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SECTION 1

INTRODUCTION

This report presents our design of an event detection system for
an Unattended Seismic Obscrvatory (USO). Event detectors, in general,
can reduce magnetic tape usage, data transmission requirements, and
data analysis time at a central receiving station. These advantages
are obtained by screening the incoming data for seismic “vents "worth
recording". Our application of ihese techniques to an unattended, re-
mote observatory using borehole seismometers stresses low power, high-
reliability circuitry, and small package size for "down-hole" installa-
tion. The design provides for the remote adjustment of critical detec-
tion parameters in order to tune the detector .o a particular site
location.

Sn interesting feature of our system is the use of an independent
deiaector on each of the three short-period channels (vertical, north,
and east). This feature was originally incorporated (a single vertical
detector being more common) to provide a better probability of detect-
ing a nearby event (this being a primary goal of the USO program). We
felt that the shear wave energy near the source would be high enough to
provide a reliable trigger. 1In fact, the three-axis system finally de-
veloped was not only able to detect nearby events on all three channels
(providing our desired backup) but could also detect the separate phases
of teleseisms. 1In particular, the horizontal detectors could locate

delayed S-waves that the vertical channel missed.

This report is organized in the following manner. Section 2 de-
scribes the goals of the USO program and outlines a system that we have
developed to implement these objectives. This description gives an over-
view of our task and provides a framework in which to view our detector
design. Section 3 summarizes the rzlevant theory of event detection and
applies this theory to our design problem. It also describes a prelimi-
nary design, summarizes test results, and explains the resulting modifi-

cations. Section 4 gives a detailed analysis of the major components

:
:
;)




of our system. This investigation includes, among other topics, the
signal—conditioning filters, analog-to-digital conversion requirements.,
and the event detector circuit design. Section 5 analyzes the results
of advanced tests made with a prototype of our event detector design.
These tests demonstrated the good performance of the design and moti-
vated future improvements. Section 6 summarizes the results of our
work and suggests future areas of research.

In conclusion, we would like to mention the generaiity of our re-
sults. The event detector, while developed expressly for USO use, does
not contain any features that restrict its use to that application. On
the contrary, the primary results of our designing from the start for a
remote installation would be beneficial to any seismic station. Low
power, small size, high reliability, and the on-site adjustment uf crit-

ical parameters would be useful in any foreseeable detector application.
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SECTION 2

USO SYSTEM OVERVIEW

The Unattended Seismic Observatory (USO) was intended to be a
self-contained automatic system for the acquisition,
transmission of seismic data.

recording, and
Earth motion would be sensed along three
orthogonal axes (vertical, north, and east), in each of two frequency
bands: 1long period (< 0.1 Hz), and short period (> 0.2 Hz). We assumed
that the seismometers would have similar response curves to those spec-
ified in the Seismic Research Observatory (SRO) "request for proposals",
shown in Figure 2-1 (on the far left). These responses may be obtained
from separate long- and short-period instruments, or they may be sepa-

rate long- and short-period filters acting on broad-band sensors.

The seismometers would be mounted approximately 1000 feet under-

ground in a 7-inch (nominal) diameter borehole. The seismometer outputs

would be digitized and recorded on a single magnetic tape in a format

permitting easy data recovery and time decoding. The entire USO system

would be sealed with an anti-intrusion system, and the data passed

through an authenticator circuit. Data retrieval would be accomplished

through pericdic tape pickup or, perhaps, through satellite transmission
to a central receiving station.

The system would operate in the following manner (see Figure 2-1).
Fach long-period channel would be sampled once per second. This pro-
vides an adequate representation of the signal at a low enough data rate
to allow continuous recording of the three long

short-period channels, however,

-period channels. The
require a higher sampling rate to cap-

ture their higher frequency information. A 20-Hz sample rate appears

to be a suitable compromise between signal fidelity and tape usage.
This rate, however, still uses 20 times as much tape as the long-period
channels. While we intended to record long-period data continuously,

we felt that some method of screening the short-period data for interest-
ing information was justified.

A ne s
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We therefore planned to incorporate an event detector into our de-
sign for the short-pericd channels. This circuit would be able to screen
the irncoming short-period data, detect the events of interest (earth-
quakes and underground nuclear explosicns), and signal the recorders.
This would allow us to save considerable magnctic tape, "compress" the
data for transmission, and reduce later processing at a central receiv-

iny station monitoring a number of remote USOs.

We wanted to use analog event det 'ctor circuitry for reasons of
simplicity and reliability. Since we intended to record our data dig-
itally after transmitting it up from the borehole, placing the analog-
to-digital (A/D) converter down-hole with the seismometers made sense.
This arrangement inplied that the event detector be mounted down-hole

operating on the analog data before conversion.

Since any event detector would take a finite amount of time to
respond, the actual detector signal to start recording would occur after
the beginning of an event. The "first motion" is important in analyzing
the data, as is the pre-event noise level. Rather than miss these sig-
nals entirely, we planned to save 30 seconds of past data while the
event detector reacted. All the short-period data would be digitized
and routed through a shift-register "delay line". When an event was
declared, the recorder would be turned on, catching the end of the
shift-register data. When no event was sensed, the register would be

allowed to overflow (dumping the background noise data).

All of the data worth recording (long-period signals and short-
period events) would be formatted in accordance with an anti-intrusion
and authentication circvit developed by Sandia Corporation. If such a
device is incorporated, we will essentially input our data to it, and
receive a signal to record and transmit from it. It will have power
and space requirements also, but these are considered outside of the
scope cf this report. We will, therefore, describe our system without
reference to the authenticator; it may be incorporated or omitted at

will.”

The final data form may be transmitted via satellite for use at a

central receiving station. At present, the power and cost requirements

*
The formatting of our data into 1024-bit blocks for input to the
authenticator will be described in a subsequent report.

g L e s B S B — ki sk L

SaBufa shns g el el e i el oope il ke Bt L




‘weisks OSN 103 uwSPYP YOOT@ ‘-z SaINBYL

TN LY N eyl ttear Cmame -
P ST M7 e cua v - Ve P - Py |

“um

TR :..J

L]
i -
- — lﬁ'c et wuw

. i
i
) ”_ .M..h..nlﬂ_ _l P
AN 2L ) ) SUR S
] i | L=ty n_ e
L R S
s R .

Rl < P | e
PP I =
; .n,h...f“.wﬂu...ﬂ_ _lr..NL

Syhe (oomg




INSTRUMINTS e

ol AL R LR

INTRIACL Plab w0 i

|
| | E—
LlmE M EIG0 | %
i R
pite ANTI ALIRBIRD FILTER [ r
si | WUTTERWORT : o
. e L LEY
L. 3 | ™ b BT
i L] |
e s | A J | S
) W '—|
T YRl | B —_— —
| S g s L L TS
ki | [ —
- . == — e g | Ll
| | l g At r
| C——
. = ] L]
W bk ey b S R vy i . _f_

i ) [l i
Liide ik =
| e L0Rad vseaiam ErCrvEe
S N i P
| — B —
| | ML T RIS e
; ! w [ L L0
! it r"‘ _| r
: r = i '? Eq .
| : ! e L_
HOAT FERIOD [ [ A
P T 1 =2
i | | ANTS BLMALIAG FILTER
AL g !_HlTlllﬂI"‘lﬂ ——
| 711 E—
e~ Tl L]
ol II T3 sy A | LRI TRLR VL k1

] I LT e |
|Hlmu|n|-t- i e 7

1 8
| ey
LR T o | | T,
L 1 [
il - - b i L
T— F '""U:"

