 1965, Seismic Detection and Classification Techniques
Study, GAC Report 1400-2026-1, Semiannual Technical Feport, April, Section VII.
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Assume a steady-state sine wave of period 7 which might‘be identified with the dominant

seismogram period. Assume also an N-element array. Let the signal gain tc the ith element
be . and the timing error be ATi' Then the array output when the array is focused at the

source of period T is

N
v =Zai cos 2n(t + AT,)/T (8)
i=1
= E cos (gf—t - \ (9)
where
. N 2 N \)2
EC = Zai cos erATo/'r + Zai sin 2nATi/T (10)
i=1 i=1 /
N
Zai s 2nATi/‘r
tan ¢ = 1;l
Z:ai cos 2nATi/‘r
i=1

Define the relative array gain A as the ratio of the peak output E to its value in the absence

of timing errors.

) E __E
“E(aT,=0,all1)” N (11)

A

(Attention is paid only to the envelope E of the array output V and not to the entire * .me function.)

The second sum in (10) has zero mean since p(AT) is unbiased. Thus for large N it always
may be ignored. Furthermore, effective beamforming requires small timing errors, AT./7 << 1.
i

Consequently most terms in the second sum are small and, therefore, even for simall N this
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term may be dropped. Hence we can approximate (10) by

N
E = Z:ai cos 'erATi/r
i=1

(12)

Both AT and a are independent random variables having probability density distribution

p(AT) and q(a). (12) is a sum over both variables and may be written
N
E =Z:ai cos (.1rATi/T
i=1

= N<f(a, AT)> ave

= foa cos .1AT/7.p(AT)q(a)dAT da

=N aq(a)daf cos 2nAT/Tp(AT)dAT
The first integral
f aqla)da =a

the avernge value of the signal gain. Using (7) the second integral is

© 1
I T g 08 21 AT/7e

2,5, 2 2 2,2
(ATY"/2¢ dAT =e-21r ¢ /T
Thus the peak response of the array is
22,2
E - N;e-21r e /7

and the relative array gain (11) becomes

22,2
A=e 2T O /T

The square of (17) is the relative power gain

A2 - e-(21rcr/'r)2
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Expressed as a loss in db with respect to zero timing error across the array

db loss due to timing error = -10 log10 Az

= 170(0 /1) (19)

(19) is plotted in Figure 138. It is evident that the permissible tolerance is the order of ¢ ~ 0.17.
Beyond this value the array gain rapidly disappears.

C. Loss to a Transient

Assume that the seismic waveform f(t) may »e represented by a finite Fourier series of

M terms.
M
f(t) =ij cos (2:—t + ¢J> (20)
j=1 !
Let each of the N-array c.ements have signal gain a and timing error ATi' The array output is
N M a(t + ATi)
V=ZZa.b. COS |———— + &, (21)
1] T. ]
i=1 j=1 )

It is near maximum at t = 0 provided that the ¢j are zero or near zero, which is a reasonable

assumption for classical P-type waveforms.* Thus the envelope becomes

ML bg e by e g

N,M 21rATi
E = ab, cos (22)
J Tj
i,j=
By (13) and (14) i
_NM =
E = Na Z bj cos 21rATi/Ti (23) ;
i3=1
and, from (11)
1 N,M 27 AT
A=—— YD cos — (24)
NMb {321 j

* This argument is tied to the Fourier representation (20) as a cosine series. A similar
argument would be appropriate for a sine series. Note that the specific transient used for the ¥
array calculation (Figure 136) was a sine series. 4
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where b is the average value of the Fourier coefficients bj' (24) is a sum of terms of form (12),
each evaluating to (17). Thus

M -21:202/7' -
] (25)

In Section II a transient waveform was described which was used to test th2 beam pattern
of LASA/Montana (see page 146 and Figure 136). It is interesting to evaluate the loss in array
gain for that specific transient. That loss is shown by the circled points in Figure 138. Note

that the circles are very close to the curve for the steady-state wave. Thus the simple expres-
sion (19) and the solid curve of Figure 138 may be taken as the approximate ioss in array gain
when 7 is identified with the dominant period in the seismic wave.

—~

be— 7 —al

db LOSS

TRANSIENT WAVE
SINE WAVE, T = PERIOD

O = RMS TIMING ERROR ACROSS ARRAY

)
ol 03 08 o 2

FIGURE 138, LOSS IN ARRAY GAIN DUE TO TIMING ERRORS

D. Conclusion

The rms tolerance on the irreducible minimum timing uncertainty of a seismic array is
about one-tenth the dominant period of that portion of the seismic wave for which the beam is
being formed. This results in a loss of less than 2 db. Beyond this error the array gain rapidly
disappears.
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16. MULTICHANNEL FILTER
by
L. A. Chamberlain, Texas Instruments, Inc.

The Multichanne: Filter, shown in Figure 139, is a high speed speciai purpose digitai proc-
essor designed specifically for the fiitering problem. This particular unit will be installed in
the LASA Data Center in Montana for special processing applications to be described in a iater
paper. As can be seen from the photograph, the MCF is contained in a singie standard 19-inch
relay rack eighty-three inches in height. The paper tape reader which is used in reprogram-
ming the MCF is separately housed and is intended to be cart-mounted so that a single tape

reader can service several MCF's.

FIGURE 139. MULTICHANNEL FILTER (MCF)
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The system logic is implemented using Texas Instruments Series 73 SOLID CIRCUIT®
integrated semiconductor networrs. The neiworks can be seen in Figure 140. Use of the inte-
grated circuits h2s permitted the one-cabinet design and offers reliability iriprovement over
more conventional implementations using discrete transistors, diodes and other components.
All circuitry is mounted on printed circuit boards and the boards in turn plug into slide-
mounted drawers allowing free access to the circuitry for maintenance and troubleshooting
p-rposes. The system is self-contained, including its own power supply and cculing air blow-
ers. Room air is utilized for cooling. The system operates from single phase 60 cps, 115V

power.

IR SRR

|

J—

Tl e

i

MULTIPLIER

FIGURE 140, INTEGRATED SEMICONDUCTOR NETWORKS

Figure 141 lists the basic chaiacteristics of the system. As can be seen, flexibility is
provided to allow the number of inputs, outputs and points per filter to " * aried. The primary
restriction in selecting a format is that the product of the number of innuts, outpuis and points

per filter must not exceed the capacity of the memory of 8192 words.

®Registered Trademark of Texas Instruments, Incorporated
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MCF SPECIFICATIONS

Number of Inputs Up to 32 (25 normally used)
Number of Oucputs Upte 5
Input Word Length 12 bits, including sign®
Output Word Length 18 bits, including sign**
Numkber of Points per Filter Up to 512
Quantization Precision of Filter

Coefficients 12 bits, including sign
Memory Capacity 8192 words of 24 bits length
Sampling Rate 20 samples per second per channel
Basic Machine Cycle Time 2.5 microseconds

*
NOTE 1: The received data word is of 15 bits length, however, only
the most significant 12 bits are used in computation,

* %
NOTE 2: The actual word resulting from computations is of 2f bits
length, however, only 18 bLits are read out.

FIGURE 141. MULTICHANNEL FILTER SFECIFICATIONS

Figure 142 shows two typical formats and illustrates how, with a fixed number of inputs,
a trade can be made between length of the filters and number of outputs. It should be noted here
that all filters being applied at any given time must be of the same length. The number of out-
puts could be further reduced if ever longer filters were desired. With a single output and 25
inputs, a maximum filter length of 327 points could be realized. To realize the longest possi-

ble filter, one of 514 points, the rumber of inputs, would have to be reduced to 16.

TYPICAL FORMATS
Number of Inputs 25
Number of Outputs 5
Points per Filter 65

Number of Inputs 25
Numbeir of Cutputs 4
Points per Filter g1

FIGURE 142. MCF, TYPICAL FORMATS
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Figure 143 illustrat :s the oprration performed by the MCF. To each input a separate in-
dependent filter is applied and the output of the filter is summed to produce a single output.
Since the MCF system is capable of generating {ive outputs, the system includes 5 of the single
multichannel filters iliustrated in the figure. Please understand that this diagram is only a
signal flow chart and does not reflect the actual hardware implementation. It should be re-
emphasized that the filters, implemented by a digital computing routine, are completely inde-

pendent of each other.