Wt
i hngae o e k1

.-.-f

A
.
L
tl
i
|
s ot
megs

= |yt 1! |
I LU

e ——

! PaLOUL Y SILLT RN L At s -
[T LS Bainas
=y ain | " L | 5
r AL 1 T —| | iy
TR - | R i o | b | J
o ey | = RO | e .I-'. L ::l.:..; | | o p—
| 1 i | |
! I i "0 Bl B Y I' .[ J e I+ "=
wl N e I T Tt e L] FIR L s m [ | |
i A AR A w T 1y o
| i L R
| b b o il r L iy W
! i
AR |
Pt
_ s —_— ' | ARG i) SRR -
I | W,.l__‘l —
= i == =Sy .
v R B s BRI T .
| piza 0 N, | 11 ViiadnL R B L mlE L |
il LT TR LRI Bl RALiE |
Lo - I . o 1 6
[y o | M.
= - HONIZONTAL = i o I R ¥
| - — LTI L J T J-l — !
| | G e | b f
| - dnikiiis e 20 tu | i
1 5
i i TR LY
1 FREGUUL Y SELCTHUTERS LONG TRM AVERAGERS, GAL AMPLITE ;& | 1 | i
A IMRESHOLD LOMPARATORS ARE 10 8t 311t ADIUS IRLE X [ el = = q
T ORI SLOPES SPILKFELD NY NUMBLR OF POLES -—

B SHOHI PO0U AUASING TRy - 30 G or nesSEL 10 0

vALUATEY

LG AT 3 ek

A i) DUTILTOR PALEALE MOUKTED O 1UP UF SEISMOMETER
PALKAGL AT 1 BOTHOM OF & T 00 CASENG ABOUT SO0 F1LLT

D07, SuRlAL)

Figure

2=1,

Block diagram for US0 system,




ko ¥ 1 CIE PIL

[ T 1 T cata s
Bl Akt 6 LR IRFERIACL 1
|.. 1 P I 1 ———-] l[
LI Lo | ||

..|.-|wu] --1 kg ik . w—

b le 10 LLLMETHY STORALE 11BDY
!

- e | * i - e g AL G
+ P 1 e R
5 = 4 i |
— a e s
L - a i
~ + . o T = e
| B v |

ln
| L) L)

_1_

L

Ry A
e | kit g ! at e
——— ] i
|t — el . |
_l - UL L L I T o gy |
L s B P
=] L | e BRI
Limeta | D A A | L]

- — 1

R e UL WL
At kd R

o, 1 DG T | MRS,

| Il
I
| | e, S N
|
— ||
| |
LI_ —— — —_————— 1 [ VINI DUTLC VO
| P — - = S—— = —_| PROCRAM
—— — e e = — — ity
e 1
JUMLIR
NAR
vacnact - |1
INs10eF 00 | PIIHAD
CASING '
1]

PR e N iy

G ol v i L fllala. . s s Ul e il b



mprpm

T et crmery s

of the transmitter far outweigh those of the rest of the station,

periodic tape pickup may be a better choice for the primary me
data retrieva’.

and

ans of

The main thrust of our work has been in the event-detection por-

tion of the unattended seismic observatory. However, the event detector

ve developed would be uscful in any seismic data retrieval system and

may be regarded as a self-contained device. The savings in magnetic

tape, strip-chart recorder paper, and analysts' time would make it an

attractive option even for a manned observatory.
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SECTION 3

EVENT DETECTION

3.1 Theorx

A great deal of theory exists for event detection. This section
will summarize the relevant theoretical results, design an "optimum"
detector for seismic signals, and describe the approximations that we
found practical to make in our seismic event detector.

3.1.1 Detection of a Known Signal in White Noise

Let us suppose that we are trying to use a received signal z(t)

to determine whether or not a known signal s(t) was transmitted over a

noisy channel during the time interval 0 £ t < T. Then there exist
two hypotheses (Hl and H2) concerning what might have occurred in the
interval:

H

z(t)

1 VA s(t) + n(t), for 0 9% o

H

2 z(t) = n(t) . for o <tx<rT

where s(t) is a known signal and n(t) is a zero-mean white Gaussian
*
Nolse process with a correlation function of

E {nit) n(1)} = R §(t-1)
3
We let j' s"(t) dt = 1 for convenience, so that A represents the trans-
o

mitted signal energy, and n(t) can be thought of as measurement (channel)
noise.

*where E{ } is the expectation operator and § is the Dirac delta func-
tion. This is the standard definition of white noise in the time
domain. The reader may be more familiar with the equivalent definition
of a "flat frequency spectrum" of height R.

P
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Then, because of the whiteness (lack of time correlation) of n(t),
we can fird a function of the measurement z(t) that incorporates all cof
E the information needed to select a hypothesis. This function, 27, of
J

z(c) is often called a "sufficient statistic", and for our problem it
E may be shown to be(l)*
E

T
L = _[ s(t) z(t) dt

o
. This design is often called a correlation receiver, since it cor-
relates the transmitted signal s(t) with the received signal z(t).
Once ¢” is obtained, the decision is made on the basis of

If L7 > n” VA, choose H, to be true;

otherwise, choose H2

where 1”° represents an adjustable "threshold", dependent on our evalua-
tion of the costs of making a mistake on our choice of hypotheses. For
instance, if our declaring H1 to be true when H2 really occurred (a
"false alarm") is very costly to us, we may make n~ very large so that
3 Hl is seldom chosen. Similarly, if the most risk lies in missing an
event, we may make n” very small so that Hl is chosen often.
venience, we multiply both £° and n“ by % (forming 2 and n, respectively;
to arrive at an equivalent test, shown in Figure 3-1.

For con-

T SAMPLE AT
7in) 1 T
= ) dt b—— 5

s{t) 0

It 8> 15 + /A, choose Hy-

Figure 3-1, Operation of ideal receiver,

3.1.2 Detection of an Unknown Signal in White Noise

We may now generalize the results above to the case where s(t) is
completely unknown. Intuitively, we should expect similar results if
we replace s(t) in the receiver above with our best estimate of s(t).
Since s(t) is unknown, a reasonable estimate of s(t)

signal z(t). The detector statistic i: thus

is the received

T
g = % : { [z(t)]12 at

*

Superscript numerals refer to similarly numbered references in the
List of References.




If a signal is present (Hl), % approximates A + R, where 2 is the
(unknown) signal energy, and R is the energy of the white noise. If no
signal is present (H2), ¢ approximates R alone. A suitable test would
therefore be:

If & > n R, choose H]

otherwise choose H2

That is, if our statistic & is sufficiently greater than the expected
noise energy, R, we conclude "something else" (our signal) was present

in addition to n(t) during the measurement interval 0 < t < T.

3.1.3 Practical Constraints

We now attempt to simplify computation of the detector statistic,
t, above. The squaring of z(t) before its integration would require
very good (expensive) analog components or excessive digital computa-
tion time. IBM, in their investigation of an event detector design,(z)
found that they could effectively approximate the squaring function

with a full-wave rectifier, 1i.e.,

[z(£)12 ~ |z(t) |

This cpproximation becomes poorer as the signal-to-noise (energy) ratio
increases. For a good event detector, however, operating with signal-

to-noise ratios near 1, t.e approximation was deemed worthwnile.

The time averagiig of the rectified signal may also be simplified.
Since we are looking for a seismic wave front in real time, we can as-
sume that measurements far in the past are of less value than those im-
mediately before the current time. We may, therefore, c:iponentially
weight the rectified received signal and integrate the weighted value.
This would allow a simple low-pass filter to be used in place of the

pure integrator. Our sufficient statistic then becomes

1
T ?(T—t)

[ e

o]

lz(t)| ax

And the detector thus looks like Figure 3-2 (in the Laplace domain).
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If £2> 1 * R, decitie “an event has recently begun’.
Figure 3-2, Operation of a practical event detector,

In the case of seismic event detection, the noise energy, R, may vary
from day to day. We chose to estimate R dynamically and built this
feature into our detector in the following manner. We put the signal
z(s) through an operation identical to that above, this time ending
with a very low-pass filter (long 1). Thus, we observe a "signal
energy" £, and a "noise energy" in the dc component of 2. If &
increases by a suitable factor, n, in a short period of time, we con-

clude thut a seismic event has recently occurred.

For simplicity, and because the 1 for the noise estimate is much
longer than the 1 for the signal, we simply stack the noise low-pass
filter after the signal low-pass filter. By convention, the signal out
of the first low-pass filter, our signal energy estimate, is called the
"Short-Term Average" (STA), while the second filter's output, our noise
estimate, is known as the "Long-Term Average" {(LTA). Our detector

criterion is

If ETR n, then decide that "an event has

LTA - recently begun"

3.1.4 Band-Pass Filtering

One remaining teature of our event detector which should be dis-

cussed is the band-pass filter. It was felt that the raw seismometer

output (on a short-period instrument) was not the best possible signal
for event detection. A seismic event may start as a pure pressure
pulse, quickly generating pressure and shear waves in a wide frequency
band. The mantle of the earth, however, acts as a low-pass filter on
these waveforms, rapidly attenuating the higher frequencies with dis-
tance. Indeed, above 10 Hz almost all recorded signals are due to
local "cultural" noise (e.g., trucks),.
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On the low-frequency end of the short-period

Seismometer's response
is the 0.16-Hz

(6-second) microseism region,

We are thus led to consider
the band between 0.2 and 10 Hz. Wwe

have found that the best signal-to-
©rs appears to exist around 1 Hz. A
events exists above this figure,

in these cases there appears to be suitable energy in the 1-Hz
to ensure detection.

noise ratio for vertical seismomet

lot of energy from "close-in" but even

region
For teleseisms seen on the

vertical channel, the
1-Hz region appears optimum.

For the horizontal channels, since shear
waves suffer a greater attenuation with distance

than pressure waves,
a frequency slightly lower than 1 Hgz might be bet

ter,
In light of these ideas, we felt that a band

output would provide a better signal-to
for detection.

-passed seismometer
-noise ratio than the raw signal
We therefore used band-pass filters with a 1-Hz center
frequency (-3 dB points at +1 octave) for our vertical channel event de-

tector, and with a 1/2-Hz center frequency (-3 dB points at +1 octave
also) for the horizontal channels.

The description of our event detector design is now nearly com-

The vertical-channel seismometer output is band-~
rec:ified,

plete. pass filtered,

and passed through two low-pass filters (sTa and LTA)
eénergy computations. When the STA is greater than n - LTA,
declared.

for

an event is

We also use a nearly identical detector (diffevent center fre-

quency and n) on each of the two orthogonal horizental channels. 1In-

dependent horizontal detectors were regarded as optimum for the det

ec-
tion of events on one axis, while s

uffering only a 3-dB (v/2) detection

-noise ratio for events at 45° angles to the
seismometers. Furthermore,

dagradation in signal-to

we thought that two independent horizontal
detectors were less susceptible to failure than a sin

gle (composite)
unit. Thus,

our design incorporates three independent event detectors

of identical design, with the pProvision made for separate parameter ad-

justment of the center frequencies,

thresholds and time constants on
each of the units.

3.2 Detector Design Verification

3.2.1 Data Tape

In an attempt to get a baseline for event detector performance,
composite magnetic tape of five seismic events {

a

explosions and earth-
quakes) was made from the data library at Lincoln Laboratory for use

Ehatc 1 1 TR e
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with a computer simulation of our design. The 40-minute tap. represented
a wide range of signal strengths in events from 3 *o 1. degrees from the
recording seismometer in the LASA array in Montana.(z) The four data 3
channels on the tape included two vertical and two horizontal short-
period sensors, with the horizontal units at the same location in the

array as the second vertical channel. The events are listed in Table 3-1.

Table 3-1. Events on test tape.

Event Type Location A (degrees) Magnitude f
1 Earthquake Montana 5.6 4.2 k
2 Quarry Blast British Columbia 6.5 4,4% j
3 Quarry Blast British Columbia 6.5 5.0%
4 Earthquake Yellowstone 3.5 4.2
5 Nuclear Test Nevada 12.0 5.3

*
These magnitudes were derived from only a few local stations; the
signals as received were quite small.

3.2.2 Detector Simulation

A FORTRAN program was written to filter this tape and compute
short- and long-term average energy levels (STA and LTA, respectively),
then display their quotient STA/LTA versus time. It was felt that this
would provide the most useful information for evaluating different de- g
tector designs. The program effectively simulated the event detector ]

design in our proposal, while beir.y general enough to incorporate other
designs for comparison.

3.2.3 Simulation Results

T

The preliminary results were encouraging. The vertical-channel :
"triggers" were sharp and large (see Figure 3-3). The horizontal 3
triggers were not as large for these close-in events, but it was felt
that this would improve as we looked at events further away, where the .
time difference between P- and S-waves is greater, so that the S-wave i
detector would not be misled by the horizontal component of the P

-wave.
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Figure 3-3., Computer simulation of event detector operation.

15




|
|

.

B T S AR ST S T . LM ¥ — T R QT PIAE VT oy e e e e e v e T

3.3 Event Duration Control

3.3.1 Delay Line for Pre-Event Recording

The purpose of our event detector is the detection and recording
of seismic events. Considering the importance of the "first motion"
received from each signal, and knowing that our detector would not de-
tect the first few seconds of an event (time is needed for the STA to
respond), we felt that a certain amount of data immediately preceding
event declaration would have to be rucorded. This is accomplished
through use of a 30-second digital "delay line". All short-period
seismic data (after anti-alias filtering) is sampled and converted to
a digital format (l6-bit data words sampled at a 20-Hz rate per channel).
These data words are sent throagh a shift register capable of holding 30
seconds worth of data. As soon as an event is declared, the output of
the shift register is recorded (normally, when no event is sensed, the
output is dumped), while "new" information is still pumped through the
register 30 seconds "late".

3.3.2 "End-of-Event" Detection

The second problem conceriing the data recording is the question
of when to turn off the recorders: end-of-event detection. An event
could be declared "over" when the computed sigr.al-to-noise ratio (STA/
LTA) falls below n. However, during an event of any significant size,
the event energy would enter the LTA, causing it to indicate a far
higher value than the real background noise level. In an attempt to
find a better indic-tion of when an event was over, we decided to "freeze"
the LTA when an event was declared. Thus the signal energy would have to ;
fall below — or wi“ain n of — the pre-event noise level in order to shut
off. Our first full event detector (for one channel) is shown in Fig- 1
ure 3-4. %

3.4 First Vela Test Series E

3.4.1 Description of Test

This design was incorporated in a breadboard circuit and tested on
(analog) recorded events at the Vela Seismological Center in Alexandria,

Virginia in early September 1973. We wanted to use recorded events be-
cause we wanted a repeatable test input with which to evaluate different §
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COMMAND WHEN EVENT A>B

EVENT DECLARED

Figure 3-4, 1Initial event detector design,

settings of our adjustable parameters. The Vela Center has an excellent
tape library from which we selected a series of recordings from differ-
ent stations. We selected recordings of three channels of simultaneous
data so that the relative trigger times of the horizontal and vertical

detectors could be investigated.

The prototype of our design is shown in Figure 3-5. We played
back the racorded signals through Vela equipment and input the three
raw data channels to our device. We used a commercial digital voltmeter
(also illustrated) for the A/D conversion necessary for freezing the LTA.
Our breadboard output was sent to a strip-chart recorder where we re-
corded the raw data, STA, LTA, and (binary) trigger signal for each chan-
nel in addition to the event duration signal and a timing channel.

(Examples of our recorded data appear in Appendix D.)

The event duration signal for this prototype only relied on the
frozen LTA from the channel which first triggered a particular event.
Our proposed system would utilize three event duration signals and con-
tinue recording for as long as any one indicated an event was still in
progress. This feature is currently under investigation, and may be in-
cluded in a later prototype if time permits. (See Section 5.2.6 for

further discussion.)