Figure 144 is a block diagram of the system. The Input Interface Section scrves to inter-
face the processor with the input data lines. For this particular application, serial digitu..
data is received from a commercial telephone line data modem. The input data bit rate is 9600
bits per second and the format of each data frame, that is, one complete set of samples from

each seismometer, is as follows. The data samples, comprising 25 successive words of fifieen

W :
CHANNEL ¢ "'L::":
NPT 7
CHANNEL  p— ""'(’"',‘
mutun FILTER MULTICTANNEL
C—— wmn FILTERED OUTPYT
L ]
L]
L ]
L]
WPYT
ALTER
Sy —— an

FIGURE 143. DIAGRAM SHOWING EACH SIGNAL PASSING THROUGH ITS OWN FILTER, WITH ALL
SIGNALS SUMMED TO PRODUCE ONE OUTPUT

PEAL-TINE
REAL-TINE HIGH-SPEED .
SERAL DIGITAL|  reedt L ammicne p——— U seriaL oy wono
WWPUT SECTION T
SECTION SECTION | DIGITAL DUTPUT
) N ap o
819224 rroceau- || parer vave
23us6c L1 cotmor 1 weaoen
CORE MEMORY SECTIO T
OPERATOR NEW FILTER
euTS weuts

FIGURE 144, MIT MULTICHANNEL FILTER PROCESSOR BLOCK DIAGRAM
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bits length is first received, followed by 105 bits of information which is not utilized by the
processor. The fifiet 1 bits representing each sample comprise 14 dat 1 bits (including sign)
and one parity bit. A separate input line from the modem furnishes a frame synchronization

pulse concurrent with the state of each data frame.

The code form utilized is straight binary with negative numbers expressed in binary two's

complement form. The functions of the input interface section are to

1. receive the data and synchronize the system to the data;
2. check parity of each input word; and
3. furnish the data to the High-Speed Arithmetic Section.

The High-Speed Arithmetic Section, along with the associated core memory. is the heart

of the MCF. The operation of a single multichannel filter is illusirated by the equations shown
in Figure 145.

k=1 (=0
Where
An = QOutput at time n
Sﬁ-(’ = The (th most recent data

input from the kti channel

alg = A stored coefficient to be

- k
multiplied by Sn- 0
K = Total number of input channels

L = Length of filter in points

FIGURE 14t. MCF EQUATION

This equation illustrates the operations required to form a single output word. Since the
MCF generates five outrats, five similar equations must be instrumented. Nctice that the

arithmetic operation performed is always of the form
A-B+C

where A and B represent the product of a data sample and filter coefficien’ and C represents
the accumulated sum of the products cf fiiter points and data samples. Since there is a possi-
ble total of 8192 filter points, which may be divided into various combinations of inputs, out-

puts and filter points, there are 8192 possible arithmetic operations to be performed in one
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data frame. Assuming a sampling rate of 20 samples per second per channel, fifty milliseconds
is available for performing the 8192 operations, thus the maximum permissible operation time
is about 7.1 microseconds. Further speed requirements are imposed by the input data format,
which includes 105 bits of data not used by the processor in each frame of 480 bits. If input
cata is not separately buffered, a . 1ximum operat.on time of about 5.8 iaicroseconds is

permitted.

The MCF is considerably faster than this, performing an operation in 2.5 microseconds,

ths permitting increased sampling rates, should they ever become necessary.

The arithmetic section is simply a high-speed multiplier, which also adds the product
formed to a previously accumulated sum of like products. Figure 146 is a diagram of the
multiplier. Five separate accumulators, or filter registers, 2i-e provided to hold the five
cumulative sums formed, one for each output. Use of five accumulators eliminates the need
for operations being required to store the partial sums and greatly simplifies the control logic

for the system.

1o gain insight into the operation of the multiplier, consider a simple examyple, shown in
Figu-c 147. The first example shown multiplies the numbers 26 X 29. For simplicity, num-
bers of five bits plus sign, or six bits, are used. Note that six summands, labeled W1 through
W6, result.

Inputs from Memery
Section

A B

| |

Recoding and Summand
Forming Logic

Summands
4

ADDER
TREE

-
~

»
Y
P
lo—

[+ =] =]

Filter or /.ccumulator Regisers

FIGURE 146. MULTIPLILR BLOCK DIAGRAM
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(a) Straight Binary Multiplicatio

011010 Multinlicand 26
011101 N oplier L 29
011010 ..1‘ 234
000000 W2 _52
011010 W3 > Summan- 754
0110190 W4
011010 W5
000000 Ws,
01011110010, > 754

Sign Product

(b) Multiplication oy Recoding
011010
(+2)(-1)(+1)
011010 w

5
111100110 W3 (Note: W3 in 2's complement form)
0110100 . W1

01011110010

FIGURE 147. MULTIPLICATION EXAMPLE

The MCF muliiplier recodes the multiplier, as shown in the secoend example, ¢~ that only
3 summands result. The recording s~heme, which is beyond the scope of this short paper, is
such that =il multiplications performed are by +2, +1, 0. -0, -2. These are simple operations

which require only shift ana complement capability.

Within one clock time (2.5 microseconds) the multiplication, which consists of forming the
summands and summing them, is completed. Actually, the multiplier can operate in less than

one :microsecond, the machine being limi.ed 'n speed by the present core memory.

As stated above, the core memory is of 8!'92 words capacity, each word being of 24 bits
length. In addition to high speed in the multiplier, efficient utilization of the core memory is
requircd to obtain the high operating speed of the system. Recail that the data and coefficient
words are of twelve bits length. The memory stores one coefficient and one data word in one
m~mory word. For example, the first memory location stores the mosi recent sample of
data channel one and the first coefficient of one of the filters which is operated on the data

channel. The secon’” memcry location stores the first coefficient ¢i another filter to operate
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on the same data channel. In an example format wherein five filters are applied to each input,
the sixth memory address would contain the next most recent sample of input number one and
the second coefficient of une of the filters. With the memory so configured, the 24 bit word
read out gives the data and coefficient to be multiplied. Only one memory cycle, 2.5 micro-
seconds, is required to fetch both words. After the read operation, the coefficient half of the
word is restored in the location from whence it came, but the data sample is delayed and read
back to the next data slot. Thus, the word representing the most recent sample for nne itera-

tion becomes the next most recent sample for the next iteration.

The output interface section accepts the output of the arithmetic section and makes it avail-
able to external equipr.ent. At tie end of each data frame, the output section accepts the con-
tents of the five fiiter registers in the arithmetic section. TIo fit {he requirements of the ex-
ternal equipment, only the 18 most significant bits of the 25-bit arithmetic unit output are trans-
ferred. The words are read to the external device in bit parallel, word serial fashion, that is,
the 18-bit word representing the first output is presented as ar 18-bit parallel word. When the
receiving device acknowledges receipt of the word, the next 18-bit word is preseuted, and so

on unt’l all outputs have been read.

The program control section exercises control over the entire system and serves as the
interface between the operator and the machine. To program the MCF, two uperat‘ons are re-
quired. First, the format must be established. The format establishes the number of inputs,
outputs and filter lengths. In this system, format is selected by inserting a printed circuit
card. The alternatives existed to use cards, patchboards or switches to establish the format.
The card method was selected since it was believed that formats wculd not often be changed
and this method provides maximum assurance that incorrect formats will not be programmed

and minimizes the chances of an inadvertent change.

The next operation is to load the filter coefficients. This may be done with either the paper
tape reader or manual switches. The coefficient programming may be a compiete loading of
up to 8192 coefiicients or as little as changing a single coefficient. The filters may be loaded
while the machine is processing data or may be loaded off-line. The time required for a full
8192 coefficient lnad in the on-line mode, is approximately 5 minutas. Off-line loading is even

faster.
In addition to its normal operating mode, the MCF has several test modes. These 1nclude

Step Test
Stop on Specified Address
Single Step

162



In the step test mode, a test input simulates a step function and is applied to all input chan-
nels. The outputs of the system can be examined to determine that proper response results.
The stop on specified address mode is similar to the step test, except that the processor stoj =
after a specified number of iterations. Verification of proper machine operation is then quich'y
obtained by reading the outputs and comparing them with ki.own correct results. The single
step mode permits advancing the MCF through its routine one step at a time for troubleshooting
purposes. In addition to these test modes, the core niemory is equipped with test circuitry to

check it.

In conclusion, then, the MCF is a high-speed digital processor organized specifically to
perform the filtering problem. Though a special purpose processor, it permits full flexibility :

in programming filter routines.

R ———
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17. ON-LINE PROCESSING AND RECORDING
by
H. W, Brlscoe
Lincoln Laboratory, Massachusetts Institute of Technology

1. INTRODUCTION

Before gettlng Into the details of the current and proposed on-line procassing for the ex-
perimental LASA, I want to spend a few minutes on our concept of the overail processing for
data from LASA and then summarize the termlnology we wlll use for various processing

techniques.

A. LASA Processing System Concept

Figure 148 shows a block diagram of the LASA processing system. The various func-
tions will be divided into on-llne and off-line operations. Inltially, the off-line operations are
being performed at Lincoln Laboratory; but, as analysis procedures are evaluated, the most
effectlve will be implemented at the LASA Data Center.

PREDETECTION
PROCESSING

FOR 1SOTROPIC QETECTION
QETECTION
OATA FROM 525
SEISMOMETERS
——————lll
OETERMINATION

MAGNETIC OF SOURCE

DAFES LOCATIONS

vy EVENT SCREENING
RECONDING BY LOCATION
ANO POSSIBLY BY
MAGNITUDE

MAGNETIC
TAPES

ARRAY PROCESSInG
FOR ANALYS!S

FIGURE 148. LASA PROCESSING SYSTEM BLOCK DIAGRAM

The on-line processing consists of a predetection processing stage to improve the signal-
to-noise ratio for detecting P waves, detectlon and determination of relative arrival time across
the array, source locatlon for detected events, screenlng to select those events occurring in
areas of partlcular interest, and recordingof raw and processed data for off-llne processlng.
Clearly, the predetection processing and detectlon must be dune in real time or an ever-
increaslng backlog of data wlll accumulate. The programs now operating in the PDP-7 In the
LASA Data Center Include an experimental version of each of the operatlons except source

locatlor.
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Off-line processing at the Data Center wili ultimateiy consist of optimum processing to use .
the full resolution of the array to extract waveforms of the most usefui phases and parameters

for discrimination between naturai events and man-made explosiors.

B. The Hierarchy of Linear Processing Techniques

During the experimental operation of the LASA, we are evaluating the relative costs
and reiative effectiveness of a series of linear p- ncessing procedures for predetection and post-
detection processing. This work is being done off-line at Lincoln Laboratory and wiil be dis-
cussed in detaii by P. E. Green, Jr. in a later paper. The terms we will use in this and suc-

ceeding papers to describe the various processing techniques are listed in Figure 149. Gener-

PR

ally, there are adaptive procedures in which the parameters are varied with time in order to
optimize the processing to reject the seismic noise as the character of the noise changes, and
there are non-adaptive procedures designed from ideal noise and signal models. Parameter
changes in the adaptive techniques can occur when the noise in the processed outputs reaches
a certain level (for on-line operation), or the parameters may be completely redesigned for

each event (for off-iine anaiysis).

The straight sum consists of simply adding all the seismometer outputs together. It is an

optimum processing for extracting signals with infinite horizontal phase + 2locity from uncor-

e

reiated noise. Delay and sum is the same as the straight sum except that each seismometer H
output is delayed to account for signal travel times of the wavefront to the stations and the i+ -
dividual station corrections before summing. Weighted delay and sv - are the same as the above
except that data from each seismometer essentially has a different gain. The gains can be
determined to give a desired side-lobe response based on a hypothetical ncise an: signal model
or can be based on periodically measured and updated noise and/or known signal parameters
(adaptive). The fiiter and sum processing allows a different filter or frequency sensitive gain
on each seismometer, and it can also be adapted to measured noise characteristics or based on

a hypothetical model.

ARRAY PROCESSING

NON-ADAPTIVE ADAPTIVE
STRAIGHT SUM WEIGHTED DELAY AND SUM
DELAY AND SUM FILTER AND SUM

WEIGHTED DELAY AND SUM
FILTER ND SUMm

FIGURE 149, ARRAY PROCESSING TECHNIQUES
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II. ON-LINE PROCESSING IN THE EXPERIMENTAL ARRAY

A. On-Line Equipment

Figure 150 shows the equipment that is now being installed at the experimental LASA
Data Center. The current status of the installation has already been described by R. G.
Enticknap. The equipment has been selected to provide a flexible capability to experiment with
different procedures for accomplishing the on-line processing. Experimental on-line develop-
ment, demonstration, and evaluation of each required step in on-line operation is possible with
this equipment configuration although the implementation of an operational on-line processing
capability will probably require addition of new equipment and possibly replacement of some of
the existing equipment. For example, we will develop and demcnstrate a predetection process-
ing and detection logic and evaluate the resulting detection threshold using a single complete
channel of processing and detection. We will also demonstrate and evaluate the ability to locate
the source of an event as a function of the detection threshold using several raw seismometer
traces or sub-optimum processed traces. We will then be able to specify the equipment re-
quired to combine the two techniques in an operational system and to accurately predict the per-

formance of the operational system.

EXECUTIVE PROGNAM

ON-LINE
POP-7 Mo 1|  FAULT < EVENT EVENT
> moniToring r%:;'u‘na Pz%';':’:“ OETECTION ""'cg:""""f SELECTION fabemn
prOGRAM | S0MNE PROGRAM PROGRAM
MAGNETIC TAPE
DATA DISPLAY UNITS SHARED BY
_/5 UNITS 2 POP-7 COMPUTERS
PHONE LINE J
INTERFACE
ZQUIPMENT
SPECIAL PURPOSE ,l)
PAEDE TECTION INTER-COMPUTER
PROCESSOR T COMMUNICATIONS
{1) BACKUP FOR PRIMARY ON-LINE FUNCTIONS

PDP-7 No. 2| {2) OFF-LINE UTILITY OPERATIONS
{3) FUTURE ON-LINE SLOWED DOWN TIME PROCESSING

FIGURE 150, ON-LINE PROCESSING EQUIPMENT AT LASA DATA CENTER

The flexibility inherent in this equiomert configuration - be illustrated by describing a
few of the on-line systems we expect to try. In each system the PDP-7 computers provide the
central control and bookkeeping and also provide magnetic tape recordings of the raw and proc-
essed data, Develocorder recordings of key waveforms, and iypewriter lists of system param-

eters and decisions such as arrival times of detected events. Source location will also be done
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in a PDP-7 using raw sensor data, subarray sums, or processed data from the MCF or other
PDP-T7 programs.

1. Filter and sum predetection processing on the 25 seismometers in a single subar: ry
will be performed using the Multi-Channel Filter (MCF) processor built by Texas
Instruments, Inc. for Lincoln Laboratory. The output of the MCF will be used in the
PDP-7 to perform detection and time picking. At the same time, a few high resolu-
tion beams (sum, delay and sum, or weighted sum and delay and sum) will be formed
in the PDP-T7 and detection and time picking on these resulting traces will also be per-
formed in the PDP-T7 to provide a comparison of the capability of beamforming and
filter-and-sum processing for predetection processi-ig. Evaluation of beam splitting

techniques for source location can be performed off-line in the second PDP-17.

2. Filter and sum using 25 elements collected from an area larger than a subarray will
be performed by selecting the data to be used in the PDP-7 and feeding the simulated
super-subarray data from the PDP-7 to the MCF. The MCF output will go back to the
PDP-7 for detection and time picking.

3. Filter and sum of precombined groups of seismometers from several subarrays may
be tried by combining the seismometer groups in the PD2-7 and operating the MCF
on the precombined data. MCF output would go back to a PDP-T7 as in the experiments

above.

The experiments listed above will be used to do competitive evaluation of various techniques
on-line. As za illustration of system capacity, the system of programs operating in the PDP-7

at Billings performs:

1.  Fault monitoring, including calibration of the seismometers

2. Recording of all data on magnetic tape

3. Formation of five beams from the 21 (or all operating) subarray sums

4. Detection of events or. eight channels (raw traces or beams)

5. Bookkeeping and typewriter printout of results from 1 and 4.

This program system uses only about one-third of the available real-time, but uses the entire
8K memory of the first PDP-7. As a result, the second PDP-7 computer to be delivered at
Billings will have twice the memory capacity. When the larger memory is available, this initial
system will be augmented to implement the first system described above by addition of pro-
grams for source locations, Develocorder recording of selected data, and using the MCF proces-
sor. This system will be operated long enough to evaluate it and then changed to try other

techniques.
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I would like to spend the rest of my time considering in more detail the present state of

our investigations into techniques for the on-line processing.

B. Predetection Processing

Figure 151 gives a summary of the requirements for predetection processing. The
first requirement, real-time operation, limits the use of adaptive processes to those for which
the processing required for adapting to changes in the model is either simple or for which the
required changes are infrequent. If the resolution (beamwidth) of the predetection processing
is so fine that many processed outputs are required for an isotropic capability, the equipment

requirements for real-time operation may become unreasonable.

. MUST OPERATE IN REAL TIME

. MUST HAVE ISOTROPIC OETECTION CAPABILITY

. MUST ALLOW SOURCE LOCATION FROM THE DETECTED DATA
. MAY PRODUCE MODERATE SIGNAL DISTORTION

P T R -

FIGURE 151. PREDETECTION PROCESSING CRITERIA

Predetection processing techniques that will be trjed or have been tried include:

1. Straight sum — The analog sums formed at the subarray vaults at Sites Bl and F3 were
compared with single seismometers for detection capability during experiments in

May and June and did not seem significantly better than the siugle seismometers.