The STA
contained more "ripple" during an event than was expected, so that a

The initial test results were not entirely satisfactory.

valley in the STA, hardly representing the end of the event, would cause

a premature shutoff. The peak after this valley would often turn the

17




A/D CONVERTER

Figure 3-5. Event detector breadboard.

system on again, but by then the LTA had built up during the period
since the event started, so that the second turnon froze an artificially

high noise estimate.

In order to derive a more reliable turn-off signal, the breadboard
was modified at Alexandria to compare the LTA (real) with the frozen LTA
for the turn-off criteria. This scheme is shown in Figure 3-6. The
turn-on indication was not changed, but once an event was declared, the
LTA was sent to the comparator (as "A" in the figure) instead of the STA.
Then the system would turn off when the long-term energy approached the

pre-event noise level.

18
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Figure 3-6. Modified shut-off logic,

Unfortunately, in the original system, the threshold was used to
attenuate the STA, rather than amplify the LTA, and we could only modify
the system to that shown above within the allotted time. We would have
liked some attenuation of LTA (real) during an event so that the noise
need only approach, not go below, its prior value to turn off the sys-
tem. This situation was alleviated somewhat in the breadboard due to a
1 to 2-second delay in the sample/hold, so that the LTA increased a
little before being frozen (if an event was there). This is not con-
sidered ideal (since a false alarm would result in much tape loss wait-
ing for the noise level to decrease), and we are currently investigating
alternatives for an operational system (see Section 5.1). Nonetheless,

much useful information was gained with the configuration of Figure 3-6.

At first, with T, = 50 seconds (LTA), the system waited too long
after the end of an event before shutting off. Our previous tests at
Lincoln Laboratory had indicated that T, = 50 seconds provided a good
detect criteria, however, and we thought that T2 = 10 seconds would be
too short, since an "emerging” event (one with a slow buildup) would
cause the LTA to rise almost as quickly as the STA. We were able to
modify the vertical channel (the most accessible) to include the inter-
mediate values of 1., = 17 and 1., = 37 seconds, at the expense of the

2 2

unused very long-term T, = 160 seconds. In our remaining tests at Vela,

T, = 17 seconds appeared to give good results for turnon, and yet died

2
down quickly enough after an event to provide a good end-of-event indi-
cation. This also meant that the system was "ready" to pick up a sec-
ond event on the tail of the first (as it did with a Philippine earth-

quake after a Nevada test).
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The final modification to be made at Alexandria was the alteration
of the threshold (n) range. We originally considered the options of
n =26, 12, and 18 dB (a factor of 2, 4, and 8). Our preliminary results
indicated that n = 12 dB virtually turned off the system for events of
magnitude less than 5, and n = 18 dB was not needed. On the horizontal
channels, with n = 6 dB the detector declared too many false alarms, and
with n = 12 dB it caught very few events. We were able to modify the
vertical channel to give n = 6, 9.7, and 12 dB; and n = 9.7 dB proved
to be very good in our tests.

3.4.2 Test Conclusions

From this first round of Alexandria tests (see Table 3-2), we
verified the detection criteria for a wide range of events and stations.
We discovered that our short-term average did not provide a good turn-
off indication, but that the long-term average did. And we learned we
could narrow our parameter ranges for n and TLTA significantly, thereby
getting a finer division of the new range for a given number of select-
able options. The next modifications to the event detector .nclude the
incorporation of a time delay on the turn-on signal to minimize the
detector's sensitivity to noise pulses, by ensuring that the STA is
greater than n - LTA for a certain time lag before declaring an event.
The encouraging results of this change, along with a discussion of
future topics for investigation, may be found in Section 5. The next

section outlines a USO system design using the event detector at this
stage of development.
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Table 3-2.

First Vela test summary.

Threshold Levels (dB) 6 12
South of Honshu
10:38:15 MB =+4.5
RKON (86.4) \Y 00
TFO (86.8) NA 00
Guatemala
10:54:39 MB = 4.1
RKON (37.5) v NA
TFO (27.7) NA 00
California
10:59:17.5 MB = 5,2
RKON (27.4) v 00
TFO (7.9) X NA
Honshu
12:24:08.8 MB = 5.6
RKON (77.4) X NA
TFO (80.0) X X*
California
12:24:35.9 MB = 4.2
RKON (24.8) NA 00
TFO (3.9) NA NA
E. South Nevada
17:30 Merlin
10 KT
RKON (21.0) X X*
TFO (4.8) X X*
Nevada "After Shock"
x 17:49%*
RKON NA 0 00
TFO X \Y NA
Philippine
17:49:02.9 MB = 5.3
RKON (111.7) NA 00
TFO (110.9) \Y/ 00
* .
Very large signal
* K
Very small signal
+V = detection; X = implied detection; 0 = miss; 00 im=-

plied miss; Time .s GMT; RKON

Forest; MB = body magnitude, NA

Ontario; TFO = Tonto
not tested, and numbers

in parentheses represent degrees from the source to the
receiving station.
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SECTION 4

DETAILED CIRCUIT DESIGN

This chapter will describe the detaila:d circuit design and analysis
undertaken for parts of the USO system described in Section 2. Certain
features (the anti-aliasing filters, event detectors, and A/D converter)
have been investigated thoroughly, and there exists a high degree of

confidence in the proposed approach.

The filter responses and block diagram in Appendices A and B may
prove useful in understanding the following discussion.

4.1 Anti-Aliasing Filters

Filters are needed to limit the output signals from the six seis-
mometers before sampling for analog-to~digital (A/D) conversion. The
information from a sampled input can only be acturately recovered if
the input signal bandwidth is limited to one-half of the sampling fre-
quency. Signals greater than this limit produce "aliasing" in the
digitized data, hence low-pass filters are used before A/D conversion.

For the long-period seismometers, a five-pole Butterworth low-
pass filter will be employed with a -3 dB frequency of 0.1 Hz. Thi=
will provide 100 dB of attenuation at the sample frequency of 1.0 Hgz
(70 dB at 0.5 Hz).

Two possible filters are under consideration for the short-period
signals. One is a five-~pole Butterworth low-pass filter with a -3 dB
frequency of 10 Hz. This filter would provide maximum "flatness" in the
passband and a sharp rolloff beyond the break frequency. The other
filter being considered is a three-pole Bessel (Gaussian) filter with
a -3 dB frequency of 0.8 Hz. This circuit would provide a more linear
phase curve than the Butterworth filter, but the rolloff begins at a
lower frequency and is not as sharp. The decision of which filter to
use will be based on the ease of data-recovery when the tapes are pro-
cessed.
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4.2 A/D Conversion

The outputs of the aliasing filters are sent to a six-channel
time-shared analog multiplexer. Sampling of the long-period data occurs
at 2 1 sample/second rate whereas the short~reriod data is sampled at
20 samples/second. When each of these signals is "sampled and held"
it goes through the same two-step analog-to-digital (A/D) conversion

sequence. We will therefore describe the procedure only once.

The A/D converter will be a 12-bit, dual-slope type with self-
calibration circuitry to provide long-term stability. A single-polarity
A/D converter currently in use in an operational aerospace system can
be used with few modifications. In order to convert both polarities
of input voltages, 1/2 of the full-scale voltage will he added to the
input prior to conversior. This will provide a digital output of 11
data bits and 1 polarity bit.

In addition to the basic A/D converter, a selectable-gain amplifier
will be used to extend the dynamic range of the conversion. A 9-range
binary-gain amplifier can extend the dynamic range to 120 dB (the equi-
valent of a 20-bit A/D converter), while the amplifier gain may be
coded easily in 4 bits, so that the total data word is only 16 bits long.
(The resolution is still only 12 bits, however.) This is accomplished
by a 2-step conversion at each data point. The first conversion deter-~
mines the binary amplifier gain needed so that the digitized signal is
within 6 dB of the full-scale range of the A/D converter for the second
conversion. This is analogous to picking the correct scale on a volt-
meter: the first reading, done on the lowest scale, determines which

scale to use for the second reading to get the most resolution without
overloading the meter.