2. Delay and sum (beamforming)— For essentially the same complexity, beamforming

can be done with adaptive or theoretical weighting instead of simply delay and sum.
Since seismic noise is distinctly not random, side-lobe controlusing tapering offers im-
portant gains in signal-to-noise improvement. On-line beamforming experiments are be-
ing done using the PDP-7 toform a fewhigh resolution beams. In order toget goodiso-
tropic signal-to-noise improvements by beamforming alarge number of relatively high
resolution beams will have to be used, and detection will have to be performed on each
beam. Source location wouid be determined by the steering of the beam with the largest

output.

3. Filter and sum— Filter and sum processing clearly provides the most versatile con-

trol of the processing for separating regions cf signal and noise. With this form of
processing it is possible to get both the wide acceptance band for isotropic P-wave
surveillance and still get high noise rejection with only a few processed output traces.
The cost, of course, is in length of computation. With the prototype digital MCF at

Billings, it will be possible to perform the complex processing on-line in real time.
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The load on the detection function is light because only a few processed channels are
required for isotropic detection capability, and source location can be done explicitly

using triangulation and can be less seusitive to failure of sensors or entire subarrays.

C. Detection
The detection logic now programmed for the PDP-7 is shown schematically in Fig-
ure 152. Data is bandpass filtered and rectified. The rectified channel is then integrated, de-
layed, and divided into the original rectified channel. The quotient is then tested to see if it
goes above set threshold. The delayed channel provides an AGC so that the detection is not
sensitive to gain changes. Figure 153(a) and (b) illustrates the event detector operation on a
moderate sized event and a very weak event. If the bandpacs filter is tuned to the character-

istics of the input trace, the same logic can be used on processed or raw traces.

3-POLE
O] NARROW-BAND jte{ RECTIFIER |t (-'- EVENT

FILYER > IF>39
mw-nss‘ .| DELAY
—| FiLTER smc |

Te30sec

t2==iTecpy

FIGURE 152. BLOCK DIAGRAM OF DETECTION LOGIC

Figure 154 shows a comparison of the event detector output and a human analyst both using
raw seismometer outputs from subarrays Bl and F3 during the experimental operations in May

and June.

The false alarm rate is high on a single trace, but a restraint requiring detection on three
or more of five-to-seven event detector outputs (three sites are required for source location by

triangulation) does an excellent de-ghosting job.

D. Source Location

The method used for source location is partly determined by the form of predetection
processing and detection being used. If detection is done on individual processed or raw traces
from widely separated seismometers or groups of seismometers, scurce location is done by a
sort of triangulation using relative arrival times at the various points of detection. Experiments
using the extended TFO array and the Weston College Network in New England have shown that
if relative arrival times are picked to about 0.1 second and station corrections are applied to
remove biased values, the source of a seismic disturbance can be located to +29 in latitude

and longitude with stations located at the extreme LASA subarrays. This accuracy is adequate
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FIGURE 153(b). EVENT DETECTOR OFERATION ON A VERY WEAK TELESEISM FRCM RAT ISLAND,
ALEUTIAN ISLANDS

for reasonably effective screening of events and is comparable to the effective beamwidths of

the LASA so optimum forms of array processing can be carried out with thc source locations

determined by the array itself.
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As signal strength gets weak, the accuracy of arrival time determination by the event
detector gets poor and errors of as much as a second (about one cycle of signal energy) have
been observed on events that can be reliably detect2d. Several approaches for improving time
picking are being considered. Variations in the detector logic are being investigated, and tech-
niques involving correlations of the processed waveforms when an event is detected have been
tried and show promise but are computationally costly. Where an event is detected at more than
the minimum three stations, the redundant times can be used to improve the source location
accuracy to partly compensate for errors greater than the 0.1 second objective for arrival

time determination ai each point being used.

t 6
- ¢ TELESEISM . TRIGGERING EVENT DETECTOR
AND OBSERVED VISUALLY
€2 o TELESEISMS TRIGGERING EVENT DETECTOR
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FIGURE 154, COMPARISON OF PERFORMANCE OF EVENT DETECTOR AND ANALYST

E. Recording
Because of the need to start with the raw data in order to realize the full resolution of

LASA to detect each phase of arriving energy to be used in analysis of a suspicious event, we
intend to save all the raw data from the experimental LASA on digital magnetic tape until
detection, source location, and screening are completed. Those raw data tapes whlch do not
contain detected events from potentially interesting areas will be written over since it would be im-
practical to save all the rawdata. When anevent is selected for off-iine analysis, the recorded
data tapes are removed from the system before they are written over. Each tape contains
about 10 mlnutes of data, and 20 to 30 minutes of data Including 5 to 10 minutes before the event

must be saved for anziysis of a detected event. Thus, using two tape drives for recording will

171




allow about 10 minutes delay for detection and screening before 2 tape must be removed or
switched out of thr system. Ter minutes is a long time for a computer, but an operator must

move fast to change the tapes so « ic iiiely that three or more drives will be necessary.

The processed traces from predetection processing will be savad on a Develccorder and
a separate magnetic tape recording. Tape- :ontaining on-line processed data from the entire
period cf operation of the array will probably be saved so that the output from LASA may in-
clude continuous i‘ecordings of processed data and recordings of all the raw data during inter-

esting detected events or pre-requested tim> periods.

The on-line typewriter on the PDP-7 is used to record a variety of information for the use
of the LASA Data Center personnel anu the analyst. The printouts include, for example, equip-
ment failres deter.nined by the fault sensing programs, indications of parity checks from the

magnetic .ape recorders, and arrival times of det>cted events.
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18. LASA OFF-LINE ARRAY PROCESSING RESULTS
by
J. Capon
R. J. Greenfield
P. E. Green, Jr.
Lincoln Laboratory, Massaclhusetts Institute of Technology

I. INTRODUCTION

For the last several months we have been processing digital array data from TFSO and
LASA, the nurpose being to establish tradeoffs between signal-to-noise enhancement achieved
versus the complexity or cost of doing che process 'ng. Only when these tradeoffs are well un-
derstood will it be possible tc design with certainty the on-site processing hardware, make a
statement about LASA system performance to be expected, or speculate about combinations of
LASAs. The results described here are r-levant to the predetection array processing which
Briscoe described as necess.ry for on-line event screening and recording, just as much as to
the question of off-line processing of 525-sensor LASA tape recordings. The unprecedentedly
large aperture and large number of sensors mean that previourly existing results on this sub-
ject are of only modest assistance in s .cking the desired tradeoff relations. The tradeoffs to
be discussed in this paper are between processing signal-to-noise ratio (SNR) gain and the
following factors: number of sensors used, how often the noise statistics are measured, the
length of the noise measurement interval, tl.. "ength of filter functions, the inclusion of fre-

quency filterirg, and the amount of random variation in seismometer amplitudes and phases.

Array processing schemes, which map the set ¢” N traces out of the seismometers onto a
single output trace, can be divided into the various categories shown in Figures 155-158, and
already discussed by Kelly. These are straight summation, delay-and-sum, weighted delay-and-
sum, and filter-and-sum. We limit ourselves to linear processing with the understanding that

nonlinear operations, if any, will be applied to the output trace after the SNR has been improved.

ARRAY DIRECTIVITY PATTERN
f (cps)
1/1.y
-1/L,
(=] Ll: '
o---L - = S m—a— ! :
y °
: ; k, {cpkm)

SEISMOMETERS SUM \
K, (cphm)

FIGURE 155. ARRAY PROCESSING, STRAIGHT SUM
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X, (cpkm)

SEISMOMETERS DELAYS SUM

K, (epkm)

FIGURE 156, ARRAY PROCESSING, DELAY-AND-SUM

ARRAY DIRECTIVITY PATTERM

SEISMOMETERS AMPLITUDE f
DELAYS WEIGHTS SUM K, (cphm)

FIGURE 157. ARRAY PROCESSING, WEIGHTED DELAY-AND-SUM

ARRAY DIRECTIVITY PATTERN
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delgy lineg) b {cpam)

FIGURE 158. ARRAY PROCESSING, FILTER-AND-SUM
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II. SNR AS A FUNCTION OF NUMBER OF SEISMOMETERS

Figure 159 shows a summary of the SNR gains achieved using various numbers of LASA
sensors. SNR is defined as the ratio of the squared peak-to-peak amplitude of the largest
initial P-wave oscillation to the noise power. To aliow simple comparisons to be mad~ between
filter-and-sum, weighted delay-and-sum, and delay-and-sum, the issue of frequency filtering
was deferred by using for the particul: r form of filter-and-sum processing the so-called max-
imum-likelihood procedure. This procedure, although involving frequency filtering of individual
traces, produces an output trace in which no frequency distortion is present; that is, the sum
of the N-filter frequency functions is flat in frequency. Another way of saying this is that the
sum of the impulse responses of the filters is effectively an impulse. Frequency filtering before

and after array processing vill be discussed shortly as a separate issue.