The converter we are considering has a maximum conversion time of
1.6 milliseconds (3.2 milliseconds for our double conversion) allowing
300 words to be digitized each second. We currently use only 63 words
per second (and may need 3 more to digitize the long-term averages~LTA)
so that the remaining capability may be used for self-calibration.
Using this approach, the only component contributing to short-term
drift is the zener reference diode in the converter. This would yield
a maximum drift rate of about 5 ppm/month.
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4.3 Event Detector

The event detector consists of three single-channel signal-to-noise
ratio comparators and aporopriate digital logic to provide an “event
duration signal." The "event duration signal" with appropriate prior

history, will control the recording of the selsmogram.

Each channel of the signal-to-noise ratio detector consists of a
gain amplifier, a band-pass filter, full-wave rectifier, short-term
averager, long-term averager, signal-to-noise threshold comparator and
a sample-and-hold circuit. The band-pass filter is a three-pole Butter-
worth filter with a passband of two octaves. Using two switches, one
can select the center frequency of the filter from three choices. Thus,
for the vertical-channel (P-wave) filter a center frecuency of 0.5 Hz
1.0 Hz, or 2.0 Hz can be selected. This allows on-site selection of the
detection frequency to minimize the effects of backgroutd noise at a
particular site. With each choice of center frequency, the filter has
-3 dB gain points one octave above and below the center with -18 dB/
octave (3-pole) rolloffs on each side nf the pascoand. Appendix B

represents the actual responses of the filters in our breadboard circuit.

Attempting to get an estimate of the energy in this passband, we
use a full-wave rectifier followed by a low-pass filter (the "short-term
averager"' on the bandpassed signal. The rectifier used in this cir-
cuit employs two operational amplifiers and associated diodes and resis-
tors to eliminate the usual problem of 0.6-volt diode drops. Using this
precision rectifier, signals under 10 millivolts can be rectified. The
second operational amplifier in the rectifier is also used as the short-

term averager with an averaging time constant of 1 second. This outputs
our STA signal.

The output of the short-term average is then averaged with a
longer time constant. This parameter will be site-selectable from
10, 20, 30, or 40 seconds. This signal becomes the "long-term average"
(LTA) which is used as our estimate of the background noise.

The basic event detection mechanism is triggered when the ratio
of the short-term average (STA) to the long-term average (LTA) exceeds
a selected threshold on any of the three channels. This threshold is
detected by sensing the polarity of the expression R(STA) - (LTA) where
R = 0.5, 0.4, 0.3, or 0.27 corresponding to a "signal-to-noise ratio"
(1/R) of 6.0, 7.83, 10.12, or 11.3 dB, respectively. This operation
is performed by attenuating the short-term average by the selected

factor (R) and comparing this signal with the magnitude of the long-
term averare.
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The assumed cirteria for an event to exist was that the ratio of

"signal" (STA) to "noisge" (LTA) for one of the channels remained above
the selected threshold. However, since the long-term average will build
up during an event, this signal does not continue to represent the
"background noise," but rather a higher value. It is necessary to
freeze the value of the long-term average at the beginning of an event
to preserve a true average background noise. Several methods are undo--
consideration for the sample-and-hold circuit which is required to
retain the pre-event long-term average. Our current solution to this
problem is to use a counter, D/A converter, comparator and three-
channel multiplexer to hold the LTA of the channel which triggers first.

When one of the signal-to-noise ratio detectors indicates an event,
the analog multiplexer feeds the long-term average of the triggered
channel to the input of the sample-and-hold. The output of the sample-
and-hold is continuously compared with the current LTA, and the event
is considered "over" when the long-term average returns to its pre-
event level (retained by the sample-and-hold). To avoid recording too
long after the end of an event, we wanted to store a slightly higher
value in the sample-and-hold than the LTA at the instant an event began.
Ideally, we would have amplified the LTA by a fixed gain just before
storage, but this proved impractical in the development time available.
As an alternate approach, used in our testing program, we waited 1 or
2 seconds after an event was triggered, letting the LTA build up, before
storage. The obvious drawback to this scheme is that during a false
alarm, when nc¢ event is present, the LTA does not build up, and the
system waits too long before shutting off the recorder.

The simulated operation of the event detector is shown in Figure
4-1. There would be one such detector on each short-period seisomometer
output.

4.4 30-Second Buffer Memory

In order to preserve the beginning of an event while the detector
takes time to respond, we plan to pass all short-period data through a
digital delay line in the form of a static shift register. The data
arrives as 16-bit words from the A/D converter. Each of the three
channels produces 20 words per second, so that 960 bits per second are
fed to the shift register. 2 30-second delay line was felt to be suf-
ficient for our needs, so that a 28,800-bit shift register would be

required.
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For high reliablilty and low power, we planned upon using MOS
(metal oxide semiconductor) memory elements, preferably CMOS (Compli-
mentary MOS). CMOS registers, while offering a two-order-of-magnitude
savings in power, are currently only available in 64 bits-per-package
sizes, while the MOS type may be found, at much lower cost, in 1024-bit
packages.

We investigated the feasibility of placing 16 CMOS devices (a 64-
b.t RCA type) in a single package, and three manufacturers were contacted
for price quotations. Appendix C contains a copy of the letter sent to
RCA, Halex Inc., and ILC Data Device Corp., along with a summary of their
replies. RCA provided the lowest volume-per-bit ratio and the lowest
cost in quantity production.

A summary of our component comparisons is given in Table 4-1. fThe
first entry is a MOS 1024-bit package, and 29 units would be needed for
the memory. The second and third entries are smaller capacity CMOS
devices, with many more being needed for the system. The fourth com-
ponent is an RCA packaging of their own devi~es. The final decision
vould seem to be between the first and fourth packages. The second and
third entries have costs within 25 percent of that of the fourth device,

but require many more assembly and test operations (in final assembly).

4.5 Station Timekeeping

Timing information will be vital to the interpretation of the
recorded seismic data from the USO. We plan to use a temperature-
compensated crystal oscillator as the primary clock for the entire
station. uch clocks typically have frequency drifts of less than 1
part in 107 per day, accomplishing this without the added power usage
of a temperature-controlled oven. In addition to an accurate frequency
standard, accurate station time (and time synchronous with other USO
stations) would seem to require that provision be made for occasional

clock updating.

4.6 Tape Recorder

Two identical tape recorders will be employed at each USO to pro-
vide a continuous, permanent data record. Only one recorder will be
operated at any one time, record.asj all long-period data and all short-
period events, along with an occasional station ID and time code.*

*
The authenticator circuit developed by Sandia Corp. may make provi-

sions for time information once in every 1024 bits of data. If this
authenticator is used, we will schedule the time codes accordingly.
This area will be discussed further in our following report.

28




pai b o i L L

B T T

) RS A CRL Ty e

3saybrty v0°0 0°62 62 v2O0T abeyoed/sdtyo GCT+ S + HYTE0PAD
SOWD 5T | 03 96— (SOWD) ¥dd ¥
STPPTIW MOT 00 ¢ 66 0S¥ v9 abeyoed ety | gzT+ S + AYTEOY ad
PeST-9T | 03 GG- (SOWD) vd¥ ¢
STPPTW YbTIH v0-0 0°LS Y44 ¥9 Tenda |uTT SCT+ S + (SONWD)
urT [enp | 03 GG- IYLTISYTION
utd-91 BPTOIOION 2
3samoT A 2 b€ 62 veot dryo 0L+ z1- (sow) €gs2
utd-g o3 0 S + sot139aubrgs I
(swa3sAs osn | (s3zem) | (_utr) |paatnbey (5.)
[4 abesoeg o (A) paatnbey
ZZ uo paseq) Iamog eIy seoTA3(Q abeyoeg abuey @dT1ABC
/sa1g sat11ddng xamog
buTtaey 3s0) Te3oq Te3lol JO -CN duwayg,

*uosTIedwod jJusuodwod AIowau puodss-Q¢

‘T-¢ ST9el

29




The second recorder will be used when the first is malfunctioning or

out of tape. During this period, the tape may be changed on the first

unit without loss of any data.