The data in the figure are based on small samples, namely 2 runs for N = 6,7 for N=9,
4 for N = 25 (four subarrays on an event of August 27) and 1 for N = 100 (the maximum-
likelihood outputs of the same four subarrays combined by delay-and-sum). The data sheu'd
thus be taken as very tentative.

In attempting to find shortcut methods of approaching the full max-likelihood processing
SNR gain for a given N without having to actually treat N individual seismometers, several at-
iempts were made to pre-combine the 25 sensors in a subarray :. 2 groups by delayed sum-
matio:n of the members of a group. The smaller number of traces resulting from this were
then subjected to max-1iikelihood processing. The results were very disappointing, as shown
by the circle and star points in the figure, which are for the event of August 27 observed at

subarray C4. The circle represents the result o1 del.yed su:nming the members of each of

30—
ams I.SS/
— /
7
20t el
75 . /
* MAX LIXELIHOOO
-

o OPTIMIZED WEIGHTED

v
OELAY ANO SUM
/37

/ €
- e UELA. AND SUM
. /6/.'
0 Loraard L4 11y p 11
1 10 100 52%

NUMBER OF SENSORS

FIGURE 159. RATIO OF PROCESSOR OUTPUT SNR TO AVERAGE INPUT SNR FOR VARIOUS PROCESS-
ING SCHEMES
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four rings of seismometers in a subarray, then max-likelihood processing these {our plus the
center sensor. The star point shows the result of delayed summing within each of the six
spokes of a subarray and then processing the six resulting traces. (The center sensor was in-

cluded in one spoke.)

The small numbers underneath each point are the numkter of minutes of 7094 computer
time required to do the complete processing job, including in the case of max-likelihood and
weighted delay-and-sum, the time necessary to compute the N x N correlation matrix from a
three-minute noise sample. The 75 minutes required per 25-element subarray subdivides as
follows: 40 miuutes for noise correlation matrix computation, 20 minutes for filter design and
10 minutes for processing of 25 input traces to produce the output trace. Five minutes of setup
time are required in all cases. It is obvious that frequent noise recomputation and filter de-

sign is undesirable so that data on nois @ stationarity is important.

IlI. NOISE STATIONARITY

The best operational test of noise stationarity was considered to be to process the event of
a given day with max-likelihood filter functions designed from noise on a different day to see
how much SNR gain dropped because the filters were svnthesized on the wrong noise. The in-
sensit’vity to this effect evidenced by the very limited data obtained to date is encouraging,
especially when one can observe that simple statistics like power level change in a matter of

hours.

Specifically, a November 1964 event at TFSO was processed using the 10 minutes of noise
immediately preceding the event and a 10-minute noise sample 8 days earlier, and a 4 db loss
was observed. This was repeated for a one-hour lapse and in this case no measurable loss was
found. Two such pairings at LASA have been observed, roughly a 6 db drop for a May 13, 1965,
event processed with filters designed from noise 14 days earlier, and a 6 db drop for an August

19, 1965, event processed with filters from noise occurring 8 days later.

IV. REQUIRED LENGTH OF NOISE MEASUREMENT (NTERVAL

The duratiun of the correlation matrix measurement step in the processing, the most time
consuming step, is proportional to the measurement interval. Therefore, it is important to
know how short a measurement interval can be used. Figure 160 shows the results obtained in

studying *his question on an April 22 event at subarray Bl, using nine sensors.

The height at which each bar is plotted is the rms noise level actually observed on the
processed trace in the interval given by the location and length of the bar laterally. It may be
seen that although the 0.5 and 1 minute filters give good noise reduction during their measure-

ment intervals they do not work satisfactorily outside it. (Compare the results of the 2 and 3
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FIGURE 160. RMS NOISE LEVEL OF MAX-LIKELIHOOD TRATE vs TIME

minute filters.) From these studies we conclude that for nine seismometers 1 minute or less
is definitely too short a measurement interval. Two minutes is marginal and three minutes iz
safe. If the measurement interval ends within 0.5 minutes of the event, it seems improbable
that the filters designed on three minutes could, on the average, give filtering more than 0.5 db
worse than the nnes designed on eight minutes. This possible slight improvement does not

justify the added computation time needed to obtain a filter based on eight minutes cf noise.

This entire experiment is being repeated for N = 25.

V. EFFECT OF FILTER LENGTH
The duration of the impulse response of each filter in the max-likelihood processor is the

product of two quantities, NIP, the number of .05 second digital sampling intervals between
adjacent filter sample points, and NFP, the number of filter saumple points. I NIP is mace too
small, the impulse response duration for a given NFP is insufficient to give the desired fre-
quency resolution and the long-period noise suppression will suffer; if it is too long, frequency
aliasing introduces noise into the output. Experiments with NIPs of 1, 2, 5, and 10 with NFP

fixed at 21 showed that for nine sensors, NIP = 2 gives the best compromise.

Figure 161 shows the effect of the filter length on SNR zain, using NIP = 2. Along the lower

curve the filters are completely “'physically realizable,"” that is, the sum of their impulse re-
sponses is zero for all values of delay except the first one at which the sum is unity. Along the
top curve, the filters are unphysical in a "'symmetrical” way: the sum of the impulse response

is zero except at the very center sample point at which they sum to unity.

It is seen that the symmetrical arrangemen’ is the best, as has been verified thenretically.

(Separate experiments with the impulse at the tail rather than head of the sum of responses

show that these two asymmetrical conditions are about equally poor.)
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FIGURE 161. EFFECT OF FILTER LENGTH ON SNR GAIN
VI. EFFECT OF FREQUENCY FILTERING

Examination of one of the seismometer output traces «r any of thz processed traces shows
that in both instances the frequency spectrum of signal and noise are different, the main power
of the noise being mostly of longer period, especially in the input traces. Figures 162 and 163
show the results of a simple experiment designed to determine the SNR gains available by fre-
quency filtering of all traces before processing and by frequency filtering the single trace
afterwards. Nine input traces, the weighted delay-and-sum (WS), delay-and-sum (DS), and
max-likelihood (ML) traces are shown in order without input trace filtering on the left and on
the right with such filtering. High pass filters with a 0.5 cps cutoff were used. Note the signal
distortion due to filtering. In Figure 163 the ordinate is in db relative to the average noise
in the nine unfiltered traces. The run chosen was an event of April 22, 1965 at subarray Bl
This had been a below-average run from the standpoint of SNR gain; it did not quite achieve VN
using max-likelihood processing. The results given in the left-hand coiumn of data show the
effect of filtering after the processing and the right-hand column the results for irequency

filtering before the processing. (The filtering is portrayed by the heavy arrows.)

It is seen that the figure on SNR gain versus N quoted in one of the earlier figures in this
paper can easily be bettered, if frequency distortion of the signal is allowed. Siace the seismom-
eter itself is already doing some of this, modest additional distortion of the signal such as

just seen would appear tc be perfectly permissible, particularly for predetection processing.

Incidenvally, it is appropriate to remark here that if one follows the max-likelihood process-
ing operation with a single Wiener filter (designed from the noise in the output trace and an
assumed signal spectrum and SNR to effect an optimum compromise between noise and distor-
tion), then the combined process is equivalent to the Wiener array processing introduced sever-
al years ago by Texas Instruments, Inc. Several experiments have been dore using this form

of postfiltering of the max-likelihood t: ace.
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VII. SENSITIVITY OF THE PROCESSING TO SEISMOMETER DIFFERENCES
Figure 164 shows the four N = 25 max- iikelihood output traces of the event of August 27

for the four subarrays that were used to get the N = 100 point on the curve of SNR gains versus
N shown earlier. The subarrays were F4, A0, C4 and F2, so that the entire 200 km aperture
was spanned. (The traces were delayed and summed to produce the bottom tracevusing eyeball
time delay picks since the appropriate station corrections were not yet available. The traces
of the subarray outputs in the figure are shown as received, rather than time-shifted, with the
delayed sum (DS) referenced to the F4 subarray trace.) Note that there is a 2.0 db loss in am-

plitude of the first positive half-cycle; this figure constitutes a reasonable operational measure-

ment of coherence.