The data words themselves provide timing information, with each
long-period block (3 words: 1 per channel) indicating a l-second time
increment. Similarly, the number of short-period 3-word blocks until
the next long-period block indicates the start time of short-period
recording (displaced exactly 30 seconds by the delay line) to the

nearest 0.05 seconds (20 blocks-per-second sample rate).

4.7 Power Budget

The power budget is summarized in Table 4-2. It covers the event
detector electronics located down-hole and is predicted to be approxi-
mately 2.4 watts. This assumes that the 30-second buffer memory for
short-period data consists of CMOS devices; if Signetics-type MOS
memory is employed, the predicted power consumption will be approxi-
mately 7.5 watts. This does not appear to create undue heat-dissipation

problems down-hole.

4.8 Summar

This chapter, in conjunction with the block diagram and circuit
diagrams in the appendices, has described our event detector design.
We have also outlined the more important components of the USO that
need to be assembled to complete a station design. Table 4-3 summarizes
the characteristics of our design at this stage of development.

S Py RV LT - Y T TP
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Table 4-3. Performance characteristics of the event detector.

(1) feismometer Interface
) a) Low noise devices and appropriate ground transfer to be
:
. employed.

4 (2)  Anti-Aliasing Filter

: (a) Long period

f (i) Type 5th order Butterworth
(ii) Break frequency 0.1 Hz
(iii) Passband ripple <+3 dB

(b) Short period

PR e L

(1) Type 5th order Butterworth
(ii) Break freyuency 10 Hz
(iii) Passband ripple < +3 dB
(3) Analog-to-Digital Converter
(a) Type Dual slope integration with

self calibration
(b) Number of bits Sign plus 11 binary bits

(c) Conversion time 1.6 ms

2al ik e o

ti (4) Binary Gain Amplifier

|

(a) Dynamic range 60 dB ;

(b) Coded bits 4 E

(c) Ranges 9 f

(5) Conversion Rates :
(a) Long-period data 3 long-period signals

converted once/second

ohnis

: (b) Short-period data 3 short-period signals

converted 20 times/second

(6) Short-Period Memory

(a) Components MOS/CMOS

(b) Delay capability 30 seconds

(c) Total no. of bits 28,800 bits

(d) Type static-shift register
32
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Table 4-3,.

Performance characteristics of the event detector (continued).

(7)

(8)

(9)

(10)

Short-Period Event Detector

(a)
(b)

(c)
(d)

(e)

(£)

(g9)

(h)

(1)

(3)

Data Transmission

Gain amplifier site-selectable from 10 to 1000.

Independent long-term averager selectable from 10 to 40
seconds.

Independent threshold comparator selectable from 6 to 12 dB.

Independent narrow-band frequency select capability 0.5, 1,

and 2 Hz for the vertical channel.

Independent narrow-band frequency select capability of 0.25,
0.5, and 1 Hz for the 2 horiznntal channels.

Selected channel freezes background noise in a digital
manner.

STA/LTA ratio to exceed comparator threshold for a minimum

of 1 2 to 2 seconds in order to minimize the false-alarm rate.

Turnoff (end-of-event signal) controlled by frozen back-
ground noise (LTA) and continually inteqrated long-term
average of the tripped channel.

30 seconds of background noise prior to the start of an
event is recorded.

Automatic reset of end-of-event signal after R minutes of
recording short-period data.

(a) Type Serial data bus

(b) Rate Dependent on recording system

Crystal

(a) Stability 1 part in 107per day

(b) Usage Primary clock for the entire system

Power

(a) Voltages 4 selected regulated voltages for
the event detector system and re-
maining subsystems

(b)

Power 2.4 to 7.5 watts depending on the

choice of 30-second memory type

33

i e




il o s i il Mt e bbb i o g
- Lo e M L W b i e - .
G o T e e Ll s ol o v

A e ibe ) b

. et e

SECTION 5

SECOND SERIES OF TESTS AT VELA

We returned to the Vela Seismological Center in the middle of
October 1973, to test our event detector design with the modifications
described at the end of Section 3. The earlier Vela tests had shown
that the ranges of the selectable time constants ana “hreshold values
could be narrowed. The tests also implied that certain small modifica-
tions might significantly reduce the false-alarm rate, particularly on

the horizontal channels. These modifications were included in the de-
sign discussed in Section 4.

5.1 System Modifications

The principal modification to the detection function was the in-
troduction of a delay circuit after the triggering signal. The STA/LTA
comparator output would hav2 to remain above the threshold n for a spec-
ified time interval (0 to 4 seconds) before the detector would declare
an event. This feature proved very useful in lowering the false-alarm 1
rate without harming our chances of detecting a true event. ¢

We also incorporated a feature to decrease the amount of time that
the detector would be "on" for each event (the amount of data which the
detector would consider worth recording). As discussed earlier, the
detector would signal a "turnoff" when the LTA (long-term average) was
near its pre-event level. This w:1ld not happen until long after an .
event was over, and we wanted to avoid taping the whole recovery period i
of the LTA. 1Ideally, therefore, we would store a higher value (e.gq., g
K * LTA where K > 1) than the pre-event LTA and then compare the current
LTA to this stored level in order to turn off a little earlier. This

scheme, however, was too hard to implement in the time available.

Instead, we were able to perform a similar amplification of the
LTA simply by waiting from 1 to 4 seconds after an event was declared ]
before sampling and storing. This let part of the event energy into
the LTA, causing it to read a higher value than the pre-event background
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noise. The drawback to this method is that, when triggered by a false

alarm, the LTA will not rise as expected, and the system will wait a
long time for a small decrease in the background noise to bring the LTA
below its ambient level. Although this scheme (delay before storing)
did prove useful in evaluating the turn-off criterion it may still be
replaced by an alternate one (amplification before storing) in an opera-

tional system.

With these modifications, the prototype was returned to Vela for
further testing. The test setup was the same as before (see Section 3),
and the results are given below. (Examples of Vela data may be found
in Appendix D.)

5.2 Test Results

5.2.1 Band-’ass Filters

The band-pass filters we used were all three-pole Butterworth
types with -3 dB frequencies at +1 octave from the center frequency.
We chose center frequencies of 1 Hz for the vertical channel filter and
1/2 Hz for the horizontal channels, as explained in Section 3. We also
incorporated alternate band-pass filters as "site-selectable" options
in our final design. The center frequencies for the alternate filters
(two per channel) were one octave above and below the nominal center
frequency for that channel. While the nominal values proved satisfac-
tory in all of our tests, we still recommend that the alternate values
be included in a remote station to adapt the detector to individual
site peculiarities.

On one occasion during our tests, the band-pass filters particu-
larly proved their worth. We were testing the detector on a very large
earthquake "swarm" in the Aleutians (during February 1965), as recorded
at an Aleutian Observatory (Adak Island). The (long-period) surface
waves were still visible on the short-period channels long after the
short-period waves had subsided. The band-pass filters allowed the de-

tector to trigger on an early P wave, shut off after the wave died down,

and trigger again when a second body wave phase (or reflection) was seen. ;
Since the long-period waves would be continually recorded in our station /
design (see Section 2), this short-period selectivity in the detector

is very desirable.
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5.2.2 Energy Averages

In our tests, we used a time constant of 1 second for the short-
term average (STA). This low-pass filter appeared to respond quickly
to the "front" of the seismic wave, without passing excessive ripple
from the rectification of the wave itself.

The long-term average (LTA) time constant had been set at 50 sec- Q*
onds for the early digital computer simulations of our detector design. :
This provided an adeguate noise estimate for good detection. Alternate
time constants of 120 and 10 seconds were included as comparisons, but
they appeared unsatisfactory. The 120-second filter took too long to
recover from an event so that the detector sensitivity to new events
was decreased immediately following a large event. On the other hand,
the 1l0-second filter reacted too quickly, and while 't recovered from
a large event in a reasonable time, it was not different enough from
the STA time constant to provide a good detection ci'iterion.

The modification to our design which compared the LTA to the
frozen LTA for a turn-off indication put new constraints on our time
constant choice. The 50-second time constant was too long for this _
scheme because it caused us to record for too long after each trigger. 3
We therefore investigated the range from 10 to 50 seconds. The second
Vela test series showed that 37 seconds would cause too much recording
on big events, while 10 seconds seemed to hurt the probability of de-~
tecting slowly-emerging (no definable wave-front) events. Our nominal F
value of 20 seconds appeared to be the best compromise, but again we
recommend including alternates (from 10 to 40 seconds) to compensate
for site peculiarities.

5.2.3 Threshold Levels

The original range of threshold values for cur test was 6, 12,
and 18 dB (factors of n = 2, 4, and 8, respectively). Our first tests
at Vela indicated that 6 dB could be used for a very good vertical
channel seismometer without creating too many false alarms, while 12 dB
was high enough to virtually turn off the detector, letting it detect
only the largest of the real events. On the horizontal channels, a !
6-dB threshold yielded too many false alarms for most cases (except &
where our pulse-smoothing was effective — see below), while 12 4B was f
also too high to be effective.
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Our final breadboard design used four values between 6 and 12 4B,
and aside from the expected reduction in triggering rate associated
witnh the higher values, all values appeared useful for some sites. We
therefore recommend the inclusion of the full 6- to 12-dB range in any
operational system, with at least four choices in that range for on-
site "fine tuning".

5.2.4 Digital Smoothing

The first Vela test series revealed a large number of false alarms
on the horizontal chennels at the 6-dB threshold setting. Most of these
false triggers lasted less than a second, while real events tended to
provide a longer-lasting trigger. Thus, we thought that a "smoothing"
circuit — one that only declared an event if 2 channel triggered (STA/
LTA > n) for longer than a preset interval (0 to 4 seconds) — would
help reduce the false-alarm rate.

The test configuration for the second Vela series incorporated :
this feature on all three channels. The most significant improvement !
occurred in the horizontal channels, where false alarms had been more
of a problem. This preset interval ucfore declaring an event may be
called the "minimum trigger time”. The following paragraphs describe
the effect of this smoothing method on our detector for an B-minute
section of tape from the second Vela series.

The results of testing the horizontal detectors on a tape made at
Tonto Forest of an event (S-wave) at Honshu, Japan* are shown in Table
5-1. The results indicate that at a 6-dB threshold level, many false
alarms were generated when no minimum trigger time was used. Increasing
the minimum trigger time to 1/2 second kept any false triggers from be-
ing regarded as events. Increasing the threshold to 8 dB kept any false
triggers (and therefore events) from being generated.

Increasing the minimum trigger time beyond 1 second did not appre-
ciably reduce the false-alarm rate further. Indeed, a 4-second minimum
prevented the detection of a few real everts. The optimum improvement
seemed to occur between 1/2 and 1 second, and we recommend that this

R T

range be investigated more thoroughly.

*
All channels detected the actual event in this section of tape, a Honshu
earthquake on 12/16/65 at 12:24 08.8 GMT Mbody = 5,60, A = 80.0.
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Table 5~1. Total number of false triggers and events on both
horizontal event-detector channels from an 8-
minute tape section.

Threshold ?i?;g:ﬁ TLTA No. of No. of Rgcord
Run No, Level Time (s) Fglse False Time*
(dB) (s) Triggers Events (s)
1 6 0 20 10 7 38
2 6 1/2 20 8 0 35
3 6 1/2 30 9 0 38
4 8 0 20 0 0 34
5 8 1/2 20 0 0 17
6 8 1/2 30 0 0 33

*
Recording time for the real event, not in~<luding 30-second

¢elay-line coverage. The event contained about 10 seconds of
useful information.

5.2.5 Event Duration

We investigated the effects of various parameters on the amount
of data the detector deemed worth recording for each event (event dura-
tion). Figure 5-1 jillustrates the results of a series of tests made on
the recording of a Nevada underground nuclear explosion as seen at

*
Tonto Forest Observatory (A = 4.8°).

The results, in general, confirmed our expectations. Increasing
the threshold resulted in turning off earlier, and for each set of
parameters, the threshold-increasing sequences stand out. Increasing
Tura tO 30 seconds increased the amount of time we recorded. Increasing
the minimum trigger delayed the declaring of an event until after the
LTA had build up slightly, so that the turnoff occurred earlier.** The
sample-delay (before freezing the LTA) had the same effect of shortening
the event duration. As mentioned earlier, this feature may be replaced
in our final design kv one which multiplies the LTAfrozen by a turn-off
threshold to achieve a similar amplification. For these tests, where
an event is present, increasing the LTA sample-delay is similar to in-
creasing the turn-off threshold.

*
Event called "Merlin" on February 16, 1965 at 17:30 GMT.

*h 0 ' . .
This factor is most useful for minimizing false alarms.
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5.2.6 Simultaneous Three-Axis Operation

After fine tuning the event detector (through the site-selectable
parameter options) (Table 5-2), we ran a series of tests on three-
channel data from various recording locations. These tests investigated
the interactions between the three channels as well as their relative
strengths and weaknesses.

Table 5-2. Effects of parameter changes on the duration
of the recording command.

Minimum . _
won wo. | niamy | 0 | Teigger | SRR mvene st | puasion
(s)

1 6 20 0 1 17:31:15 8:7 }
2 20 0 1 17:31:15 8:23 ]
3 10 20 0 1 17:31:17 7:05 !
4 6 30 0 1 17:31:15 10:23
5 30 0 1 17:31:15 8:23
6 10 30 0 ! 17:31:15 7:53
7 20 0 2 17:31:15 7:28
8 20 0 2 17:31:15 7:27
9 10 20 0 2 17:31:16 6:48

10 6 20 1/2 1 17:31:15 7:17

] 8 20 1/2 1 17:31:15 7:12

12 10 20 1/2 1 17:31:16 6:57

13 11 20 1 4 17:31:15 6:40

Three types of responses were particularly noteworthy. First,
for large events located close to the recording station, the vertical
and horizontal channels would trigger on their respective components
of the P-wave. Thus, for the close-in events of interest to the USO
program, the horizontal channels would act as a backup to provide de-
tection "insurance". Second, for smaller nearby events, or periods
when the horizontal thresholds had been set relatively high, the verti-
cal channel would trigger on the P-wave and the horizontal channel
would trigger on the slightly delayed S-wave (due to its larger ampli-
tude). This again acted as a backup, since the horizontal channel

triggers would occur while the 30-second buffer memory still remembered
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the initial motion on all three channels. Third, on distant teleseisms

(where the 5-wave would arrive minutes after the F-wave motion had sub-~

sided), the vertical channel would detect the P-wave and the horizontal

detectors would spot the separate, delayed S-wave. {In addition, the

horizontal channels would occasionally trigger on the horizontal com- ]
ponent of the P-wave, again providing a backup.) Theée test results
indicate that the three detectors would complement and reinforce one
another, resulting in a reliable system for the detection of seismic
waves on any channel. (In Appendix D, an example of three simultaneous
triggers is shown in Figure D-2; delayed horizontal triggers appear in
Figure D-4.)

We had originally envisioned three completely independent detector
circuits, whereby each channel would generate an event-duration signal.
The system would record as long as at least one of the three signals in-
dicated an event. This method required remembering {(freezing) the pre-
event noise level of any channel that triggered. Our prototype, how-
ever, had only one event-duration signal derivecd from the first channel
which triggered for a particular event. The only time that our proto-
type arrangement would be inferior to the original scheme would be when
multiple channels triggered on the same event and the first channel shut
off while useful data existed on another channel.