The seismometer output signal amplitudes were slightly different, rms deviaticns averaged
overthe four sites were +14.5%. It is clear from Figure 164 that signal ampiitude caused the

processing no trouble.
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FIGURE 164. DELAY-AND-SUM (DS) OUTPUT OF FOUR LASA SUBARRAYS
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19. A LASA SIGNAL PROCESSING SYSTEM
by
R. G. Baron, W. Vanderkulk and S. D. Lorenz®
International Business Machines Corporation
Federal Systems Division

INTRODUCTION

The purpose of this paper is to present a processing system that wiu modularly handle the
full range of signal processing techniques under consideration for the Large Aperture Seismic
Array (LASA) system. Two system configurations are presented. The first assumes that only
subarray processing is performed at the array site, and an alternate system considers all

processing performed at the array site.

SYSTEM FUNCTION

In order to provide a basis for processing system synthesis, it is assumed that the primary
function of the LASA signal processing system: is to utilize the full capability of the LASA seis-
mometer field to detect, edit, record, and assist in classifying teleseismic events occurring in
a specified azimuthal sector spanning 60° and at great circle distances between 30° and 94°
from the LASA site. The event magnitudes of interest range from eight down to the full LASA
processing capability. As a secondary function, the system may also be called upon to utilize
the full array to monitor events outside of the aforementioned azimuthal sector and contained
within specified portions of a vertical beam. The tertiary function is to monitor events ex-

ternal to the above mentioned areas of interest that are detectable on a subarray,
e

The detection, editing, and recording functions must be executed in real-time and serve
to produce a tape recording of events of interest which must be analyzed in detail for the pur-
pose of classification. Although this cl. ssificativn analysis is allowed to proceed off-line,

reasonable bounds on the event backlog must be maintained.

Since classification relies in part on the analysis of the high-frequency contents of the sig-
nal (up to about 3 cps), preservation of the high-frequency signal pha;se and amplitude spectrum
on the edited and recorded tape is required. On the other hand, detection demands a high-
signal-to-noise ratio. Since the signal-to-noise ratio is expected to peak at or below 1.5 cps,
it is only necessary to minimize signal power loss at or below 1.5 cps for the real-time detec-
tion function; while signal distortion and attenuation at the high frequencies (at or above 3 cps)
can be permitted. The detection beams are referred to as ""coarse beams' and the high fidelity

beams employed for classification purposes are referred to as "vernier beams."

*At the LASA System Evaluation Conference, presentation papers were delivered’by Van-
derkulk and jointly by Baron and Lorenz. This paper combines the aforementioned to unify and
conso.idate the system concept described.
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The beam coverage requirements to achieve the above mentioned functions will now be
addressed. The array contains 21 subarrays of 25 seismometers each. A subarray is distrib-
uted over an area of 7 km diameter. The subarrays, although clustered near the center, are
for the most part sparsely distributed over an area of 200 km diameter. Assuming a horizontal

planar array of N elements whose element positions are denoted by the vectors Fn the loss for
conventional beam forming in a homogeneous medium is

Loss = -20 log,, %Zexp [Zni;n.z_ﬁj db.

n
The vector Ak may be expressed as:

8k =1i(u - )

where f is the sign:* -ency in cycles per second and u and @_ are the wave number vectors

at i ~vs of the recei. .d signal wave front and of the wave front to which tne beam has been
steered respectively. Figure 165 depicts beam pattern cross-section of the worst and best

case azimuths. If u, and uy are the reciprocal horizontal velocity components, east and north
respectively, the azimuth angle is:

¢=m{1m/%)
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FIGURE 165. SINGLE FREQUENCY BEAM PATTERN
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For small losses the following approuximation holds:

Loss = A (l‘r)2 db

where r is horizontal component of u - _Q in sec/km. For subarray beams A » 360 and for
LASA beams A » 2.07 X 105. It is noted that the beam loss contours are circles oi radius r

about the beam center coordinates (ﬁx, Gy).

The array geometry suggests step-wise processing: a subarray processing subsystem to
generate inputs for the coarse and vernier array processing subsystems, which in turn, are
employed for detection and classification record producing purposes respectively. In order to
permit world-wide coverage, one vertical beam is generated for each subarray. A total of six
beams per subarray, one vertical and five non-vertical, will yield a maximum heam coverage
loss of approximately 1.0 db for frequencies up to 3.0 cps over the surveillance area defined
by a 600 azimuth section in the d uy plane bounded by the radii 0.04 sec/km and 0.08 sec/km

(these radii correspond to event ranges of 94° and 30° respectively), as shown in Figure 166.

Solid Lines ! db Contaur 9* 3 cps rradies G018 vec \.n.)
Dash Line ; 1.4 db Contaur ot 1.5 cpy 11adess .04 it

0.08

uY(tﬁ km)

\ o v, Gsec 7kem}
'

FIGURE 166. SIX SUBARRAY BEAMS
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For detection, approximately 250 coarse . .ASA beams are proposed to assurc an accumu-
lative loss of no more than 3.0 db at 1.5 cps nver the surveillance area. Only two subarray
beams, one vertical and one non-vertical need be employed to form the coarse beams as de-
picted in Figure 1€6. Approximately 1.4 db loss is allowed in sutarray beam forming and 1.6
db loss is allowed in coarse beam forminig. An additional 50 beams may be generated from the

vertical subarray beam and directed to specific secondary surveillance regions in the world.

Upon event detection, the subarray beam whose center is nearest to the event location is
identified. The 21 subarray beams so obtained are employed to generate vernier or high
fidelty beams. The beam coverage required for the vernier beams need only cover the area of
event location uncertainty. Assuming a 9.0 db dectection capability, the circle of radius 0.016
sec/km contains all losses that are less than 9.0 db down as determired from the wide-band
beam pattern shovn in Figure 167. In order to maintain an accumulative loss of less than 3.0
db =t 3.0 cps over the area of the aforementioned circle of uncertainty, about 300 vernier

beams are required.

FIGURE 187, WIDE-BAND BEAM PATTERN CONSTANT LOSS CONTOURS

Due to the conservative manner of arriving at the Leam coverage, the 6 subarray beams
and the 300 coarse and 300 vernier beams are felt to represent a reasonable upper bound on
the beam forming requirements for the function and coverage specified. The remainder of this
paper will demonstrate that even with this large beam forming requirement, the system opera-

tion and instrumentation is feasible, practical and reasonable.

184

b
i

xn



SYSTEM DESCRIPT'ON
A block diagram of the LASA processing sy

of the various subsystems is presented in Figur

stem showing the data flow interrelationships
e 168.

The Subarray Beam Former located physically at the LASA site, has as its function the

real-time formation and transmission of 6 subarray beams for each of the 21 subarrays. In

addition, the Subarray Beam Former also transmits the outputs of 21 padded seismometers (one

from each subarray) to detect and recc.d, without overloading, events with amplitudes up +y

28,400 millimicrons.

o Paper Recorder
rray 40-Channel
Subarray —81 B2 uni-Former °
— Multiplexer )
21 (25 S/5A) @ 20 cps {
21 Sul?orroys ;7"&:’:}; A)
25 Seimometery | parg 21 (6 SAB/SA)
Y Transmitting
Key Unit e
V = Vertical Beam Dato
NV = Non=-Vertical Beom Data MODEM ,
S = Seismometer Data Communication Data Link
SA = Subarray &- 21 (1 V/SA +5 NV/SA + 1 $/5A)@ 20 cps
SAB = Subarray Beam "'
MODEM
Data -
P Receiving
Unit 21 (1 V/SA + 5 NV/SA + 1 S/5A)
2001V +1NV 1) Selectable
21 (15AB)
. 1
Pri l@—{ General-Purpose Coorse/Vernier Paper Recorder
rinter Gomputer Beom Former 40-Channel
.Coarse Beoms .
Coorse Thresholds
Temporary and Vemier Beams
Permanent Data Event Recorks
Storage
Mognetic Tope i,/m e )
Tape 1 - Vertical Dota - 21 (1 V) Display
Tope 2 = Subarray Dota - 21 (1 V
+5NV+15S)

Tope 3 - Event Data = 21 (1 SAB)
fape 4 - Vernier Beam Data
Tape 5 ~ Event Records

FIGURE 168. LASA PROCESSING SYSTEM

|

H

|l
it
il [l
il
i

IN
b
g
i
|
|
|
|
!

i

185

s

OISR Tt odgaeas et et [0 MRS 111191 1Y

ppebdat it i

oo

Nt

il g




Part of the LASA signal processing function consists of detecting seismic avents occurring

in the surveillance region, using the full LASA detection capability. To this end, the Coarse

Beam Former generates 300 LASA beams covering the surveillance region and certain other
specified portions of the world. Euch of these LASA beams is formed ir real-time from one

set of vertical or one set of non-vertical subarray beams. The coarse beam outputs are recti-
fied and integrated to form signal and threshold detection outputs for interpretation by the

General Purpose Computer. Rectification and integration is also performed on the 21 vertical

subarray teams and the 21 paddes seismometers. Since beam forming ic a linear process,

predetection band-pass filtering is allowed to be performed before coarse beam formation in

the computer. Therefore, the real-time output of the Coarse Beari Former is 342 pairs of

ble of detecting without an unduly high false-alarm rate.

event and threshold signals presented to the General Purpose Computer for detection purposes.
The magnitudes of the detected events will be as low as the General Purpose Computer is capa-

The set of 21 vertical subarray beams are used to detect (substantially stronger) eveats
occurring outside the surveillance region. By recording the arrival times of such an event at

the various subarrays and by fitting a "'least squares' planar wavefront to these data, the loca-

tion of the event (or, more appropriately, its phase speed and azimuth at LASA) can be esti-

mated. The set of 21 padded seismometers are monitored to localize, in the same manner,
events which are strong enough to overload the unpadded seismometers.