From our tests, we feel that any channel that triggers would
usually provide a reliable turn-off signal for all three channels. It
appears that the two systems would perform nearly identically, and that
the prototype design, being the easier of the two to implement, may be
the better choice. This area should, however, be analyzed in detail to
verify these impressions and further justify the use of the simpler
design.

5.3 Discussion of Results

The results of the two series of Vela tests were very encouraging.
The event detector appears capable of detecting nearby events as well
as the multiple phases of teleseisms, while maintaining a very low
false-alarm rate. The device was easily adaptable, by means of the
site~selectable parameters, to a variety of seismometer locaticns as
represented by their recorded signals.




e L

We have refrained from quoting numbers for our performance charac-
teristics (e.g., body magnitudes of detectable events, or false-alarm
probabilities) because we have not yet field-tested the instrument. The
) detector, while maintaining a very low false-alarm rate, was able to
; detect virtually all of the events that we could discern on the seismo- :
gram as played back. The original data had been recorded on magnetic E
tape (through frequency-modulation techniques) at the receiving obser-
vatory and was then played back, in a somewhat noisier form, at vela.
The result was that the test apparatus appeared to limit our perform-
ance, and while we were pleased with our design, we must reserve final
judgment until the completion of field testing.

e
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SECTION 6

CONCLUSION

We have developed an analog seismic event detector and Jutlined
the design of an unattended seismic observatory in which the detector
would be quite useful. While it is impossible to provide all of the
test data and to detail fully our design evolution, we have tried to
describe the major factors influencing our final design. From our ex-
perience in testing the event detector prototype, we have developed a
great deal of confidence in this design and its usefulness.

We feel, however, that certain additional work should be performed.
The most important task remaining is the field testing of the prototype

event detector with actual seismometers. Only in this way can we verify

our performance characteristics. In addition to the field tests, cer-
tain topics need further investigation. These features include: an

investigation of the "minimum trigger time" used to reduce the false-

alarm rate, an examination of the turn-off criterion using an amplified,

rather than delayed, long-term average (LTA) to reduce the recorded data,
and an analysis of a detector using three fully independent turn-off

criteria, rather than the single-channel turn-off used in our prototype.

This future effort, in conjunction with our current design, should pro-
vide a useful, economical system for remote event detection.
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APPENDIX A

EVENT DETECTOR SCHEMATIC




R ey |

SITE-SELECTABLE PARAMETERS

Table A-1. Center frequency of band-pass filter.

Desired Center Frequency Switch States
(Hz)
Vertical Horizontal fo—l fo—2
0.5 0.25 Closed Open
0.5 Open Open
2.0 0.1 Open Closed

Table A--2. Time constant of the long-term averager.

Switch States
Desired Time Constant (s)
TN-l TN-2
10.2 Open Open
20.4 Closed Open
30.6 Open Closed
40.8 Closed Closed

Preceding page blank
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Table A-3. "Signal/noise" threshold level.

Switch States

Desired S/N Threshold (dB)
S/N-1 S/N-2
6 Open Open
7.83 Closed Open
10.1 Open Closed
11.3 Closed Closed
Table A-4. Channel-dependent values.
Component Vertical Horizontal
R10 18k 36k
R12 56k 110k
R14 51k 100k
R15 110k 220k
R17 300k 680k
R19 330k 620k
R20 330k 620k
R21 910k 2.0M
R23 470k 1.0M
R25 620k 1.2M
R26 82k 160k
R28 75k 160k
R30 27k 51k
R31 820k 1.6M
R34 820k 1.6M
R37 1.6ll 3.3M
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APPENDIX B

BAND-PASS FILTER FREQUENCY RESPONSES
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APPENDIX C

i 30-SECOND MEMORY QUOTE COMPARISON




(1)

(2)

(3)

RCA, Burlington, Mass.

Package size - 1 x 1 x 0.13"
Bits/package - 1024

Cost/quantity

(a) 37 - Highest
(b) 337 - Lowest
(c) 625 - Lowest

Halex, Inc.

Package size - 1 x 1 x 0.16"
Bits/package - 512
Cost/quantity

(a) 74 - Lowest
(b) 674 - Middle
(c) 1250 - Middle

ILC Data Device Corp.

Package size - 0.9 x 1.65 x 0.14"

Bits/package - 1024
Cost/quantity

(a) 37 - Middle
(b) 337 - Highest
(c) 625 - Highest

Following is an example of a letter requesting packaging

tion (used for above comparison).

Preceding page blank
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Larry J. Freier DL6-310 MS #88
L-jl' he Charles Stark Draper Laboratory,Inc.

68 Albany Street, Cambridge, Massachusetts 02139 Telephone (617) 2583494

August 24, 1973

H. C. Center
RCA Aerospace System Division
Burlington, Mass.

Dear Mr. Center:

This letter constitutes a followup of my conversation
with Mr. B. T. Joyce on 24 August 1973. It is requested
that RCA submit a quote for the manufacture of single pack-
aged devices which will contain 16 RCA 64-bit shift register
(CD4031AH). Such a final device could provide 1024 bits of
static shift register capability.

It should contain the following input/output terminals:
1. Data In
Mode Control 1
Recirculation In }
Clock Input 4
Relayed Clock Output
vDD #
vSS :
Q Output
0 Output

O 0O 2 o U bW N

Electrical performance characteristics contained within 1
RCA Solid State Data Book 203A, p. 152-157 are applicable.
Your quote should contain the following:

1. A description which presents your previous back-
grcound experience in this area of fabrication.

2. Your proposed manner of manufacturing the device.




ok d e

3. Your method of inspection and checkout of the
device and to what standard.

4. Proposed package dimensions and configuration.
It is requested that you provide a quote for three sepa-
rate quantities. Within each of the three, a separate cost
breakout should exist for manufacture and final component

checkout. The purchase of chip parts from RCA will be your
responsibility. The three quantity breakouts are as follows:

a. 37 - 1024 Static Shift Registers
b. 337 - 1024 Static Shift Registers

c. 625 - 1024 Static Shift Registers
If there is ary additional information you require please
contact me. Your prompt response to this letter will be
greatly appreciated.

Yours truly,

Larry J. Freier

Telephone #617-258-3494
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DATA FROM VELA TESTS
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This appendix contains five recordings from our Vela test program.
The seismograms from two nuclear tests (in southern Nevada) are shown
from each of two receiving observatories along with an uncataloged event
detected after one of the explosions. The nuclear tests were "Cashmere",
which occurred at 15:30 GMT on February 4, 1965, and "Merlin", which oc-
curred at 17:30 GMT on the 16th of the same month. Following Merlin (by

about 10 minutes), an uncataloged event occurred which was only observ-

- e e Ll S A

able at the closer of the two stations. The two stations used here are
RKON (Ontario) and Tro (Tonto Forest Observatory). Both explosions oc-

curred 21.0° from RKON and 4.8° from TFO. The events are shown in the
following order:

(1) "Cashmere" recorded at RKON
i (2) "Cashmere" recorded at TFO
4 (3) "Merlin" recorded at RKON
1 (4)  "Merlin" recorded at TFO
E (5) Uncataloged event recorded at TFO
3
E Remarks
] The recordings were made with light pens, and the channels

were allowed to overlap to provide better resolution for
each channel (at the expense of clarity).

) The STA and LTA channels all have reference (0) lines. The

STA is read positive below its reference; the LTA positive
above its reference.

° The "comparator" reads "high" when STA/LTA > n, and "low"
otherwise.
) The "record signal" reads "high" when the data is to be re-

corded, and "low" otherwise, with one exception: 30 seconds
of data immediately preceding the recorded section shown
here would be recorded in the final design (from the buffer
memory). This is shown in Figure 4-1.

D-3
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Figure D-4, "Merlin" recorded at TFO,
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