Once an event has been detected and localized, it must be recorded on tape for further
classification analysis by the Vernier Beam Yormer. To this end, the General Purprse Com-

puter controls magnetic tapes with a "look-back' capability on the order of minutes and whose

inputs are all subarray beam outputs (numbering 6 x 21) and the outputs of the 21 padded seis-
mometers. The look-back feature allows the General Purpose Computer sufficieat time to
make a detection following the onset of the event arrival at LASA.

When a detection has been made, the General Purpose Computer initiates the transfer of
the appropriate subarray outputs from the look-back tape onto an event tape. For events in-

side the surveillance region, one beam per subarray is recorded, namely the subarray beam

whose center is nearest to the location of the detected event. For events detected outside the

surveillance region, the 21 vertical subarray beams are recorded. In case of overloading of
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the unpadded LASA seismometers, the outputs of the 21 padded seismometers are recorded.
For events detected on the vertical beams or on the padded seismometers, the event location

is recorded in tac form of the 21 subarray time delays corresponding to the best estimate of
the event location as determined from the least squares wavefront calculation.
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The Vernier Beam Former i< an aid for the LASA ciassification function. The event tape
generated under controi of the Generai Purpose Computer serves as input, which is a subarray
beam or equivaientiy a set of padded seismcmeter outputs. The output of the Vernier Beam
Former is 300 LASA beams covering a smaii region centered about the event location as esti-
mated and recorded by the Generai Purpoce Computer. These vernier LASA beams are ex-
pected to aiiow more accurate event iocation, as weii as detaiied signal waveform examination.
The Vernier Beam Former is aiiowed to operate in an off-iine manner, provided reasonabie
bounds on the event backiog are maintained. The ve rnier outputs are 1 2corded on magretic tape

which is denoted as the vernier tape.

The 300 vernier beams can now be displayed, permitting selection oi the particular beams
to be employed for classif‘cation purposes. The Generai Purpose Computer initiates this func-
tion by energizing a dispiay. Idealiy, an intensity moduiated CRT with the appropriateiy biased
beam amplitude dispiayed in u-space coordinates would appear as the wide-band beam pattern
depicted in Figure 166. A uniform intensity display of beam amplitude vs beam number may
weii yield sufficient correlation to isoiate the beams of interest. In either case, seiection is
at this time pianned to be accompiished manualiy anu the selected beam or beams may then be

rerecorded on fiim, on tape, and/or on the paper recorder for subsequent manuai or machine

ciassification analysis.

SYSTEM INSTRUMENTATION REQUIREMENTS
The equipment requirements for the Subarray Beam Former, the Coarse/Vernier Beam

Former and the Generai Purpose Computer wiil n-w be discussed.

Subarray Beam Former

The Subarray Beam Former receives its input from the 21 subarrays in a muitipiexed
seriai format. Each subarray transmits 25 words of 15 bits (13 data bits + sign + parity) to the
Subarray Beam Former within a 50 msec sampiing frame. The Subarray Beam Former stores
one word of data for each of the 525 seismometers during the frame. One padded seismometer
from each subarray is not invoived in the beamforming process and is stored oniy for conven-
ience of transmission to the output of the unit. Dat. from the 504 remaining seismometers are

stored in memory to form 1.0 second of time history.

The Subarray Beam Former forms 8 beams for each of the 21 subarrays. Functionaiiy, it
is 21 beam formers with processing independent from one subarray to another, using common
data paths for practicai convenience oniy. The Subarray Beam Former presents a 16 bit output
to the transmission iink. The word rate is about 2940 per second, approximateiy a 50 kc bit
rate. In this configuration, any 40 of the 525 subérray outputs or 126 subarray beam outputs

may be selected for display on a paper recorder.
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Table 1 summarizes the real-time on-line processing load that is incurred under two dif-
ferent assumptions as to the type of processing performed. Conventional beam forming here
denotes the simple delay and sum operation. Optimum processing is assumed to include a 50
point generalized convolution filter per seismometer, per beam, in addition to the delay and
summing operation. The processing requirements are state” in terms of minirum storage and
memory speed requirements, without allowance for cortro! or operational programs in the
general purpose sense. Storage includes data words and prograin words. The program words
are limited *o the delay definitio: words and filter cnefficient words, if any. Since speed is
stated in terms of memory cycles, it assumes that this is the limiting factor and the arithmetic
element can perform its function within the memory cycle time. For ccnventional processing,
where the arithmetic operation is addition, this is generally trﬁe. For optimum processing,

where the arithmetic operation is a multiply and add, this is not true of general purpose

computers.
TABLE 1
Subarray Beam Former Requirements
#
Memory Size
Memory

Data Program Total Speed
Subarray Beams {Words) {Words) {Words) {kcps)
Conven. {1V + 5NV) 10,080 . 3,024 - 13,134 137
General. {1V (50 point)) 25,260 28,224 53,424 1,136

and Conven. (5NV)

Thus, Table 1 demonstrates that optimum processing represents a heavy load that is not
practical to perform in a conventional general purpose computer. However, such processing
loads may be handled with currently available digital hardware organized as a special proces-
scr, or a modified general purpose computer utilizing special complex operating codes. For
example, the operational sequences of cunventional or optimum processing could be micro-
programmed as a special instruction in a general pucpose computer. It should also be pointed
out that alternate parallel processing techniques may be required when arithmetic speed re-

quirements are as high as indicated.

»
Coarse/Vernier Beam Former .

Referring again to Figure 168, the Coarse/ Vernier Beam‘ Former receives data from the
General Purpose Computer, forms coarse and Z’ernier beams, and transmits the results back
to the computer and to a paper recorder. The Coarse/Vernier Beam Former must accept three
beams from each of the 21 subarrays. These are one vertical beam and one non-vertical beam

for coarse beam forming, and one beam for vernier beam forming. To achieve full fidelity,
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the veraier beams must be formed at a rate of 20 samples per second. The coarse beams
need only be formed at a rate of 10 saniples per second, because the detection function does

not require high-fidelity beamis.

The 300 coarse beams, 21 vertical subarray beams, and 21 padded seismometers are
ave -aged over two time intervals, which range from 0.8 seconds to 12 seconds and .2 seconds
to 48 seconds, and the results sent to the computer. The 300 vernier beams are avoraged for
a computer designated amount of time and sent to the computer for tape recording and subse-
quent display. In addition, a set of control words, sent from the computer to the beam former,
indicates which of the beams are to be displayed on the paper recorder. The Coarse/Vernier
Beam Former selects these outputs, converts them to analog form and transmits them to the

paper recorder.

Utilizing the same basic assumptions as Table 1, Table 2 shows the speed requirements

of the Coarse/Vernier Beam Former. The storage requirements may be computed as follows:

Data = 20 sec X 20/sec > 21 subarrays X 3 sec = 25,200 words.
Program = 300 beams x 21 delays X 2 beam formers = 12,600 words.
TABLE 2
Coarse/Vernier Beam Former Requirements
Men:ory
Memory Rate Speed
Beams Cycles Subarrays gc_:p_s) - . {/cps)
Input 3 21 20 1,260
Beamforming
Coarse 300 2 21 10 126,000
Vernier 300 2 21 20 252,000
Output ’
Coarse (Signal) 300 1 NA 1.25 375
Coarse Threshold 300 1 NA 0.3 90
Vernier 300 1 NA 0.25 60
Total 379,785

The memory speed (2.6 usec) and size (37,800 words) are well within the state-of-the-art. Al-
lowin; for housekeeping and control, a conventional General Purpose Computer which operates at
a speed of about 800 K instructions per second could perform the Coarse/Vernier Beam For-

mer function. Such machines are availrh'~ owever, it again appears attractive to organ.ze
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available hardware as a special purpose processor or utilize special instructions in a smaller
machine to obtain the required speed. ’

General Purpose Computer

Figure 169 {llustrates the configuration for the General Purpose Computer Subsystem.
The centralized control element for the system is a general purpose digital computer operating
under stored program control. Data enters the computer suhsystem by way of a communica-

tion channel from the Subarray Beam Former and transn:i<sion system.

From Suborray Beom-Former
and Transminion System

Coarse/Vernier
Seamn -Former

Comole and Communication
Decimal Display Adopter Typewrlter l I

t i t Channel to
Channel
Gcmml:’vmou |npuf§00l'pul Dhtn'lllplo‘nd Channel | Adopter
|C°'l “’“"l Input /Output Data Se cc:or Chonne! ) 5
Mognetic Tope ]
Control Unit Data Display
Record or Edit
Subor!
Dato [ — Doto Tope ? |
Tope £ . 1 Vertical
21 (1V+5NV+1S$) - Suborroy Beom ”
ernier
| Beam Data
Record or Edit Tape
;‘:':"‘Y —%1 Dota Tope f 2
Tope 12 1 Vertical
2 (lV#SNVHS)r o Subarray Beom
Record
= =
essing \
Tape Urility $venh:m D:lo Tope
Dlwics, : e
. 4

FIGURE 169. GENERAL PURPOSE COMPUTER SUBSYSTEM

Operation with the beam former is performed in conjunction with a common control chan-
nel. Only data is exchanged via the channels indicated. Control of devices and, specifically,
the beam former requires executinn by other means. This control can be satisfied by an inter-
ru_‘ channel capable of signaling start, stop, and control of data transmission in either direc-

tion between computer and beam former. Data is transferred within the computing system via
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two types of channels: a data multipiexed chaunel and a data bur%t or selector channel. Control

is handled by way of interrupts »etween devices and computer with the functions allocated as

indicated. A 32 K word memory at 2.5 usec per meinory cycle is adequate. An add time of about

8 usec, a multiply time of about 80 pusec, and tape speeds of 60 K characters per second are in-

dicative of the speed requirements.

ALTERNATE SYSTEWM CCNFIGURATION
Examination of the processing system presented above reveals that the subarray proces-

iyttt e st b kgt ss bt i | it T
i HH St o g

sing may be the most vulnerable portion of the system from a practical and economical point
of view. While optimum processing may well be needed fsi the Ligh-fidelity beams, it is likely
that conventional processing is adequate for the event detection process in the Coarse Beam Former.

Thus, ideally, optimum processing should be performed off-line only after event detection, and the
event detection would then require only two beams per subarray, formed conventionally. Such a

gystem can be synthesized if event detection is alloweci to be performed at the array site as func-

tionally illustrated in Figure 170.

hatpreesvo oo an

2] (255/5A) @ 20 cps 300 Beoms @ 10 cps

2] Subarrays
25 Seismometers (—gm{ Subarray Suborray ‘ Coorse Detector and
Per Suuarray Multiplexer Beam-Farmer J Beom-Former Localizer

[} 21 (1 V+1 NV) @20 cps

Tope Starage jeg—

L ?— 21 (255/5A) @ 20 cps/Detected Event

Subarra
Event Tape array
Starage Porg:l:;:l:!r
j 1(SAB)
Vernier
Beam=Farmer
‘ 300 Vernier Beams L .
Vernier Tape CRT =
FIGURE 170, ALTERNATE LASA PROCESSING SYSTEM
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The subarray multiplexer perfiorms the same function as in the previous system. The
Subarray Beam Former forms caly the two beams, one vertical and one non-vertical, neces-
sary as input to the Coarse Beam Forme.. The Coarse Beam Former and the detector and
localizer are the same as before. Temborary tape storage is larger because of the necessity
of storing all 525 seismometers, but this does not appear to be serious since these tapes may

be re-cycled after concurrence that they do not contain data of interest.

The subarray processing requirement generated by this configuration is reduced, since
optimum processing is performed only on detected events. Processing is reduced by a factor
proportional to the fraction of time that events occur. If one assumes 4 hours of events per
day, the optimum processing requlrsgents are therefore reduced by a factor of 6 over the ini-
tial system.

We nole heré that the hurdensome calculations leading to 2 machine speed of over 108
operations per second in the optimum 3ubarray Beam Former of the firs. system can be re-
duced to less than 2 X 105 operations per second, with little or no loss in detection capability

and an equivalent performance in the generation of records for classification purpose.

CONCLUSION

While either system descrlbed"herein ig feasible, it is evident that array site oriented
processing offers substantial economies in both processing and data transmission require-
ments. A key point in the system concept is the utilization of the full LASA capability for de-
tection and coarse localization, combined with the relegation of optimum processing to non-
real-time, off-line procgsslng. These more sophisticated techniques are reserved for detected
events where the higher potential gain may be needed to increase the chances of success in

classification without placing an unreasonable load on the processing equipment.

It is pointed out that in the system parametrics, no consideration has been given to such
items as sampling rates and quantum levels, nor to instrument sensitivity variations or filter
implementation inaccuracies. Although when considered individually they may appear to be
small, in the aggregate their effect on system performances and equipment specification

through characteristic trade-offs should not be ignored.

Basic to any proposed processing system for such an array system as LASA must be
processing flexibility and modular expandability. Since the upper bound on the system require-
ments can readily be met with existing equipments and state-of-the-art design, it is reasonable
to base system configuration selection on detection and event record fidelity capability. The
general purpose programmed machine, with special operations instrumented as required,

offers not only the modular expandability but also sufficient flexibility to vcry the processing
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technique from an initially conservative method, to maximum sysiem capability in accordance

with a range of classification requirements without the need of major processing equipment
redesign.
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20. DISCUSSION OF LASA PROCESSING REQUIREMENTS
by
Mile Backus and George T. Baker
Texas Instruments, Inc.

This paper presents a possible processing system for a LASA installation. It is assumed
that each I.ASA installation is a part of a network of such staticns with the objectiv2 of world-
wide monitoring of nuclear explosions and ear g :akes. First, the general system concept
and processing functions are presented. Second, the nature of seisinic noise, seismic signal,
and signal-to-noise ratio as they relate to seismic processing requir2ments are discussed.
Nexi, cetails of the processiv¢ functions are examined. Finally, a summary of the system is

presented. .
GENERAL CONCEPT AND PROCESSING FUNCTIONS

A. On-Line Detecti.n and Approximate Location

The total processing done on the data from a LASA and the natnre and quantity of data
permanéntly stored on magneti: tape are cetermined by the status of the seismic vave field
at the time. For example, when ambient noise is present with no teleseismic events ahove a
given magnitude threshold and the absence of such events is known, no further processing is
required and only a liinited amount of data need be stored. In the presence of a teleseismic
event atove the thre ihold, additional on-line processing dependent on the approximate locaticon
of the event would be carried out. A greater amount of data would be stored in the presence
of a teleseismic signal wit:- certain characteristics. In the presence of an abnormally high
noi=. field, a large amoun! of the data [possibly up to the 525 channels] woulc be stored in
ord~r that maximum processing c> pability miéht be exploited. Therefore, the major on-line
fur.tion of the processor must Le determination of the status of the seismic wave field. The
processor must detec! teleseisms above a specified magnitude threshold, but need determine
their location only to sufficient precision to permit additional on-iine processing to extract

more detailed intormation about the eveut.

B. Data Storage
An on-line temporary buffer storage for the full 525 channels is contemplatei. The buffer

storage must save the raw data from the 525 channels long enough for appropriate action to be

taken for detected events. This period is probably on the order of one and one-half minutes.

Magnetic tape units are provided for permanent storage. Worid-wide P-wave outputs from
ii12 21 subarrays would be stored for all data. On the basis of the detection lozic a number of
other storage operations would be provided, up to and including storage of the full 525 channels.
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C. Post-Detection Processing

Post-detection processing would include immediate on-line processing of the buffered
data to develop the best steered beam for each of the 21 subarrays based on the approximate
location of the event. Additional processing of this data would include improved location and
measurement of arrival time, and would accomplish sig-al extraction for subsequent measure-
ment of classification parameters. In the case of larger teleseisms, special re-detection
processing would be provided for locating possible smaller events which might be buried in a

larger teleseismic arrival.

D. Built-In Learning Function
It is anticipated that the determination of the necessary corrections [particulariy between

svoarrays ] to provide maximum enhancement in the beam forming function will require a long
period of time and the use of data from a large number of teleseisms. Large detected events

would therefore undergo processing ior upgrading of the team former corrections.

E. Off-Line Network Processing

Finally, the function of combining information from a number of LASA stations must be
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